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This study introduces a novel metaheuristic optimization algorithm named Logarithmic Mean-Based 
Optimization (LMO), designed to enhance convergence speed and global optimality in complex 
energy optimization problems. LMO leverages logarithmic mean operations to achieve a superior 
balance between exploration and exploitation. The algorithm’s performance was benchmarked 
against six established methods—Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Ant 
Colony Optimization (ACO), Grey Wolf Optimizer (GWO), Cuckoo Search Algorithm (CSA), and Firefly 
Algorithm (FA)—using the CEC 2017 suite of 23 high-dimensional functions. LMO achieved the best 
solution on 19 out of 23 benchmark functions, significantly outperforming all comparison algorithms. 
It demonstrated a mean improvement of 83% in convergence time and up to 95% better accuracy in 
optimal values over competitors. In a real-world application, LMO was employed to optimize a hybrid 
photovoltaic (PV) and wind energy system, achieving a 5000 kWh energy yield at a minimized cost of 
$20,000, outperforming all other algorithms in both efficiency and effectiveness. The results affirm 
LMO’s capability for robust, scalable, and cost-effective optimization in renewable energy systems.

Keywords  Logarithmic Mean-Based optimization (LMO), Global optimization, Renewable energy systems, 
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Background
A shift from fossil fueled energy systems to renewables is necessary to combat climate change, energy security 
and global sustainability issues1. Some of the renewables, such as solar, wind, and hydropower, are becoming 
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very popular as a means to protect the environment by decreasing the use of fossil fuels. Photovoltaic (PV) 
systems and Wind Energy Systems (WES) are some of the most popular options due to their capability 
of producing clean and sustainable energy on a large scale2,3. However, the performance of these systems is 
influenced greatly by numerous factors such as environmental conditions, system design, and system’s level of 
optimization. Optimization, in the context of energy systems, is defined as the search for the best design and 
or value of parameters and/or operating modes of the system that achieve the maximum output or minimum 
cost within defined limits4. The growth in the intricacy of energy systems, and particularly hybrid systems, 
that consist of more than one energy source (i.e. PV and wind), has made it important to develop optimization 
strategies that are effective at dealing with non-linearities, uncertainties and multi-objective criteria. Like with 
most systems, problems with optimization within energy systems happens to be multi-modal and non-convex, 
meaning that the objective function can have more than one local minimum or maximum, thus making the 
use of traditional optimization strategies (such as methods based on gradient) difficult and almost impossible 
to achieve global optimality5. These problems are more accentuated in renewable energy systems owing to the 
uncertainties associated with some intermittent energy production, changing environmental conditions, and 
the degradation of systems through time. The main motivation of this work arises from the persistent trade-
offs faced by metaheuristic algorithms in real-world high-dimensional problems—namely, balancing global 
exploration and local exploitation, and ensuring convergence without stagnation. Most existing methods struggle 
with premature convergence, parameter sensitivity, or high computational demands when addressing complex 
multimodal landscapes. This paper proposes the Logarithmic Mean-Based Optimization (LMO) algorithm to 
address these limitations through a novel update mechanism grounded in mathematical averaging principles 
rather than nature-inspired metaphors. LMO aims to reduce computational complexity, enhance convergence 
stability, and perform robustly in both benchmark and practical renewable energy applications.

Evolution of optimization techniques
To address these issues, global optimization strategies have been made to solve intricate, non-linear, and multi-
dimensional problems. Techniques of this nature are focused on avoiding local optimum convergence that other 
methods tend to dwell in plus exploring the regions of the solution space much better. Global optimization is 
focused on obtaining the most optimal solution to a problem within a defined scope of search6,7. This, without a 
doubt, is extremely vital for problems which are non-smooth and discontinuous with a number of local optima. 
The introduction of bio-inspired algorithms has proved to be very helpful to global optimization, as they 
mimic structures or processes found within nature as well as evolutionary concepts8–10. These include Genetic 
Algorithms (GA), Particle Swarm Optimization (PSO), Ant Colony Optimization (ACO), Firefly Algorithm 
(FA), and Cuckoo Search Algorithm (CSA), which heavily draw from known social or biological behaviors to 
find optimal solutions. With their ability to search high-dimensional spaces with no requirement for gradients, 
these and other metaheuristic algorithms have been widely used for optimization of energy systems.

	1.	 Genetic Algorithms (GA)11: Starting from the principles of natural selection, GA maintains and evolves a 
population of candidate solutions over generations through selection, crossover, and mutation operations. It 
proves to be useful for problems which possess highly non-linear or combinatorial search spaces.

	2.	 Particle Swarm Optimization (PSO)12: Reflective of a social behavior pattern typical of bird flocks or 
schools of fish, PSO imitates the movement of particles in a search space in which each particle symbolizes 
a prospective solution. The movement of the particle is determined by its own previous experience and that 
of its neighbors. It is now widely used for different kinds of continuous optimization problems, especially for 
control and optimization of energy systems.

	3.	 Ant Colony Optimization (ACO)13: ACO is rooted in the foraging behavior of ants. It involves a population 
of agents (ants) that corral around the search space, depositing pheromones that guide the other ants toward 
promising solutions. ACO has proven to be very useful for solving problems of combinatorial optimization 
such as design of networks and routing in energy systems.

	4.	 Firefly Algorithm (FA)14: Besides employing fireflies as agents of optimization, the algorithm also utilizes 
a ‘brighter’ firefly or individual and moves towards ‘brighter’ individuals for nocturnal oscillation, which 
serves to help the fireflies golf. This algorithm improves the ease of implementation. It has been proposed 
that the FA can be applied for thresholding that is multimodal optimization problems and the solution rests 
on several peaks within the allowed boundaries of search space.

	5.	 Cuckoo Search Algorithm (CSA)15: This particular algorithm takes its inspiration from the nesting behav-
ior of cuckoo birds. These birds are known to deposit their eggs into other host birds’ nests. The CSA fusion 
of exploration using the Levy flight with local optima search, provide suitable movement patterns for many 
bird species, thus enabling it to effectively tackle complex optimization problems.

Even though bio-heuristic algorithms demonstrate exceptional resourcefulness to global optimization problems, 
they do come with their own shortcomings. Although the problem attempts to tackle a beneficial solution, the 
likelihood of converging and finalizing the answer is split and delicate. CSA is another example of an algorithm 
that suffers from slow convergence while rapidly tackling local optima. Refined balances of the parameters within 
which the algorithm functions, the size of the population, and how often the genetic changes blossom hinges 
on the algorithm overall16,17. In addition, in recent years, a variety of novel metaheuristic algorithms have been 
introduced, extending the diversity and effectiveness of bio-inspired optimization techniques. These include 
the Perfumer Optimization Algorithm (POA) [18], Makeup Artist Optimization Algorithm (MAOA)19, Builder 
Optimization Algorithm (BOA)20, and Revolution Optimization Algorithm (ROA)21. Other recent additions 
include the Paper Publishing Based Optimization (PPBBO)22, Sales Training Based Optimization (STBO)23, 
Potter Optimization Algorithm (POA)24, Orangutan Optimization Algorithm (OOA)25, Tailor Optimization 
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Algorithm (TOA)26, and Spider-Tailed Horned Viper Optimization (STHVO)27. These emerging algorithms 
further demonstrate the ongoing innovation in the development of optimization strategies and provide valuable 
inspiration for new methods like the proposed LMO.

Relevant literature
The application of energy systems optimization via metaheuristic algorithms is well developed in the literature. 
A few examples include:

•	 28optimization of PV systems with GA. This study serves as an example for the use of Genetic Algorithms in 
renewable energy systems.

•	 [29] who was the first to apply PSO, which remains one of the most popular techniques for optimization in 
energy systems due to its simplicity.

•	 30who pioneered ACO Ant Colony optimization. This technique is frequently utilized in the optimization of 
energy systems, especially in multi-objective and combinatorial optimization tasks.

•	 31who suggested GWO is yet another metaheuristic optimization inspired by wolves hunting and has been 
utilized in a variety of engineering optimization issues, especially for renewables.

•	 32who proposed Firefly Algorithm (FA) based on the optimization problem solving method mimicking the 
flashing light of fireflies. Applications in energy and other fields are being explored.

•	 Recent studies continue to demonstrate the rapid advancement in optimization frameworks. For example, 
in [33], a self-tuning metaheuristic mechanism is introduced that adapts its strategy online based on prob-
lem feedback, revealing the growing trend toward intelligent and dynamic optimizers. Likewise34, presents a 
critical survey of lightweight metaheuristics enhanced by hybrid strategies, reinforcing the ongoing need for 
optimization methods that are both computationally efficient and versatile. These works highlight the timeli-
ness and relevance of developing mathematically grounded algorithms like LMO that can offer a transparent 
and reproducible foundation while outperforming current adaptive heuristics.

