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ABSTRACT: The Artificial Protozoa Optimizer (APO) is a population-based metaheuristic for numerical optimization
and engineering design. However, its stochastic initialization and limited local refinement can reduce performance
on non-convex, discontinuous, and high-dimensional landscapes. To address these issues, this paper proposes an
enhanced Artificial Protozoa Optimizer with a multi-strategy framework (EAPO). The method incorporates three
mechanisms: a Symmetry-Enhanced Latin Hypercube Initialization (SELHI) strategy to improve the uniformity of the
initial population, an Adaptive Phase Equilibrium Strategy (APES) to regulate the exploration-exploitation balance
using iteration progress and population diversity, and an Adaptive Elite Perturbation Strategy (AEPS) to strengthen local
refinement around high-quality individuals. Experiments on the CEC2005 and CEC2017 benchmark suites and five
constrained engineering design problems show that EAPO improves upon the baseline APO and remains competitive
with the selected comparison algorithms in solution quality, convergence behavior, and stability. Two-sided Wilcoxon
rank-sum tests with Holm-Bonferroni correction indicate that many of these improvements are statistically significant.
These results suggest that combining more uniform initialization, diversity-aware phase regulation, and elite-guided
perturbation can improve APO on complex continuous and engineering optimization tasks.

KEYWORDS: Artificial Protozoa Optimizer; metaheuristic optimization; population-based search; exploration—
exploitation balance; engineering design

1 Introduction

Optimization problems are ubiquitous in scientific and engineering domains, ranging from mechanical
design and production scheduling to automatic control, signal processing, and computer vision [1]. With
rapid technological development, these problems have grown increasingly complex, often involving non-
convex, discontinuous, constrained, and high-dimensional search spaces [2,3]. Such landscapes frequently
contain numerous local optima and ill-conditioned regions, making premature convergence a persistent
challenge in complex engineering design. Traditional mathematical optimization techniques, which usually
rely on assumptions such as convexity or differentiability, are ill-suited to these settings and often fail in the
presence of multimodality or noise. The No Free Lunch theorem also suggests that no single optimizer can
remain dominant across all problem classes [4]; therefore, improving a recent optimizer for specific difficult
landscapes remains meaningful when the modification is supported by mechanism-level analysis and fair
empirical comparison.
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These limitations have fueled the development of metaheuristic algorithms, which are nature-inspired
computational methods capable of solving complex optimization problems without requiring strong struc-
tural assumptions [5,6]. Swarm intelligence techniques, in particular, have achieved remarkable success by
simulating the collective behavior of biological and physical systems, such as flocking birds, schooling fish,
or hunting wolves [7]. Representative examples include Particle Swarm Optimization (PSO) [8], Grey Wolf
Optimizer (GWO) [9], and Whale Optimization Algorithm (WOA) [10]. Recent studies continue to propose
new and hybrid metaheuristics for engineering and numerical optimization, including red-crowned crane
optimization and ensemble population-based designs [11,12]. Human-inspired search strategies have also
been explored [13], while a modified APO variant has recently been applied to nonlinear system identi-
fication [14]. Despite their success, these approaches still face challenges such as premature convergence,
stagnation, and parameter sensitivity, especially in high-dimensional and multimodal problems [15].

The Artificial Protozoa Optimizer (APO) [16] is a recently proposed metaheuristic that balances
exploration and exploitation through population-level update operators. Although APO has demonstrated
competitive results, it still suffers from several structural drawbacks [17]: (i) reliance on random initialization,
which may create clustered samples and leave parts of the search space insufficiently explored; (ii) limited
feedback from population diversity when switching between search phases, which can weaken the response
to diversity collapse; and (iii) insufficient use of elite statistical information for late-stage local refinement.
These factors can make APO prone to premature convergence in non-convex, high-dimensional, and
constrained engineering problems.