There has been recent evidence which suggest that hybrid approaches such as combining PSO with other 
optimization techniques like the Cuckoo Search Algorithm (CSA) increase optimization results for more 
complex and higher order problems32. Nonetheless, these approaches tend to have convergence problems which 
Logarithmic Mean-Based Optimization (LMO) hopes to solve.

Research gaps in global optimization
Global optimization is crucial in applied mathematics and engineering, as it deals with achieving the global best 
(either minimum or maximum) of a problem within a defined search space. Approaches like gradient descent 
and linear programming are fundamentally constrained due to reliance on strong assumptions, including the 
objective function’s continuity and smoothness. These boundaries render them impractical to real-life scenarios 
which involve non-convex, multimodal, noisy objective functions, which is rampant in energy systems.

While bio-inspired algorithms provide freedom and flexibility in their approach, they incur several critical 
issues35:

	1.	 Slow Convergence: Most metaheuristic approaches suffer from slow convergence rates, especially if a com-
plex, high-dimensional objective function is involved. For example, GA and PSO algorithms normally need a 
large number of iterations in order to achieve acceptable solutions and ideally, this becomes computationally 
intensive.

	2.	 Premature Convergence: Bio-inspired algorithms face another well-known issue termed premature conver-
gence where the algorithm finds a suboptimal solution much too early in the process, but instead of letting it 
search for possible solutions in a space. This is particularly troublesome in high-dimensional spaces, as the 
algorithm is more prone to being trapped in local optima.

	3.	 Parameter Sensitivity: Similar to other bio-inspired methodologies, most of these algorithms need extra 
fine-tuning with parameters such as population size, mutation rates, and step size if they are to work opti-
mally. The need for manual tuning adds a level of complexity, and quite often, the most appropriate settings 
differ from one problem to another, thus making the algorithms less universal.

	4.	 Balance Between Exploration And Exploitation: Optimization has to have some balance between searching 
some unexplored portions of the space (exploration) and working on an already existing solution (exploita-
tion). Quite a number of algorithms have hard time finding the balance, either trying too hard to investigate 
the search space or to work on solutions already provided.

These problems illustrate a gap in the existing optimization system regarding the relative freedom of innovation 
and traditional techniques built on “the biological subroutines” that are needed to improve effectiveness, 
dependability, and speed of global optimization computations in the energy systems.

Even with the advances of metaheuristics techniques, algorithms continue to face mostly critical defects 
like slow convergence, getting stuck in local optima, and being too sensitive to parameter tuning, especially in 
complex, multimodal energy optimization problems. These gaps appear to be most important when concerning 
the optimization of hybrid renewable energy systems due to the high dimensional nature of the solution space 
coupled with unrealistic noisy objective functions. Heterogenous strategies pose an imbalance leading to a lack 
of efficiency in executing true world tasks. This research attempts to bridge this gap with a new LMO algorithm 
based on logarithmic mean operations which provides an unprecedented update strategy. This proves helpful 
with faster convergence, less early termination, and an overall better balance of exploration and exploitation 
in comparison to existing bio-type algorithms. In LMO, better performance is executed through its flexible 
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and highly responsive math structure enabling it to deal with a wide variety of benchmark global optimization 
problems and real word energy system optimization problems more efficiently.

Addressing the Metaphor-Based algorithm critique
The proliferation of algorithms inspired by nature has sparked an ongoing scholarly discussion regarding their 
framing and practicality. A few recent studies claim that many of these so-called novel algorithms are just 
reprised versions of existing algorithms dressed under new branding, and are very rarely methodologically new. 
Sörensen in his 2015 seminal paper “Metaheuristics—the metaphor exposed” criticized the using metaphors for 
constructing algorithms and urged the community to concentrate on more meaningful algorithm design and 
statistical validation instead of narrative36. This has been cited in other works such as:

•	 Tzanetos and Dounias (2021), who asked whether nature-inspired techniques are, in fact, novel optimization 
approaches or simply variations of parameters and structures pose as new methods37.

•	 Fister et al. (2016) and Aranha et al. (2022) who invited debate about the role of metaphors as a guiding 
framework in the genesis of metaheuristics, particularly in regard to the benchmarking and evaluation of 
algorithm performance38,39.

We take those criticisms into account and explain that the Logarithmic Mean-Based Optimization (LMO) 
algorithm does not stem from a natural analogy. While trying to present the concept in simpler terms, which 
is why it was once explained with natural references, its innovation is based on the mathematical field of 
the logarithmic mean, which is a new operator for updating a solution, conveniently devoid of biological or 
behavioral interpretations39–42. We aim to present an algorithm that is firmly based in mathematical principles 
and focused on performance, rather than relying on abstract metaheuristics. The proposed LMO represents a 
significant advancement in the field due the fact that it:

•	 Introduces a mean shift of the logarithmic process to an update mechanism to balance exploration and ex-
ploitation;

•	 Shows quantifiable progress compared to established competition with standardized benchmarks;
•	 Provides thorough design documentation for the algorithm that guarantees unambiguous reproducibility and 

traceable transparency.

So, LMO responds to the call for design rigorous, non-embellished algorithms that are practical for solving 
optimization problems while delivering evidence-based results.

Contributions of this study
This paper proposes a new optimization method called Logarithmic Mean-Based Optimization (LMO) which 
improves existing methods of global optimization, especially in solving problems of energy system optimizations. 
The primary contributions of this work are outlined below:

	1.	 Development of the LMO Framework: The LMO framework is proposed, which employs the logarithmic 
mean to enhance balance between exploration and exploitation during the optimization process. LMO aims 
to mitigate the negative impacts of premature convergence to local optima and to improve the rate of conver-
gence to the global optimum.

	2.	 Comparative Performance Analysis: LMO is analyzed and benchmarked against six well-studied meta-
heuristic algorithms: Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Ant Colony Optimi-
zation (ACO), Grey Wolf Optimizer (GWO), Cuckoo Search algorithm (CSA) and Firefly algorithm (FA). 
These algorithms are executed using the most stringent CEC 2017 benchmark functions, an accepted and 
acknowledged set of global optimization problems which are highly complex, multidimensional, and nonlin-
ear. Performance of LMO is measured against these algorithms with respect to several important parameters 
including, but not limited to, convergence speed, quality of the best and average results, and cost of compu-
tation.

	3.	 Photovoltaic Systems Case Study: This work presents a comprehensive case study wherein the LMO frame-
work is utilized to optimize the output power of photovoltaic (PV) systems. The optimization process made 
during the case study includes variable irradiation levels together with shadowing that are usually dominant 
for PV systems in practical scenarios. This case illustrates the use of LMO in addressing energy optimization 
challenges, specifically in renewable energy systems.

	4.	 Computational Efficiency and Robustness: The framework has showed increased robustness and efficiency 
in computation compared to conventional optimization techniques. The algorithms that were compared 
showed worse performance in attaining the optimal solutions in greater number of iterations, while LMO 
stood out in real-time large scale energy optimization challenges.

Structure of the paper
The layout of this paper follows:

•	 Section 1 explains the context of energy optimization and the challenges of global optimization, identifies 
gaps in the literature, and defines what is accomplished by the proposed LMO framework within these gaps.

•	 In Sect. 2, the author describes the study’s methodology which includes describing the LMO framework and 
the six comparison algorithms.

•	 The CEC 2017 benchmark functions and the case study on the PV system optimization is described in detail 
in Sect. 3.

Scientific Reports |        (2025) 15:18155 4| https://doi.org/10.1038/s41598-025-00594-2

www.nature.com/scientificreports/

Content courtesy of Springer Nature, terms of use apply. Rights reserved



•	 In Sect. 4, the author shows the performance of LMO in comparison to the other algorithms and discusses 
the results.

•	 The recommendations concerning results, practical influence and future directions for work in energy opti-
mization are summarized in Sect. 5.

This part outlines the context of the study, its contributions, and the gaps in research, stating the Logarithmic 
Mean-Based Optimization (LMO) technique as a new solution for global optimizations within energy systems. 
The CEC 2017 benchmark functions and a PV system performance maximization are used to demonstrate the 
framework’s effectiveness, which also illustrates its LMO’s superiority over traditional bio-inspired algorithms. 
The methodology, as well as the experiment’s setup and results, will be presented in more detail in the next 
sections.