To address these shortcomings, this paper proposes an Enhanced Artificial Protozoa Optimizer with
a multi-strategy framework (EAPO), an improved APO variant. The novelty of EAPO lies in assigning
complementary roles to three mechanisms at different stages of the search rather than merely adding extra
random perturbations. The main innovations of EAPO are as follows:

o A Symmetry-Enhanced Latin Hypercube Initialization (SELHI) mechanism that uses orthogonal-
rotation symmetry to remove sampling bias, thereby improving population diversity and ensuring
uniform coverage of the search space.

o An Adaptive Phase Equilibrium Strategy (APES) that provides a population-diversity feedback
framework to dynamically regulate the exploration-exploitation balance across search phases.

o An Adaptive Elite Perturbation Strategy (AEPS) that uses elite statistics (mean and standard devia-
tion) to guide efficient local refinement of top individuals and reduce stagnation.

The paper is structured as follows. Section 2 reviews the baseline APO framework. Section 3 presents
the three EAPO enhancements. Section 4 reports the experimental setup and results. Section 5 concludes
and outlines future work.

2 Overview of Artificial Protozoa Optimizer

APO is a population-based metaheuristic motivated by adaptive protozoan behavior in changing
environments [16,17]. In the original algorithm, each iteration mainly consists of two foraging updates:
autotrophic foraging, which favors exploration of the search space, and heterotrophic foraging, which
emphasizes search around better solutions. In addition, dormancy and reproduction are triggered with
certain probabilities to reintroduce diversity and preserve advantageous individuals. These four operators
together define the basic search process of APO.
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2.1 Population Initialization

APO uses stochastic uniform initialization within the search bounds. For the j-th dimension of the i-th
individual:

x{:lbj+r,-j-(ubj—lbj), rij ~U(0,1), o

where Ib; and ub; are the lower and upper bounds of the j-th variable, respectively. The original APO adopts
this scheme mainly because it is simple, parameter-free, and computationally inexpensive. However, purely
random samples may be unevenly distributed when the dimension is high or the feasible region is narrow,
which motivates the SELHI mechanism introduced in Section 3.

2.2 Core Update Rules

APO uses different operators for foraging, dormancy (encystment), and reproduction. In this study,
the original APO operators are retained, while the three proposed modules are inserted around them.
Specifically, autotrophic foraging is used as the main exploratory mode, heterotrophic foraging promotes
movement around more promising regions, dormancy regenerates weak individuals to restore diversity,
and reproduction preserves and recombines advantageous individuals. The implementation follows the
original APO formulation [16]; EAPO modifies only the initialization, phase-selection control, and elite-
refinement stages described in Section 3. This separation helps distinguish the baseline APO behavior from
the proposed enhancements.

3 Enhanced Artificial Protozoa Optimizer with Multi-Strategies

The baseline APO achieves a balance between exploration and exploitation through mechanisms such
as autotrophic/heterotrophic foraging, encystment, and reproduction. Nevertheless, two major limitations
persist: (i) insufficient initial population diversity, which may undermine global search efficiency, and (ii)
susceptibility to stagnation in highly multimodal landscapes [2,3]. To address these challenges, we propose
EAPO, which incorporates three complementary enhancements designed to strengthen early exploration,
regulate search dynamics throughout iterations, and provide progressively finer elite refinement in later
iterations. The design of these mechanisms follows population-level principles of diversity preservation,
adaptive phase regulation, and elite-guided refinement. The overall framework of EAPO is illustrated
in Fig. 1.

3.1 Symmetry-Enhanced Latin Hypercube Initialization (SELHI)

The first innovation of EAPO is a refined initialization strategy, termed SELHI. Biologically, protozoa
in heterogeneous environments tend to disperse to reduce intra-species competition, and their trajectories
often exhibit symmetric spread around local stimuli, which helps cover multiple micro-niches. SELHI
translates this behavior into a space-filling initialization by integrating Latin Hypercube Sampling (LHS) with
orthogonal-rotation symmetry and distance-based dispersion refinement. The synergy of these components
systematically reduces sampling bias, improves global coverage, and significantly increases the probability of
locating promising regions at the outset of the optimization process.

Unlike conventional uniform random initialization, LHS divides each dimension into equiprobable
intervals, ensuring that one candidate solution is sampled per interval. This guarantees more uniform
coverage of the search space, particularly in high-dimensional or multimodal problems. Related evidence
also indicates that quasi-random or low-discrepancy sampling can improve population-based optimization
performance by reducing initialization bias [18,19], while opposition-based initialization can enlarge the
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sampled region by generating paired candidates [20]. SELHI follows this general motivation of improving
initial coverage, but further applies an orthogonal rotation in normalized space to create a symmetric
counterpart for each candidate and then performs a local dispersion refinement that repels points from their
neighborhood centers. This dual mechanism mitigates the risk of clustered samples and provides a stronger
foundation for subsequent optimization.
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Figure 1: Framework of EAPO.

Empirical evidence suggests that uniform random sampling often results in clustered and uneven
distributions, leaving large portions of the search space unexplored. In contrast, the LHS with orthogonal-
rotation symmetry and dispersion refinement employed in SELHI yields broader coverage and better
dispersion, thereby enhancing both efficiency and robustness in the early stage of optimization. Fig. 2
visualizes the coverage advantage of SELHI over conventional random initialization.
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Figure 2: SELHI initialization comparison: coverage differences between conventional random sampling and the
proposed SELHI mechanism.

Formally, the LHS-based initialization in dimension j partitions the interval [Ib;, ub;] into ps subin-
tervals. With a randomly permuted sequence 7; and a uniform random variable u;;, the i-th sampling point
is given by:

. (1 _1 ii
x].:lbj-i-(u)(ubj—lbj), i=1,..

; s Sps, j=1,...,dim. (2)

Subsequently, an orthogonal-rotation symmetry is applied in the normalized space to generate a rotated
counterpart:
Xi— Ib
ub-1b’
where R is an orthogonal matrix (generated by QR decomposition of a random Gaussian matrix) and ©
denotes elementwise multiplication. A distance-based dispersion refinement is then applied:

x*=1b+(0.5+ (u; —0.5)R) ® (ub-1b), ;=

3)

rot Iy
ref _  rot Xi XNi (i)

N TS

X

(4)

where XN, (i) 18 the mean of the k nearest neighbors of xf"t, p is a small dispersion coeflicient, and ¢ avoids

division by zero. The combined population Xcompined of size 2ps (from X and X"*f) is then evaluated, and
the top ps individuals are retained according to their fitness ranking, as defined in Eq. (5):

rank(X;) = > 1[(p(Xm) < go(X,»)], (5)

Xm#+ Xi

where rank(X;) denotes the rank of candidate X;, and ¢(-) is the fitness value to be minimized.

3.2 Adaptive Phase Equilibrium Strategy (APES)

The second innovation, termed Adaptive Phase Equilibrium Strategy (APES), introduces a dynamic
control law that balances global exploration and local exploitation during the optimization process. Instead of
fixed parameters, APES adjusts search intensity using both iteration progress and a diversity feedback signal.
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Formally, the exploration-to-exploitation ratio is modeled as a monotonically decreasing function of
the iteration index

t K
CL)(t) = wmax_(wmax_wmin)'( ) > (6)
Tmax

where w(t) denotes the exploration weight at iteration ¢, ax and wm;, represent the initial and final bounds,
Tinax is the maximum number of iterations (set to itery,y in Algorithm 1), and x controls the decay rate. A
larger x favors sustained exploration in the early phase, while a smaller « accelerates the transition toward
exploitation. In practice, Wpmay and wmin are set within (0, 1) so that w(¢) can be interpreted as the probability
of selecting the exploration (autotrophic) mode.

APES further introduces a diversity feedback mechanism by monitoring the average pairwise distance
Agiy within the population. When Ag;, falls below a threshold Ani,, the exploration weight is temporarily
increased:

@(t) = min(Wmay, @(t)+ - max(0, Amin — Adiv)) » (7)

where (>0 controls the feedback strength; otherwise, @(t) = w(t). In EAPO, @(t) directly controls
foraging-mode selection: higher values increase the probability of using the autotrophic (exploration)
update, while lower values favor the heterotrophic (exploitation) update. This makes w(t) evolve dynamically
with both iteration count and population state, reducing premature convergence on complex multimodal
landscapes. The diversity metric is defined as the normalized average pairwise distance:

2 |Xi - Xl
A iv = >
W7 ps(ps - 1) 2 ub ~Tb],

i<j

(8)

where normalization by |ub — Ib||, keeps Agiy € (0,1) for bounded search spaces. Fig. 3 shows the diversity
dynamics with APES, highlighting how the feedback mechanism increases exploration when Ag;, approaches
the A, threshold.