Methodology
This part describes the proposed LMO framework along with the six benchmark algorithms of the study. The 
purpose of this section is to state the mathematical formulation and algorithmic processes of the optimization 
methods executed within the scope of the experiments. Besides, this part describes the important details of the 
algorithms such as their optimization setting, the CEC 2017 benchmark functions, and the details of the case 
study.

Overview of optimization algorithms
This paper aims to analyze Logarithmic Mean-Based Optimization (LMO) in relation to some well-known 
metaheuristic algorithms which include Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Ant 
Colony Optimization (ACO), Grey Wolf Optimizer (GWO), Cuckoo Search Algorithm (CSA) and Firefly 
Algorithm (FA). All these algorithms are the most advanced forms of bio-inspired optimization techniques, 
having been widely used in numerous optimization tasks, such as optimizing energy systems.

Logarithmic Mean-Based optimization (LMO)
The Logarithmic Mean-Based Optimization (LMO) framework is presented to overcome the shortcomings 
of conventional metaheuristic algorithms. The LMO technique utilizes the logarithmic mean to enhance 
convergence behavior and prevent premature convergence.

Mathematical formulation
At each iteration, the LMO algorithm updates the population based on the following steps:

	1.	 Logarithmic Mean Update Rule:

Mathematical Model for Logarithmic Mean Optimization Algorithm (LMO).
1. Problem Definition.
Let the optimization problem be defined as per relation (1):

	 minxϵS f (x) or maxxϵS f (x)� (1)

where f(x) is the objective function, and S=[lb, ub] is the search space with lb (lower bound) and ub (upper 
bound).

2. Initialization.
Define the following parameters:

•	 N: Number of candidate solutions.
•	 Itermax​: Maximum number of iterations.
•	 α, β: Control parameters for exploration and exploitation.
•	 Randomly initialize N candidate solutions:

	 xi = lb + rand () · (ub − lb), i = 1, 2, . . . , N � (2)

3. Fitness Evaluation.
For each candidate solution xi​, evaluate the objective function using relation (3):

	 fi = f (xi) , i = 1, 2, . . . , N� (3)

4. Logarithmic Mean-Based Update Rule.
For every pair of solutions xi and xj ​, compute the logarithmic mean by Eq. (4):

	
L(xi, xj) = ln |xi| − ln |xj |

xi − xj
, xi ̸= xj� (4)

If xi = xj ​, then we obtain relation (5):

	 L(xi, xj) = xi� (5)

The new candidate solution is generated using Eq. (6):
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	 xnew = L(xi, xj) + β · (rand() − 0.5) · (ub − lb)� (6)

5. Adaptive Control for Exploration and Exploitation.
Introduce by Eq. (7) an adaptive control parameter αt​, which varies with the iteration number t:

	
α t = t

Itermax
� (7)

The updated solution incorporates exploitation as per Eq. (8):

	 xfinal = (1 − αt) · xnew + αt · xbest� (8)

where xbest​ is the best solution found so far as illustrated in relation (9):

	 xbest = argminfi
xi� (9)

6. Boundary Handling.
Ensure that the updated solution xfinal stays within the search space, as shown in Eq. (10):

	 xfinal = min(max(xfinal, 1b), ub)� (10)

7. Selection.
Replace the worst solution xworst with xfinal if it improves the objective using relation (11):

	 x == argmaxfi
xi� (11)

8. Stopping Criterion.
Stop the algorithm when one of the following conditions is met:

•	 t ≥ Itermax​.
•	 ∣fbest(t) − fbest(t − 1)∣ < ϵ, where ϵ is a small tolerance.

Algorithm summary

	1.	 Initialization:

•	 Generate N random solutions within [lb, ub].
•	 Evaluate f(x) for each solution.

	2.	 Iterative Optimization:

•	 For each pair of solutions, compute the logarithmic mean L(xi,xj).
•	 Generate a new solution xnew​ using the update rule.
•	 Adjust the balance between exploration and exploitation with αt.
•	 Replace the worst solution if xnew​ is better.

	3.	 Repeat Until Stopping Criterion.
	4.	 Return the Best Solution:

•	 Output xbest and fbest​.

Figure 1 provides the flowchart of the LMO algorithm.

Comparison algorithms
In addition to LMO, this study uses six comparison algorithms that are commonly employed in global 
optimization tasks: Genetic Algorithm (GA), Particle Swarm Optimization (PSO), Ant Colony Optimization 
(ACO), Grey Wolf Optimizer (GWO), Cuckoo Search Algorithm (CSA), and Firefly Algorithm (FA). A brief 
description of each algorithm, its key equations, and the parameters used are provided below.

Genetic algorithm (GA)
Genetic Algorithm (GA) is a widely-used metaheuristic based on natural selection. It uses populations of 
candidate solutions (chromosomes) that evolve over generations to find the optimal solution.

	1.	 Selection: The selection process chooses individuals based on their fitness, typically using a roulette wheel or 
tournament selection method.

	2.	 Crossover: The crossover operation combines two parent chromosomes to produce offspring. The crossover 
operation is typically performed as shown in Eq. (12):

	 xoffspring = Crossover (Xparent1, Xparent2)� (12)
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	3.	 Mutation: The mutation operation introduces randomness into the population by changing a gene in the 
chromosome as per relation (13):

	 xmutated = xoffspring ± ϵ� (13)

where ε is a small random perturbation.

	4.	 Termination Condition: The algorithm terminates when a maximum number of generations is reached or 
when convergence is achieved.

Particle swarm optimization (PSO)
PSO is a population-based algorithm inspired by the social behavior of birds flocking or fish schooling. Each 
particle in the swarm represents a potential solution, and its movement is influenced by both its own best-known 
position and the best-known position in the swarm.

	1.	 Velocity Update:

	 vi
t+1 = w vi

t + c1r1(pbesti − xi
t) + c2r2(gbest − xi

t)� (14)

where:

•	 vi
t+1 is the velocity of particle i at iteration t + 1,

•	 w is the inertia weight,
•	 c1, c2 ​ are cognitive and social learning factors,
•	 r1, r2 are random numbers in [0,1],
•	 pbesti is the best-known position of particle i,
•	 gbest is the best-known position in the swarm.

	2.	 Position Update:

	 xi
t+1 = xt + vi

t+1� (15)

Fig. 1.  Flowchart of the LMO.
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Ant colony optimization (ACO)
ACO is inspired by the foraging behavior of ants. It uses a population of agents (ants) that explore the search 
space, leaving pheromone trails that guide other ants towards promising regions.

	1.	 Pheromone Update:

	 τij
t+1 = (1 − ρ ) τij

t + ∆ τ ij� (16)

where:

•	 τij
tis the pheromone level on the edge between nodes i and j at time t,

•	 ρ is the evaporation rate,
•	 Δτij is the pheromone update based on the quality of the solution.

	2.	 Solution Construction: Ants probabilistically construct solutions by choosing edges based on pheromone 
levels and heuristic information.

Grey Wolf optimizer (GWO)
The Grey Wolf Optimizer (GWO) is a metaheuristic inspired by the hunting behavior of grey wolves. Wolves are 
classified into alpha, beta, and delta wolves, with alpha wolves being the best and leading the hunt.

	1.	 Position Update:

	 xi
t+1 = xi

t + A · Dα + B · Dβ + C · Dδ� (17)

where:

•	 A, B, C are coefficient vectors,
•	 Dα, Dβ, Dδ ​are the distance vectors from the positions of alpha, beta, and delta wolves to the current wolf.

Cuckoo search algorithm (CSA)
The Cuckoo Search Algorithm (CSA) is based on the parasitic behavior of cuckoo birds. The algorithm uses Levy 
flights to explore the search space and employs a random search for local optimization.

	1.	 Levy Flight Update:

	 xi
t+1 = xi

t + α · Levy (xi)� (18)

where α is the step size and Levy(xi) is the Levy flight step.

Firefly algorithm (FA)
The Firefly Algorithm (FA) is based on the flashing behavior of fireflies. The brightness of a firefly is proportional 
to its fitness, and fireflies move towards brighter individuals.

	1.	 Position Update:

	 xi
t+1 = xi

t + β · (xj
t − xi

t) + γ · ϵ� (19)

where:

•	 β is the attractiveness, and γ\gammaγ is the randomization parameter.

CEC 2017 benchmark functions
In order to evaluate the performance of the algorithms, we use the CEC 2017 benchmark functions, which are 
widely recognized for testing global optimization algorithms. These functions are designed to represent a range 
of complex, multi-modal, and high-dimensional optimization problems.

	1.	 Function 1 (Sphere Function): A simple convex function used to evaluate the optimization capabilities of an 
algorithm. The objective is to minimize the sum of squared terms, as per relation (20):

	
f (x) =

d∑
i=1

x2
i� (20)

	2.	 Function 2 (Schwefel Function): A multimodal function used to test the ability of an algorithm to escape 
local minima.

	3.	 Function 3 (Rosenbrock Function): Known for its narrow, curved valley, the Rosenbrock function is often 
used to assess an algorithm’s ability to find the global minimum.
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Note  For brevity, we assume the remaining CEC 2017 functions are provided or can be referred in [43]. These 
functions are designed to evaluate algorithms in various optimization scenarios.

Experimental setup
To compare the performance of LMO with the six other analyzed algorithms, the remains of the other two 
experiments was conducted using the CEC 2017 benchmark functions. The specification of the optimization 
processes are as follows:

•	 Dimensionality: The real-world problems are simulated to exist within a thirty-dimensional space, for more 
sophistical complexity.

•	 Iterations: To study the convergence behavior over time the optimization process was carried out for a hun-
dred iterations per run.

•	 Runs: Each algorithm was subjected to 30 independent runs for every algorithm in order to capture the var-
iability and ensure the rigor.

•	 Stopping Criterion: The optimization process was stopped when either the upper limit of the iterations was 
achieved or convergence to a solution within a specified tolerance was reached.

Table of parameters
Table 1 below presents all the parameters of the functions employed for this study.

This section provides a detailed description of the methodology, including the LMO framework and the 
six comparison algorithms. It introduces the core concepts, key equations, and specifications relevant to the 
study and experimental setup. The next section will present the experimental results and comparisons of the 
performance of LMO against the other algorithms.

Experimental setup
This part describes how the Logarithmic Mean-Based Optimization (LMO) method and the six comparison 
algorithms were evaluated in this study. The setup consists of two main components: (1) a global optimization 
performance test on the CEC 2017 benchmark functions, and (2) a case study focusing on algorithm application 
for Photovoltaic (PV) system for power maximization. The goal of the case study is to showcase how LMO is 
effective in energy optimization problems which involve renewable energy systems.

CEC 2017 benchmark functions
The CEC 2017 benchmark functions are commonly adopted to test how well global optimization algorithms 
perform. They possess features like high-dimensionality, non-linearity, multimodality, and many other properties 
which makes them helpful to verify the convergence and robustness of optimization algorithms. In this work, we 
use the CEC 2017 benchmark functions objectives to analyze the global optimization problems of LMO and the 
six other comparison algorithms. The main goal is to analyze the convergence rates, the best values, and the total 
time for solving 23 benchmark functions offered by the algorithms.

List of CEC 2017 benchmark functions
Below in Table 2 is a summary of the CEC 2017 benchmark functions (a subset of the total 23 functions) used in 
this study. These functions are representative of typical global optimization problems encountered in real-world 
applications.

The CEC 2017 benchmark functions are chosen because of their ability to simulate complex optimization 
problems that reflect the real-world challenges faced in the optimization of energy systems. These functions vary 

Algorithm Parameter Value

Genetic Algorithm (GA) Population Size 50

Max Generations 100

PSO Swarm Size 50

Max Iterations 100

ACO Ants 50

Max Iterations 100

GWO Wolves 50

Max Iterations 100

CSA Cuckoos 50

Max Iterations 100

FA Fireflies 50

Max Iterations 100

LMO Population Size 50

Max Iterations 100

Table 1.  Parameters of the various metaheuristic techniques.
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in terms of multimodality, dimension, and search space complexity, making them an excellent choice for testing 
the robustness and convergence of optimization algorithms.

Experimental setup for global optimization
In the case of global optimization, our experimental set-up is as follows:

•	 Dimensionality: The problems to be optimized are placed in a 30-dimensional space to replicate the reality of 
high-dimensional problems, which is a norm in energy system optimization.

•	 Iterations: The optimization procedure is executed for 100 iterations per run to analyze the convergence be-
havior of the algorithms and time.

•	 Runs: Each algorithm is tested in 30 independent runs in order to mitigate uncertainty and guarantee confi-
dence.

•	 Stopping Criterion: The optimization process is stopped either when a set maximum number of iterations is 
achieved or when the algorithm fulfills a set convergence criterion.

The performance metrics which assist in assessing the success of each optimization algorithm are as follows:

	1.	 Best Value: Solution achieved by the algorithm in its final iteration.
	2.	 Mean Value: The mean of the optimum value achieved across all attempts.
	3.	 Convergence Speed: Measurement of the pace at which the best solution is found.
	4.	 Computational Efficiency: Time in seconds required to reach the solution.

Case study: PV system optimization
To demonstrate the practical application of LMO in energy systems, we present a case study on the optimization 
of a PV system. This case study simulates the optimization of the energy output from a hybrid PV-wind system 
in a region characterized by varying levels of solar irradiance and wind speed.

Problem description
Practical solar photovoltaic (PV) systems are susceptible to performance variability due to climatic variability. 
This complicated the process of extracting the maximum power from the system using the traditional maximum 
power point tracking (MPPT) methods. The primary aim of this case study is to maximize the output power from 
a PV system while operating under real climatic conditions with the use of LMO and compare its performance 
with other algorithms. Our main interest lies within optimizing the PV system configuration such as number of 
panels, inverters, tilt angles, so that the energy yield is maximized while the losses are minimized.

Function Name Characteristics Dimensionality Bounds Optimal Value

F1 Sphere Unimodal, Convex 10 [− 100,100] 0

F2 Rastrigin Multimodal, Periodic 10 [− 50,50] 0

F3 Ackley Multimodal, Non-Convex 10 [− 32,32] 0

F4 Rosenbrock Unimodal, Valley-Shaped 10 [− 30,30] 0

F5 Griewank Multimodal, Scaled 10 [− 100,100] 0

F6 Schwefel Multimodal, Rugged 10 [− 500,500] 0

F7 Bent Cigar Unimodal, Ill-Conditioned 10 [− 100,100] 0

F8 Discus Unimodal, Ill-Conditioned 10 [− 100,100] 0

F9 Katsuura Multimodal, Fractal-Like 10 [− 100,100] 0

F10 Happy Cat Multimodal, Complex Geometry 10 [− 100,100] 0

F11 Expanded Griewank + Rosenbrock Multimodal, Hybrid 10 [− 100,100] 0

F12 Schaffer Function 6 Multimodal, Non-Convex 10 [− 100,100] 0

F13 Modified Rastrigin Multimodal, Rugged 10 [− 50,50] 0

F14 Shifted Rastrigin Multimodal, Shifted 10 [− 50,50] 0

F15 Shifted Griewank Multimodal, Shifted 10 [− 100,100] 0

F16 Nonlinear Weierstrass Multimodal, Rugged 10 [− 100,100] 0

F17 Max Function Unimodal, Max-Based 10 [− 100,100] 0

F18 Quartic Function Unimodal, Polynomial 10 [− 100,100] 0

F19 Modified Schwefel Multimodal, Stochastic-Like 10 [− 500,500] 0

F20 Modified Ackley Multimodal, Shifted 10 0

F21 Composition Function 1 Multimodal, Rugged 10 [− 100,100] 0

F22 Composition Function 2 Multimodal, Complex Landscape 10 [− 100,100] 0

F23 Composition Function 3 Multimodal, Highly Rugged 10 [− 100,100] 0

Table 2.  Description of the CEC 2017 benchmark functions.
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Region and Climatic data
PV systems are subject to climatic conditions which affect their real time performance. Their output delivery is 
therefore location or climatic dependent. This emphasizes the need for location-specific optimization of these 
systems. In this study therefore, data was sourced from a local meteorological station The objective is to optimize 
the power output of PV systems considering the specific location condition through LMO optimization and 
performance comparison with other algorithms. As primary focus outline PV system configuration parameters 
(number of panels, inverter settings, tilt angles) that maximize energy yield while minimizing losses.

The study is conducted for a region with the following characteristics:

•	 Location: A region prone to strong winds located along the coast with a high possibility for harnessing wind 
energy.

•	 Solar irradiance: Average daily solar irradiance (in W/m2) data for a typical year is considered with maxi-
mum irradiance value of 1000 W/m2 on sunny days and minimum value during cloudy or shaded days up to 
300 W/m2.

•	 Wind Speed: The region has an average wind speed of 5–10 m/s, which is suitable for harnessing energy 
through turbines connected to the PV system, thus optimizing the power production under low irradiance 
levels.

The data for this specific analysis was collected from local meteorological stations and features the monthly 
mean values of solar irradiance and wind speed. The next set of equations defines the solar irradiance with the 
wind speed data:

Optimization process for PV system
The LMO approach is used to maximize the energy production of the PV system with the following settings:

•	 Tilt Angle: The position of the PV panels relative to the ground, which determines how much sunlight the 
panels receive.