Analysis of Population Diversity Dynamics
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Figure 3: Population diversity dynamics under APES: feedback around A, triggers increased exploration to counter
diversity collapse.
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3.3 Adaptive Elite Perturbation Strategy (AEPS)

The third innovation, termed Adaptive Elite Perturbation Strategy (AEPS), refines the exploitation
ability of EAPO through statistics-guided local perturbations of top-performing individuals. AEPS operates
after the canonical foraging, dormancy, and reproduction stages to intensify local search while preserving
sufficient variability to escape local optima.

3.3.1 Mechanism Overview

AEPS selects the top p. fraction of the population as the elite subset based on fitness. To prevent
premature convergence, an elite-statistics-guided perturbation generates new candidate solutions around
elite individuals. The perturbation is expressed as:

Xi =X, + (1) © (e - Xo,) + 0. ©N(0,1) ©)

where X i is the perturbed candidate, X, is a selected elite parent, y, and o, are the mean and per-dimension
standard deviation of the elite set, and #(t) is a time-varying attraction weight that decreases with iterations:

t
’7(t) = Hmax — (7]max - ’1min) ‘7> Mmax > Ymin > 0. (10)

Tmax
Early in the search, larger () pulls elites toward the elite mean to accelerate coarse convergence; later,
smaller #(t) yields finer perturbations for local refinement. To maintain feasibility, the boundary condition
is enforced as:

5?{=max(lbj,min('fg,ubj)) 1)

If X; exhibits superior fitness, it replaces its parent in the elite pool. Formally, the population update is
given by Eq. (12):
Xl(fo;l) = TopFitness (Xl(,to)p u{X,... ’XNelite}’ps) (12)
where Ngjite = pe - ps, and TopFitness(-) selects the best ps candidates by fitness. This adaptive perturbation

enables EAPO to exploit promising regions more effectively, while ensuring sufficient variability to escape
local optima.

3.4 EAPO Algorithm Outline

Algorithm 1 summarizes the proposed EAPO. Built on the baseline APO, EAPO introduces three
modules: SELHI improves the initial population by combining LHS, rotational symmetry, and dispersion
refinement; APES regulates the exploration—exploitation balance through the scheduled weight w(t) and
the diversity-corrected weight @(¢); and AEPS perturbs elite individuals according to elite statistics, with
1(t) gradually decreasing from coarse guidance to fine local refinement. Together with the original foraging,
dormancy, and reproduction operators, these modules define the complete search procedure.

Algorithm 1: Enhanced artificial protozoa optimizer with multi-strategies (EAPO)

Require: Population size ps, dimension dim, max iterations iter,,,y, bounds {1b 7s ub j}, and control

parameters 0= {wmax: Wmin> K> Amin» Pes> Ymins> Hmaxs Pd> Prs Ps k, 8}
Ensure: Best solution Xjeg;

(Continued)
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Algorithm 1 (continued)

1. Initialization (SELHI)
I: Generate ps LHS samples; construct rotated and refined candidates using Eqs. (2)-(4)
Merge all candidates, retain the top ps, and initialize Xpeq
3: iter < 0
2. Main Evolutionary Loop
while iter < iter,,; do
Update w(t) and @(t) using Eqs. (6) and (7); sort the population by fitness
fori =1to psdo
Generate candidate X; by autotrophic or heterotrophic foraging according to @(t)
Apply dormancy with probability p;; otherwise apply reproduction with probablhty pr
Repair bounds/discrete variables, evaluate X, and keep the better of {X;, X;} using the
feasibility rules in Section 4.5.1
10: end for
3. Elite Perturbation (AEPS)
11: Form an elite set of size Nejite = | pe - ps], update n(¢) (Eq. (10)), and compute ., o,
12: for each elite parent X,, do

N

N

13: Generate X = X, +7(t) © (o - X,) + 0. © N'(0,1) (Eq. (9))

14: Repair, evaluate, and replace X,, if X is better under the feasibility rules
15: end for