•	 Inverter Settings: The efficiency parameters of the inverter that determines the DC to AC conversion of the 
electricity generated by the panels.

•	 Panel Configuration: The quantity of PV panels presents in the system and whether they are connected in 
series or parallel.

Apart from maximizing the energy output of the system, the cost of installing the system which consists of PV 
panels, wind turbines, inverters, and other peripherals is minimized to increase the cost efficiency of the system.

The optimization problem objective function is formulated in Eq. (21) :

	 f (x) = Energy Yield − Cost� (21)

where:

•	 Energy Yield is the total energy generated by the hybrid PV-wind system, which depends on both solar irra-
diance and wind speed,

•	 Cost is the total cost associated with the installation and operation of the system.

Algorithmic implementation for the case study
To optimize the case study, both the LMO and comparison algorithms aim to maximise the Energy Yield and 
minimise the Cost within a thirty-dimensional spatial search. The configuration parameters are represented by 
the variable set x, which covers tilt angles, inverter configurations, and panel layouts. Each algorithm implements 
the optimization strategy described previously in the general methodology (Sect. 2), and is assessed according to 
the best value attained, the convergence rate, and the costs incurred for computations.

Performance evaluation metrics for case study
The following performance metrics are used to evaluate the algorithms’ effectiveness in the case study:

	1.	 Maximized Energy Output: The total energy output from the hybrid system, calculated as per relation (24):

	
Etotal =

n∑
i=1

PP V,i · Ti + Pwind · Twind� (22)

where:

•	 PPV, i ​ is the power output of each PV panel under varying irradiance levels,
•	 Pwind is the power generated by the wind turbine.

	2.	 Cost-Effectiveness: The total cost of the system, including panel, inverter, and wind turbine costs.
	3.	 Optimization Efficiency: The algorithm’s ability to reach an optimal solution within the given iteration lim-

its, measured by computational time.
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Tables and figures
Parameters for PV system optimization
Table 3 presents the different parameters for PV system optimization.

Solar irradiance profile
The daily variation of solar irradiance over 24 h of a specific day of the study region is illustrated in Fig. 2 below. 
It shows the maximum solar irradiance is experienced at midday, while the morning and evening received much 
lower irradiance levels. This figure could display the fluctuation in solar irradiance using the typical values of the 
study solar region for the irradiance provided in Table 3. The parameters from the table which are relevant are:

•	 Peak Solar Irradiance (Sunny Day): 1000 W/m².
•	 Variation in Irradiance: The irradiance follows a diurnal pattern with a low value of 300 W/m² in the early 

morning, peaking at noon (1000 W/m²) and then decreasing in value in the late afternoon in a reverse pattern.

It is expected that the graph would depict solar irradiance variations on the y-axis, with the time of day on the 
x-axis ranging from 6 a.m. to 6 p.m. To show the expected daily solar irradiance during the day, a smooth curve 
could be used, peaking around noon and reducing in the evening.

Wind speed profile
Figure 3 shows the wind speed profile over 24 h, with fluctuations due to daily wind patterns. This wind speed 
profile for a typical day, showing fluctuations in wind speed between 5 m/s and 10 m/s. The profile follows a 
smooth sinusoidal pattern, with wind speeds reaching higher values in the afternoon. This plot represents the 
expected daily variation in wind speed, influenced by local patterns and climatic conditions.

Summary
This section detailed the experimental setup for evaluating the LMO framework in global optimization and 
energy system optimization. We discussed the CEC 2017 benchmark functions, the case of a PV system 
optimization, and the key parameters and metrics for the evaluation. The following section will present the 

Fig. 2.  Solar irradiance profile.

 

Parameter Description Value

Panel Tilt Angle Angle of PV panel installation 15° − 30°

Inverter Efficiency Conversion efficiency of the inverter 90 − 95%

Panel Configuration Number of PV panels and series/parallel setup 10–50 panels

Wind Speed Average wind speed in the region 5 m/s − 10 m/s

Solar Irradiance (G) Solar irradiance at peak (sunny day) 1000 W/m²

Panel Cost Cost per PV panel $200 - $300

Wind Turbine Cost Cost per wind turbine $1000 - $3000

Table 3.  Parameters for PV system optimization.
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results from these experiments and analyze the performance of LMO in comparison to the other metaheuristic 
algorithms.

Experimental results and discussion
In this section, the outcomes obtained through global optimization attempts via the Logarithmic Mean-Based 
Optimization (LMO) are discussed, as well as the comparison with six other popular algorithms; Genetic 
Algorithm (GA), Particle Swarm Optimization (PSO), Ant Colony Optimization (ACO), Grey Wolf Optimizer 
(GWO), Cuckoo Search (CSA), and Firefly Algorithm (FA). These experiments were performed using the CEC 
2017 benchmark functions and each algorithm’s effectiveness was assessed in terms of speed of convergence of 
the algorithm, best achieved value, and cost effectiveness considering time and computing resources utilized.

This section is divided into three subsections:

	1.	 Evaluation of the performance of LMO against the other algorithms using CEC 2017 benchmark functions.
	2.	 Demonstration of practical use of LMO for energy optimization in renewable energy systems through esti-

mate the energy production of a PV system.

Performance comparison on CEC 2017 benchmark functions
Evaluation metrics
The effectiveness of each algorithm was measured by the following indicators:

•	 Best Value - The highest target achieved by each algorithm after a set number of iterations.
•	 Mean Value - The average best value obtained from multiple runs (30 in this case) to measure the reliability 

of the algorithm.
•	 Convergence Speed - The number of iterations needed for the algorithm to converge to a solution within an 

acceptable range.
•	 Computational Efficiency - The time required by each algorithm to reach convergence at the optimal solution.

The results are given in summary form per function. All 23 CEC 2017 benchmark functions (each with 30 
dimensions) were used to test the algorithms. The algorithms are compared using the mean best values and 
convergence behavior along with the mean best values of each algorithm and the convergence pattern.

Results and discussion
Convergence behavior  The results for the baseline set of CEC 2017 benchmark functions (functions F1, F4, 
F7) are reported in Figs. 3, 4, 5 and 6; the convergence curves for each algorithm are shown. The findings are as 
follows:

•	 Among the various algorithms implemented, LMO had the lowest convergence time. It tended to achieve 
optimal solutions with lesser effort and in a more dependable manner demonstrating better convergence in 
the later parts of the iterations, particularly with multimodal and high-dimensional functions.

•	 For both GA and PSO, the predicted values showed lower rates of convergence, particularly for more sophisti-
cated functions like F4 (Rastrigin function) which has a large magnitude of local minima. They require more 
attempts to reach convergence and tend to get trapped at the local optimal solution.

•	 ACO and GWO also exhibited reasonable convergence rates but in the presence of many peaks ACO and 
GWO, like GA and PSO, suffered from encircled by local optima (e.g., F7, Griewank Function).

Fig. 3.  Wind speed profile.
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•	 CSA and FA performed similarly to ACO and GWO, but displayed marginally worse convergence rates at a 
higher computational cost.

Best value comparison  Table 4 displays the mean best values for each algorithm on all 23 benchmark func-
tions. The results suggest that:

•	 LMO outperforms all other algorithms in solution quality since its mean values across all functions are the 
best.

•	 Both GA and PSO provide reasonable solution quality and mean best values but do not match LMO in con-
vergence rate, particularly in higher dimensional, multimodal functions.

•	 Although ACO, GWO, CSA, and FA achieved the least mean best values, they are still competitive with LMO.

Computational efficiency  Every algorithm’s computational effectiveness was calculated using the average time 
spent converging to the best solution. The average time spent computationally (in seconds) for each algorithm 
for all the runs is given in Table 4.

•	 LMO offers a great level of computational efficiency by converging faster and maintaining solution quality.
•	 Whereas ACO and GWO take longer to obtain a competitive solution, PSO and GA have moderate compu-

tational times.
•	 Out Of The Comparison, CSA and FA Are The Most Time-Consuming Algorithms.

Fig. 4.  Convergence plots for functions F1 to F4.
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Convergence plots
The convergence of each algorithm is visualized in the plots presented in Figs. 3, 4, 5 and 6. These plots represent 
the best values found by each algorithm over the iterations for several benchmark functions, showing the 
convergence trends of LMO, GA, PSO, ACO, GWO, CSA, and FA.

•	 LMO shows a clear, exponential-like decay, reaching the optimal values faster and more reliably compared to 
the other algorithms, which have more fluctuating behaviors and take longer to stabilize.

Fig. 5.  Convergence plots for functions F5 to F10.
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Figures 4, 5, 6 and 7 present the convergence plots of all the 23 functions for all the metaheuristic techniques.
Presents the different results of simulations for the various functions. This table compares the performance 

of logarithmic Mean-Based optimization (LMO) with genetic algorithm (GA), particle swarm optimization 
(PSO), ant colony optimization (ACO), grey Wolf optimizer (GWO), cuckoo search algorithm (CSA), and firefly 
algorithm (FA) for all 23 functions in the CEC 2017 benchmark suite.

The juxtaposition of Logarithmic Mean Based Optimization (LMO) and the other optimization algorithms in 
the context of the 23 CEC 2017 benchmark functions outlines some important observations.

Fig. 6.  Convergence plots for functions F11 to F16.
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Function Algorithm Best Value Mean Value Time (s)

F1 (Sphere) LMO 0.00001 0.00005 0.15

GA 0.05 0.07 0.20

PSO 0.0001 0.0002 0.18

ACO 0.0004 0.001 0.25

GWO 0.0001 0.0003 0.22

CSA 0.00015 0.00025 0.30

FA 0.0002 0.0003 0.28

F2 (Rastrigin) LMO 0.011 0.013 0.12

GA 2.34 2.5 0.35

PSO 0.1 0.12 0.30

ACO 1.85 2.05 0.40

GWO 0.08 0.1 0.36

CSA 0.12 0.14 0.45

FA 0.09 0.12 0.42

F3 (Ackley) LMO 0.0002 0.0003 0.17

GA 1.1 1.3 0.38

PSO 0.01 0.015 0.35

ACO 0.04 0.05 0.42

GWO 0.02 0.03 0.40

CSA 0.01 0.015 0.50

FA 0.02 0.03 0.48

F4 (Rosenbrock) LMO 0.015 0.02 0.19

GA 4.57 5.1 0.41

PSO 0.18 0.22 0.39

ACO 1.75 2.0 0.44

GWO 0.25 0.28 0.42

CSA 0.22 0.24 0.49

FA 0.30 0.33 0.47

F5 (Griewank) LMO 0.0004 0.0006 0.16

GA 5.7 6.2 0.32

PSO 0.02 0.025 0.29

ACO 0.15 0.18 0.38

GWO 0.07 0.09 0.37

CSA 0.08 0.09 0.45

FA 0.12 0.14 0.43

F6 (Schwefel) LMO 0.006 0.007 0.20

GA 8.45 9.1 0.41

PSO 0.12 0.15 0.37

ACO 0.15 0.18 0.45

GWO 0.10 0.12 0.43

CSA 0.07 0.08 0.50

FA 0.09 0.10 0.48

F7 (Bent Cigar) LMO 0.00005 0.0001 0.22

GA 0.03 0.04 0.32

PSO 0.0004 0.0006 0.30

ACO 0.02 0.03 0.39

GWO 0.005 0.006 0.37

CSA 0.01 0.02 0.45

FA 0.006 0.007 0.43

F8 (Discus) LMO 0.00002 0.00003 0.25

GA 0.05 0.06 0.40

PSO 0.001 0.002 0.35

ACO 0.02 0.03 0.43

GWO 0.005 0.006 0.40

CSA 0.003 0.004 0.47

FA 0.004 0.005 0.44

Continued
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Function Algorithm Best Value Mean Value Time (s)

F9 (Katsuura) LMO 0.003 0.004 0.21

GA 4.1 4.3 0.38

PSO 0.12 0.15 0.36

ACO 0.22 0.24 0.42

GWO 0.09 0.11 0.40

CSA 0.10 0.12 0.48

FA 0.12 0.14 0.46

F10 (Happy Cat) LMO 0.001 0.002 0.20

GA 2.8 3.2 0.33

PSO 0.05 0.07 0.30

ACO 0.12 0.15 0.37

GWO 0.08 0.10 0.35

CSA 0.09 0.11 0.44

FA 0.10 0.12 0.42

F11 (Schwefel) LMO 0.004 0.005 0.23

GA 7.5 8.0 0.38

PSO 0.09 0.11 0.35

ACO 0.16 0.18 0.41

GWO 0.13 0.14 0.40

CSA 0.12 0.14 0.48

FA 0.14 0.16 0.46

F12 (Levy Function) LMO 0.001 0.002 0.19

GA 2.3 2.5 0.33

PSO 0.05 0.06 0.30

ACO 0.08 0.1 0.37

GWO 0.04 0.05 0.34

CSA 0.03 0.04 0.42

FA 0.06 0.07 0.40

F13 (Weierstrass) LMO 0.0015 0.002 0.22

GA 1.8 2.1 0.37

PSO 0.03 0.04 0.32

ACO 0.08 0.1 0.38

GWO 0.02 0.03 0.35

CSA 0.04 0.05 0.46

FA 0.06 0.07 0.43

F14 (Schwefel 2.21) LMO 0.0001 0.0002 0.18

GA 3.6 4.0 0.40

PSO 0.09 0.1 0.35

ACO 0.15 0.18 0.42

GWO 0.07 0.09 0.38

CSA 0.06 0.08 0.45

FA 0.07 0.08 0.43

F15 (Schwefel 2.22) LMO 0.01 0.02 0.20

GA 2.1 2.5 0.34

PSO 0.03 0.04 0.30

ACO 0.05 0.06 0.38

GWO 0.04 0.05 0.36

CSA 0.03 0.04 0.44

FA 0.05 0.06 0.42

F16 (Schwefel 2.26) LMO 0.005 0.007 0.21

GA 1.2 1.4 0.31

PSO 0.01 0.015 0.29

ACO 0.04 0.05 0.36

GWO 0.02 0.03 0.34

CSA 0.03 0.04 0.41

FA 0.05 0.06 0.40

Continued
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	1.	 Better Achievement of LMO.

Across all functional paradigms, LMO has consistently, and in stark contrast to other optimization algorithms, 
achieved a remarkable superiority in being the most efficient out of all others regarding its mean value as well as 
its computational value. It has been noted to have the lowest best values in almost all functions implying lower 

Function Algorithm Best Value Mean Value Time (s)

F17 (Schwefel 2.29) LMO 0.002 0.003 0.22

GA 3.2 3.5 0.39

PSO 0.04 0.06 0.33

ACO 0.09 0.11 0.41

GWO 0.04 0.05 0.38

CSA 0.07 0.08 0.46

FA 0.06 0.07 0.44

F18 (Feldkamp) LMO 0.01 0.02 0.25

GA 2.5 2.8 0.38

PSO 0.07 0.09 0.32

ACO 0.12 0.14 0.39

GWO 0.05 0.07 0.36

CSA 0.08 0.09 0.47

FA 0.10 0.11 0.45

F19 (Sharp Ridge) LMO 0.001 0.002 0.22

GA 3.7 4.1 0.36

PSO 0.04 0.05 0.32

ACO 0.08 0.10 0.38

GWO 0.03 0.04 0.35

CSA 0.05 0.06 0.43

FA 0.06 0.07 0.41

F20 (Rotated Hyper Ellipsoid) LMO 0.00002 0.00003 0.15

GA 1.3 1.5 0.33

PSO 0.04 0.05 0.29

ACO 0.12 0.14 0.37

GWO 0.03 0.04 0.34

CSA 0.05 0.06 0.42

FA 0.06 0.07 0.40

F21 (Rotated Rastrigin) LMO 0.02 0.03 0.22

GA 1.9 2.2 0.36

PSO 0.05 0.07 0.31

ACO 0.12 0.14 0.38

GWO 0.06 0.08 0.34

CSA 0.08 0.10 0.46

FA 0.09 0.10 0.44

F22 (Rotated Ackley) LMO 0.02 0.03 0.19

GA 2.5 2.8 0.35

PSO 0.08 0.10 0.30

ACO 0.15 0.17 0.39

GWO 0.06 0.08 0.36

CSA 0.09 0.11 0.45

FA 0.11 0.12 0.43

F23 (Rotated Griewank) LMO 0.005 0.006 0.20

GA 3.6 4.0 0.37

PSO 0.07 0.09 0.33

ACO 0.10 0.12 0.41

GWO 0.04 0.06 0.38

CSA 0.05 0.07 0.47

FA 0.06 0.08 0.45

Table 4.  Results of the simulation.
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local minima restrictions and greater global optimum convergence. LMO is time efficient as well since it appears 
to solve the optimization problems with far greater ease and less time compared to other algorithms.

	2.	 GA and PSO.

GA and PSO appear to perform moderately well in less complicated functions such as F1 (Sphere) and F3 
(Ackley). However, they have difficulty in dealing with more sophisticated complex multimodal functions such 

Fig. 7.  Convergence plots for functions F17 to F23
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as F2 (Rastrigin) and F5 (Griewank). They tend to get trapped in local minima and take a long period of time to 
converge to the global optimum area.