16: Update Xy, if improved; iter <« iter +1

17: end while
18: return Xpeg

3.5 Algorithm Complexity Analysis of EAPO

Let ps be population size, dim dimension, itery,y iterations, and Cy fitness cost. Per iteration, APO
operators and AEPS are O(ps - dim), sorting is O(pslog ps), and exact diversity computation using Eq. (8)
is O(ps? - dim) because it requires all pairwise distances. Thus,

O(itermax x [ps* - dim + pslog(ps) + ps - dim + ps - Cf]). (13)

If only a diversity indicator is required for feedback, the pairwise term can be approximated by a
centroid-based measure (mean and average distance to the centroid), by per-dimension variance, or by
subsampling a small number of pairs. In these cases the diversity cost reduces to O(ps - dim) (or O(m - dim)
for m << ps? sampled pairs), yielding

O(iternrlaX X [ps log(ps) + ps-dim + ps - Cf]). (14)
In practice, Cy dominates.

4 Experimental Results and Discussion

To ensure a fair comparison, the experimental environment is as follows: the operating system is Ubuntu
22.04, the CPU is Intel(R) Core(TM) i7-12700 2.10 GHz, the RAM is 64 GB, and the programming language
is Python.
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4.1 Experimental Protocol and Parameter Settings

The algorithms were tested on the standard CEC 2005 benchmark suite (CEC2005) following the
official definitions. The experimental protocol, comparison algorithms, statistical settings, and EAPO control
parameters are summarized in Table 1. For EAPO, the additional SELHI and AEPS candidate evaluations
are counted within the same NFE budget, and the number of main-loop iterations is reduced accordingly.
Detailed results for all 23 functions are reported in Table 2.

Table 1: Experimental protocol for the CEC2005 experiments.

Item Setting
Benchmark suite CEC2005 official definitions
Dimension D =30
Population size ps =50
Maximum evaluations B =50,000 NFE (~1667D)
Independent runs 30
Randomness control Recorded seeds; common noise stream for F4 and F17 within each run
Reported metric Bias-corrected error, f(x) — bias
Comparison algorithms APO [16], CFOA [21], DE [15], GWO, HRO [22], PSA [23], SHIO [24], SSA [25],
WOA
Baseline parameters Recommended settings in the corresponding source papers

@max = 0.9, Wmin = 0.1, & = 2, Apin = 0.10, p, = 0.20, #max = 0.5, Amin = 0.1,

EAP t
O parameters p =0.10, k=3e=1x107"12, pa=p,=0.1

Statistical test Two-sided Wilcoxon rank-sum test with Holm-Bonferroni correction, a = 0.05

4.2 CEC2005 Benchmark Experiments

The CEC2005 suite (23 shifted/rotated functions, dimension D = 30) is used as the primary continuous
benchmark. Results are reported as bias-corrected errors (f(x) — bias), so the optimum is 0 for all functions.

4.2.1 Result Statistics and Convergence Curve Analysis

Based on the comprehensive results in Table 2, EAPO is among the top performers across the bench-
mark functions. Among the 23 test functions, EAPO attains the best average value on 20 functions (86.96%)
and the best optimal value on 19 functions (82.61%). It also exhibits the lowest standard deviation on 16
functions (69.57%) and the best median value on 20 functions (86.96%). Other algorithms achieve the best
results on a few functions (e.g., GWO on F5 and Fl1, SSA on F8), indicating complementary strengths.
Overall, EAPO maintains strong accuracy and stability on both unimodal and multimodal scenarios.
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The first group (F1-F7) illustrates the difference in convergence speed and exploitation capability, as
shown in Fig. 4. On F, for instance, EAPO achieves an average value 0f1.619335 x 1077, whereas APO records
1.180180 x 107> on the same function, indicating a gap of about two orders of magnitude. In contrast, methods
such as SSA vyield 2.803813 x 10~!, which is roughly six orders higher than EAPO. These results suggest that
SELHTI’s orthogonal-rotation and dispersion-refinement initialization improves early-stage coverage, while
AEPS provides more effective late-stage refinement, leading to faster convergence and higher precision on
these functions.

CEC2005 Convergence Profiles (F1-F7)

Convergence for 42005 (8im=30)

oo
——Ear0 APO i CFOA s DE awo
— HRO - PSA SHIO = SSA woa

Figure 4: CEC2005 convergence profiles for F1-F7 with a unified, non-overlapping legend.