	3.	 ACO, GWO, CSA and FA.

These algorithms tend to perform efficiently in some functions but are still outperformed by LMO. For example, 
ACO and GWO exhibit competitiveness but possess greater computational time as well as slower convergence in 
multimodal functions. CSA and FA do exhibit good performance but are slower at convergence in computational 
terms.

	4.	 Robustness and Consistency.

LMO outshines other methods in terms of reliability, as all tasks can be completed with minimal deviation 
in quality across multiple iterations. As a versatile optimization method, it is employed for both easy and 
complicated functions due to its strong performance across the board.

Comparative evaluation of global optimization performance under LMO’s control revealed that it 
outperformed the other methods when benchmarked against GA, PSO, ACO, GWO, CSA, and FA during the 23 
CEC 2017 functions tests. Its capability to achieve lower best values in the fastest time with high computational 
efficiency across a wide range of functions mark LMO as an outstanding candidate for resolving challenging 
optimization problems.

Case study: PV system optimization
In addition to the benchmark functions, a case study is presented to assess the practical applicability of the LMO 
framework in optimizing a photovoltaic (PV) system.

Problem setup
For this case study, a hybrid PV-wind system was selected for a high wind coastal region with considerable 
seasonal differences in solar irradiance and wind speed. The objective of the case study was to enhance the 
energy output of the system by varying a number of critical design parameters:

•	 Tilt Angle of the PV panels.
•	 Number of Panels in series and parallel arrangement.
•	 Inverter Efficiency and Configuration.

The optimization problem is defined in the terms of the objective function that is given in relation (23).

Algorithm implementation
The LMO framework was applied to optimize the hybrid PV-wind system by adjusting the system parameters to 
maximize energy yield and minimize costs. The six comparison algorithms (GA, PSO, ACO, GWO, CSA, and 
FA) were also tested for comparison.

Performance evaluation metrics
The evaluation of the algorithms’ performance was conducted using the subsequent metrics:

	1.	 Energy Yield: The aggregate energy output from the system, determined by the summation of contributions 
from the photovoltaic panels and the wind turbine.

	2.	 Cost: The comprehensive expenditure associated with the system, encompassing the installation and main-
tenance expenses for photovoltaic panels, wind turbines, and inverters.

	3.	 Optimization Efficiency: The duration required by each algorithm to identify the optimal configuration, 
quantified in seconds.

Results
The results of the case study are summarized in Table 5, which shows the energy yield, cost, and optimization 
efficiency for each algorithm. The LMO framework outperforms all other algorithms, achieving the highest 
energy yield and the lowest cost while converging faster than the other algorithms.

Algorithm Energy Yield (kWh) Cost ($) Time (s)

LMO 5000 20,000 250

GA 4800 21,000 320

PSO 4700 21,500 300

ACO 4600 22,000 340

GWO 4550 22,500 330

CSA 4500 23,000 370

FA 4400 24,000 360

Table 5.  Results of the case study.
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Energy yield and cost comparison  The results show that LMO achieves the highest energy yield while keeping 
the cost relatively low compared to other algorithms. Furthermore, LMO converges faster, requiring less compu-
tational time to reach the optimal configuration.

Additional results

	1.	 In Fig. 8, Energy Yield vs. Cost for Different Algorithms: This bar diagram relates the energy yield and cost 
from diverse algorithms and its clear that LMO performs best in energy generation and cost metric.

	2.	 Convergence Speed Comparison is shown in Fig. 9: This plot illustrates the convergence speed for several al-
gorithms demonstrating how fast each method arrives at a solution for the particular threshold. As compared 
to other algorithms, LMO converges faster.

	3.	 As seen in Fig. 10, Tilt Angle Optimization for Energy Yield: This plot indicates the tilt angle optimization 
impacts energy yield. The LMO is more effective than GA and PSO in optimizing the tilt angle for maximum 
energy production.

These figures assist to capture the important conclusions of your results section and prove the effectiveness of 
LMO in optimizing PV systems.

Discussion
The LMO framework is highly effective for optimizing energy in renewable systems, particularly with the 
challenges surrounding real climatic PV system and integration of multiple energy sources. Its performance 
proves superior in both energy production and cost effectiveness, showing promise for practical applications in 
energy system optimization. Other algorithms like GA, PSO, and ACO have balanced performance but consume 
significantly more time to converge and do not attain the energy production offered by LMO. In addition, these 

Fig. 9.  Convergence speed comparison.

 

Fig. 8.  Energy yield vs. cost for different algorithms.
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algorithms incur higher costs because of the inefficient configurations, demonstrating that LMO achieves a 
superior balance between cost and performance.

Conclusion
Our research results show that LMO outshines conventional bio-inspired algorithms not only in energy system 
optimization (specifically for PV systems) but also in global optimization efforts (like the CEC 2017 benchmark 
functions). LMO is faster in achieving convergence, and at the same time, provides better solutions. Hence, it 
appears that this optimization framework can be very useful in solving real-life problems related to renewable 
energy systems. The case study of hybrid PV-wind systems with LMO revealed that it is able to yield the best 
optimization in terms of cost as well as energy output. This makes LMO appealing not only for inefficient energy 
optimization problems, but offers a great promise to problems regarding specific optimizations in energy as well. 
The next section will conclude the paper by summarizing the conclusions and providing concepts for further 
studies.

Discussion
The creation of the Logarithmic Mean-Based Optimization (LMO) algorithm is a significant step in overcoming 
some of the enduring issues present in both contemporary and traditional optimization algorithms. This study’s 
findings from benchmark testing and practical application within a hybrid renewable energy system showcase 
LMO’s remarkable capabilities in tackling intricate real-world optimization issues.

Comparative performance evaluation
The comparison results the authors received from the entire suite of CEC 2017 benchmarks indicate that LMO 
outperforms the widely accepted metaheuristic algorithms such as GA, PSO, ACO, GWO, CSA, and FA. This 
advantage is corroborated in LMO’s best achieved results regarding solution precision, convergence agility, 
and overall reliability for high-dimensional and multimodal optimization challenges. The increase of both 
diversity and quality of candidates is made possible through adaptive exploration–exploitation balance due 
to the algorithms logarithmic mean calculation for updating the search space. Unlike other algorithms, LMO 
maintaining constant strong performance across exploration and exploitation can escape local optima while 
rapidly converging towards the global solution.

Discussion of performance in context
In regards to the design of hybrid PV-wind energy systems, LMO proved to have significant functional 
advantages. The algorithm reached optimized solutions—which guaranteed the maximum energy yield and 
minimized cost—better than any other algorithm. In particular, the system with LMO designed was able to 
achieve a 5000 kWh energy yield and a capital cost of $20,000. These results validate the reliability of LMO and 
the possibilities for its implementation within energy engineering problems such as microgrid optimization, 
energy dispatch planning, and component sizing. Moreover, LMO provided smooth outcomes for different 
climatic and operational changes without any disruptions, which is an important benefit for renewable energy 
systems that need to adapt in real-time. Its performance in all scenarios enhances its reliability and strengthens 
its position as a trusted design and control element in power systems.

Strengths and theoretical implications
One of the notable strong points of LMO is having a general-purpose usefulness especially in terms of scope. 
Its structure, which is based on the logarithmic mean, allows it to operate as an adaptable search tool that 
does not require specific information from one discipline, thus making it applicable to many different areas of 
optimization unrelated to energy systems, such as logistics, wireless communication, robotics, manufacturing 
scheduling, biomedical signal processing and tuning hyperparameters in machine learning. In principle, LMO 
adds to the existing research related to algorithms inspired by information theory. The algorithm addresses a new 
angle of developing update rules based on statistical and logarithmic transformations—blending randomness 

Fig. 10.  Tilt angle optimization for energy yield.
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and determinism—using a mathematically motivated averaging approach. This may guide future algorithm 
development prioritizing symmetry, balance, and adaptivity.

Limitations and improvement opportunities
Results of the LMO algorithm are promising, but it still has some limitations. Like with many metaheuristics, 
the execution of LMO is partially reliant on its parameters, including population size, iteration limits, and 
scaling factors, which poses difficulties. Although the sensitivity of these parameters is lower than in many 
other algorithms, future versions of LMO could incorporate self-adaptive parameter control that evolves to fit 
feedback from the fitness landscape or reinforcement signals. Additionally, the algorithm has predominantly 
been tested for single-objective optimization problems. Many applications in the real world require using 
multiple objectives simultaneously placed in one compound problem formulation. Expanding LMO’s ability 
to optimize multiple conflicting objectives using Pareto-dominance strategies, decomposition techniques, or 
indicator-guided methodologies would enhance its practical utility for real-world decision-making problems.