In F3, EAPO attains 3.067573 x 105, while APO exceeds 2.280835x 10’ and DE surpasses
5.557163 x 10'°. Hence, EAPO’s solution quality is improved by one order of magnitude relative to APO and
by roughly four orders compared with DE. Such accelerated convergence, as demonstrated in Fig. 4, indicates
stronger local exploitation and more effective refinement near promising regions, which is consistent with
AEPS using elite statistics to guide perturbations. By contrast, the original APO sometimes experiences
insufficient local search pressure and struggles on rugged landscapes, leading to slower convergence and less
accurate final solutions.

The second group (F8-F13) emphasizes the capacity to preserve diversity and escape local minima, with
convergence behaviors illustrated in Fig. 5. In F9, EAPO’s average is about 1.289530 x 10", whereas the original
APO and WOA vyield 1.677384 x 10" and 2.452381 x 102, respectively. EAPO therefore lowers the final result
by roughly 23% compared with APO, while surpassing WOA by about one order of magnitude. The results
indicate that the proposed search framework mitigates stagnation and maintains diversity more effectively
on deceptive, highly non-convex landscapes. Importantly, the curves in Fig. 5 show that EAPO continues to
decrease in later iterations rather than flattening as in APO. This sustained convergence pressure stems from
APES diversity feedback, which boosts exploration when Ag;y collapses, and AEPS perturbations guided by
elite statistics with a decreasing #(t), enabling finer refinements without overshooting.

CEC2005 Convergence Profiles (F8-F13)

o
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Figure 5: CEC2005 convergence profiles for F8-FI3 with a unified, non-overlapping legend.
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The third group (F14-F23) further highlights EAPO’s balance of exploitation and exploration, as shown
in Fig. 6. In F14, EAPO’s mean is 1.237908 x 10, better than GWO’s 1.255075 x 10" by about 1.4% and DE’s
1.384885 x 10' by approximately 10.6%. The standard deviation on F14 is about 2.304094 x 10™!, improving
on several competitors whose values exceed 0.3. Function F23 tests performance in hybrid landscapes,
where EAPO’s result near the order of 10* is about 2.7% better than the original APO. The late-stage
segments in Fig. 6 reveal that EAPO retains a downward trend, while standard APO tends to plateau once
the population clusters; the adaptive w(t) feedback and elite-guided perturbations maintain search pressure
and prevent stagnation in these rugged landscapes.

CEC2005 Convergence Profiles (F14-F23)
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Figure 6: CEC2005 convergence profiles for F14-F23 with a unified, non-overlapping legend.

Comparisons between EAPO and the original APO show that the improved algorithm achieves
more accurate solutions by one to four orders of magnitude on many benchmarks, while also reducing
performance variance, as evidenced by both the numerical results in Table 2 and the convergence trends
in Figs. 4-6. In standard APO, local exploitation can be weak and stagnation can occur when the initial
sampling lacks diversity or when elite solutions do not receive sufficient refinement. EAPO mitigates these
issues by combining SELHI (diverse coverage), APES (dynamic balance with diversity feedback), and
AEPS (elite-statistics-guided refinement), which together maintain convergence pressure in later iterations.
These trends suggest that EAPO is well suited for complex engineering applications and for demanding
optimization tasks where stable convergence is important.

4.2.2 Wilcoxon Rank-Sum Test Results Analysis

Table 3 summarizes the corrected Wilcoxon rank-sum test results comparing the proposed algorithm
with nine benchmark optimization algorithms across 23 benchmark functions.

Table 3: Summary of wilcoxon rank-sum test results.

Algorithm New is Better No Significant Difference New is Worse
APO 21 (91.3%) 2(8.7%) 0 (0%)
CFOA 23 (100%) 0 (0%) 0 (0%)
DE 22(95.7%) 0 (0%) 1(4.3%)
GWO 19 (82.6%) 3 (13.0%) 1(4.3%)
HRO 22 (95.7%) 0 (0%) 1(4.3%)
PSA 22 (95.7%) 0 (0%) 1(4.3%)
SHIO 22 (95.7%) 0 (0%) 1(4.3%)
SSA 22 (95.7%) 1(4.3%) 0 (0%)

WOA 21 (91.3%) 2 (8.7%) 0 (0%)




Comput Mater Contin. 2026;89(2):54 15

The statistical results demonstrate that the proposed algorithm achieves corrected success rates ranging
from 82.6% to 100%. Under the Holm-Bonferroni adjustment, the “New is Better” counts in Table 3 represent
statistically significant wins, and EAPO attains 19-23 significant wins out of 23 functions against each of the
nine competitors, with at most one significant loss. Against CFOA, the new algorithm is significantly better
on all 23 functions (100%). Against DE, HRO, PSA, SHIO, and SSA, it is better on 22 of 23 functions (95.7%).
APO and WOA show a success rate of 91.3%, with only a few functions showing no significant difference.
GWO presents the lowest success rate (82.6%). Overall, these Holm-Bonferroni-corrected results confirm
the statistical significance of EAPO’s win rates and provide strong evidence of its robustness and consistency
across the benchmark suite.

Asan additional omnibus comparison, a Friedman rank test is applied to the per-function average errors
in Table 2. Lower average rank indicates better overall performance. The Friedman statistic is y% = 161.049
with 9 degrees of freedom, and the corresponding p-value is 4.50 x 107°, indicating significant differences
among the compared algorithms. As shown in Table 4, EAPO obtains the best average rank.

Table 4: Friedman average ranks based on CEC2005 average errors.

Algorithm EAPO APO GWO DE SHIO SSA PSA WOA HRO CFOA
Average rank 1.13 2.43 3.13 5.35 5.39 574  6.22 7.78 8.22 9.61

4.2.3 Stability Analysis

To assess stability, each CEC2005 function is evaluated over repeated independent runs. Fig. 7 shows
that EAPO generally has lower medians and tighter interquartile ranges than competing methods, indicating
both better final quality and higher run-to-run consistency. This trend is clear on unimodal cases (e.g., F1-F5)
and remains visible on multimodal/hybrid functions.

Representative values support the visual pattern: on F1, EAPO reaches approximately 1.62 x 107 average
error with 1.81 x 1077 standard deviation, and on F23 its dispersion is much smaller than strong baselines
(e.g., GWO/SHIO). Very small standard deviations in several tables indicate near-identical solutions across
repeated runs, consistent with stable search dynamics.
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Figure 7: Boxplot analysis for stability comparison on CEC2005 functions.

4.3 CEC2017 Benchmark Evaluation

To further evaluate the performance of EAPO under the CEC2017 evaluation protocol, the compared
algorithms were tested on the 29 CEC2017 functions F1-F29 at D = 30. The maximum number of function
evaluations was set to MaxFES = 10,000 x D = 300,000 for every independent run, and each algorithm-
function pair was repeated 51 times. The search range was [~100,100]”, the initial population was generated
by uniform random sampling within the search bounds, and the random seed was time-based for each
independent run. Any additional method-specific candidate evaluations were counted by the same function-
evaluation tracker and deducted from the remaining optimization budget; therefore, each completed run
used exactly 300,000 function evaluations.

The function-evaluation accounting is summarized in Table 5, and the corresponding numerical results
are presented in Table 6. Results are reported as error values under the lower-is-better convention.

Table 5: Function-evaluation accounting for the CEC2017 experiments.

Initialization Main-Loop and
Meth Total Evaluati
Compared Methods Evaluations Method-Specific Evaluations otal Evaluations
APO, CFOA, DE, GWO,
I(;R(O: (];APO PgA © s =50 MaxFES — ps = 10,000 MaxFES =10,000
’ ’ ; ps= D —50 = 299,950 D =300,000

SHIO, SSA, and WOA




17

Comput Mater Contin. 2026;89(2):54

(panumuoD)