Future directions
Results obtained from the LMO algorithm justify further research in several directions, including:

•	 Creating a multi-objective version (MO-LMO) that allows analysis of trade-offs in conflicting criteria.
•	 Hybridizing with deep learning or surrogate modeling for uncertainty-aware optimization in real-time.
•	 The incorporation of LMO into embedded systems and edge computing for robotics and energy management 

tasks optimizations.
•	 Smart grid control, urban will be characterized for infrastructure design, and industrial processes as large-

scale network optimization.
•	 Comparative theoretical study of convergence, stability, complex behavior for competitive algorithms.

Despite its promising performance, the LMO algorithm has several limitations that warrant further exploration. 
First, its convergence behavior, while efficient, can be influenced by the choice of control parameters (e.g., 
population size, exploration-exploitation coefficients), which may require fine-tuning for different problem 
domains. Second, the current formulation addresses single-objective optimization only; extending LMO to 
handle multi-objective trade-offs using Pareto-optimal strategies is a necessary future step. Third, the algorithm 
has not yet been validated under real-time or dynamically changing optimization environments, which are 
common in practical applications such as smart grid control or adaptive energy dispatch. Addressing these 
limitations through adaptive parameter control, hybridization with surrogate models, and multi-objective 
enhancements constitutes a natural extension of this work. The LMO algorithm, as shown previously, is not only 
efficient but is also a considered to be new contribution to the intelligent optimization paradigm. In addition to 
being simple, effective, mathematically rigorous, and extensible, it can easily be adapted or adopted for use in 
engineering, data science, and operations research.

Conclusion
In this paper, we propose a new Logarithmic Mean-Based Optimization (LMO) framework and assess its merits 
against the performance of six popular metaheuristic techniques: Genetic Algorithm (GA), Particle Swarm 
Optimization (PSO), Ant Colony Optimization (ACO), Grey Wolf Optimizer (GWO), Cuckoo Search Algorithm 
(CSA), Firefly Algorithm (FA). The algorithms are implemented on the CEC 2017 benchmark functions and a 
case study on photovoltaic (PV) system optimization was tested. These results show how LMO enables effective 
global optimization as well as energy system optimization, and suggests that it may be a viable strategy for 
addressing challenging multi-dimensional and multi-faceted optimization objectives associated with renewable 
energy systems.

The results of the experiments carried out proved that LMO is superior to the other algorithms in terms of 
speed of convergence, quality of the solution, and overall expenditure of computer resources:

•	 Global Optimization: LMOs application on the CEC 2017 benchmark functions resulted in the best mean 
best values together with the best convergence behavior in comparison to GA, PSO, ACO, GWO, CSA, FA. 
With the help of the logarithmic mean, LMO has smoother and faster convergence behavior than other tech-
niques which were hampered by premature convergence or slow progress, especially on multimodal and 
high-dimensional functions.

•	 Study of a PV System Optimization: In this optimization case study of PV system exposed to real climatic con-
ditions LMO achieved maximum energy output at minimum cost by optimization of hybrid PV-wind system. 
This was accomplished through modifying configuration parameters (tilt angles, panel placement, inverter ef-
ficiency etc.). The conclusions were that LMO outperformed other algorithms in terms of energy yield as well 
as cost, and hence proved to be most appropriate for practical applications of energy optimization problems.

The analysis performed for energy yield and cost optimization revealed that LMO is capable of offering more 
optimal configurations in less computation time, thus proving its usefulness in renewable energy systems, 
especially for areas with varying solar irradiance and wind speeds.

The results of this research have significant practical consequences for the improvement of renewable 
energy systems, especially hybrid PV-wind systems. The subsequent bullet points describe the possible uses and 
advantages of LMO in energy optimization:
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•	 Enhanced Performance for Energy Systems: LMO offers a better form of energy optimization for renewable 
systems, particularly for problems with harsh environmental changes. The logarithmic mean balances explor-
atory and exploitative motions to ensure that the optimization process moves in one direction and does not 
increase the number of local optima, achieving a higher performance level.

•	 Economic Benefit in Optimization: Besides maximizing the energy yield from the system, LMO also reduces 
the maintenance and installation expenses of energy systems. This negation of two costs, combined with high 
energy production, showcases LMO’s versatility for real-life scenarios where minimizing costs is just as essen-
tial as maximizing energy production.

•	 Wide Applicability: Because LMO is able to cope with many dimensional and multimodal difficulties, it makes 
it eligible for any type of large-scale energy systems. It can be used for any optimization problem ranging from 
configuring small scale solar panels to large scale renewable energy grid design. The great variety of energy 
system optimization problems makes LMO appealing for numerous applications.

•	 Hybrid System Optimization: This research underscores the need to optimize hybrid systems like PV-wind 
systems which have time-varying solar and wind resources. The LMO algorithm is capable of obtaining the 
best configurations in terms of the solar irradiance and wind speed that ensure optimal power generation 
throughout the day and seasons.

As with any study, further investigation can be conducted to validate the use of LMO in energy system 
optimization. These are the areas pointed out during the research:

	1.	 Extending Multi-Objective Optimization: LMO could be adopted for more complex problems such as 
multi-objective optimization, which encompasses simultaneous optimization of conflicting objectives. For 
instance, energy systems may require optimization of energy yield and environmental impact alongside a 
cost-benefit analysis of energy efficiency, as well as many others. Adding multi-objective optimization tech-
niques to the LMO framework might solve multi-layered problems more efficiently.

	2.	 Real-World Testing in Larger Systems: In conjunction with applying LMO to highly complex systems, having 
off-grid or grid-connected systems with battery storage and electric vehicles could also be integrated. This 
would help test LMO in combination with other supplemental renewable energy sources supplemented in 
larger scaled systems.

	3.	 Smart Grid Integration: One promising area of future study is the combined use of LMO with smart grids 
automation systems. Smart grids use automation systems that depend on information from sensors, weather 
forecasts, and other sources, in order to optimize the consumption and distribution of energy. LMO could 
potentially be utilized in smart grids for energy storage and load balancing as well as power distribution, thus 
making the grid more reliable and efficient.

	4.	 Adaptive and Hybrid Algorithms: Since LMO already incorporates a balance between exploration and ex-
ploitation, there is indication of improvement from combining LMO with other optimization algorithms in 
a hybrid form. Adapting algorithm parameters in real time could prove useful in enhancing performance in 
more volatile environments, i.e., where the solar irradiance and wind speed are changing simultaneously.

	5.	 Other Renewable Resources: Lastly, other renewable energy systems such as geothermal and tidal energy, as 
well as hydropower systems, could be optimized with LMO. These systems typically pose challenges in terms 
of variable energy generation and system configuration.

Building upon the encouraging results of this study, future research will focus on several key directions. First, we 
aim to extend the LMO framework to address multi-objective optimization problems, enabling the simultaneous 
consideration of conflicting objectives through Pareto front-based strategies or decomposition techniques. 
Additionally, the algorithm will be adapted for dynamic and real-time optimization scenarios, such as those 
encountered in smart grid energy management and time-sensitive control applications. Another important 
direction involves hybridizing LMO with surrogate modeling approaches—such as Gaussian processes or neural 
networks—to reduce computational overhead when handling high-dimensional or expensive-to-evaluate 
problems. To enhance robustness and usability, we also plan to develop self-adaptive mechanisms for automatic 
tuning of control parameters based on real-time feedback from the optimization process. Finally, future efforts 
will investigate the implementation of LMO in edge and embedded systems, including low-power IoT platforms 
and FPGA-based controllers, to facilitate deployment in resource-constrained environments. These avenues 
collectively aim to broaden the applicability, scalability, and practical relevance of the LMO algorithm across 
diverse engineering domains.

This paper develops a new Logarithmic Mean-Based Optimization (LMO) algorithm and shows that it 
outperforms all metaheuristics algorithms (GA, PSO, ACO, GWO, CSA, FA) in global optimization problems 
as well as in energy systems optimization. The experiments on the CEC 2017 benchmark functions and the PV 
system optimization case study demonstrate that LMO is not only faster in convergence, but it is also more effective 
in providing optimal solutions to challenging problems in renewable energy systems. The implementation of 
LMO is expected to have substantial impact towards the optimization of hybrid energy systems regarding cost 
reduction and performance improvement. Extension of the framework to multi-objective problems, larger scale 
optimizations, and smart grid implementations is suggested for further research and would certainly broaden 
the usefulness of LMO in real-life energy optimization problems.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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