20+98%6¥09'6  €O+I099CI'T  TO+96SIIS6’S TO+I8YCIBY'Y  CO+209E8LL'C  TO+9L6TE0L'S TO+IL8ESLL'E TO+IS06100°0  CO+20I8%L8'8  CTO+9C6LIS6E PIS
€0+9LL6LSOY  €0+9GS9€0€ Y  €0+20LISLTY  €0+986%918'0  €0+9€69T8TT €0+20T60CL'9 €0+298CFPF'9  €0+96CI9CL'c  €0+2080810°G  €0+99€/G98'T  UBIPIN 61
€0+t3¥609L8°C  €O+IGILILOTT €O+HISSTYELT €0+9€66L8S'S  CO+HIFCTILS6  €0+999L€6S°S €0+9CFFO0V'S €0+90S98L69C  €0+9€0CI66'T  €0+98685ST'T Iseg
€0+98GE8SLT  €0+3CETOEET €0+I8ITVITT €0+268C66L°9  €0+IF68EST €0+29FI869°9 €0+678C0V'O  €0+996798L°C  €OHILSLIVLY  €0+9LSLIL8'T HAV
00+961L0€CL 00+3%9LL8L°C  00+3STLILLE 00+3LL9T€0°6 10—989¢566'S 00+20690LIF  00+906C0ICT 10—30L09SSZ  00+9LTIIELT T0—3L00€SE'S 12N
10+3£20L19'T  10+96S0S8C'T  I0+93GSLILOT 10+9589C06C T10—9€980C6'T  10+98E8TTIT 00+30LLEVEC T0—20TCE¥89°'S 00+9C0I1980°C 10—98%8S89C  UBIPIA 81
00+3T1L6L0Z  00+9990S9TF  00+9€¥c6€Ty  10+998998¢'T 0 00+950299L°¢  00+99€99T¢'T 10—28%0¥0¢'T T10—°190T8SC 0 1sog
10+98ICC9LT  TO+39SIILTT  10+99969%I'T  10+96IVLL0°C  T0—9890TSL'C  10+99S6TLI'T 00+3LC0¥89°C  10—96€S6L8ZL 00+3%C09LST T0—9€69SLS AV
10—9L6€8¥I'Yy  10—20€04S0°C  10—9SCI¥FY'C  00+2IPS6CIT ¥0—29€0S6€T  10—9€I90I6'T  T0—979€HC6'T 10—2LV0956'6  CO—°FLICE0'9 F0—°89SSHT'T PIS
10—9€V¥98T'T C0—9TETEBY'S  TO—386EBFI'S  00+3L6166€°C  SO0—9CIL6C0T  T0—20IVLLYT 10—996618LF  00+2IEeHIT'T  TO—2I86C09L S0—99LE€99°¢c  UBIPIN L
€0—9€0IS90F ¥0—2760I88L €0—98L906I'C 00+956€LEST 80—°9CC6VF'T €O—FVEFVOCT 10—9L8ISL0C  TO—IFII6CT  ¥0—2ISCE0CL  80—968TL9E'T Iseg
10—3%08667'C 10—°6L66CST 10—9860%9C'T 00+20%S00¢'€ S0—991ZL0LZ 10—°%0TICOC T10—%C9LI0'S 00+°8%080LT TO—°F8IOIS'8 S0—9£9966¢€°6 HAV
€0+9998S5C°C  €0+36IIIETT  €0+39CTVE6'T ¥0+3F609¢9T 00+3GL8EV6'Ec  €0+20SSTE0°6  €0+9ST86ITY  V0+968CTVHIT €0+3006€L9'T 00+96L68EV'9 pis
€0+966SSTVP'T  €0+99¢0080°T €0+99C6969°¢  ¥0+96TIC659  00+9L0CC99T ¥0+979€0€9°C  €0+3SILVES'8  FO+H3LEVVLTT €0+9980069°C 00+3SSLLIV'C  UBIPSIA 1
00+319600°¢  T0+9600%I9°'T CO+3VL0TI9'6  ¥0+3C8IBS6'C  TO—FVITEIIT ¥0+986LS60'T €O+VLS8I8Y  €0+9799¢69T €0+9¢6V680'T TO—C6SSTS'T 1sog
€0+3EEYITTC  €0+986L9SLT  €0+9S001L6°C ¥0+9590095°9 00+91890SLCc ¥0+3006L99°C €0+997C69¢'6 ¥0+9C80C00C €O+3IL60SL'E 00+9C00VLS T AV
€0—98CELOT'T €0—2¥9¥661'C  €0—29CLVI8T €0—2%8CI06'8 90—2I809ICF €0—26S076SC €0—9TE8LIV'T €0—2691668L ¥0—206CSLV'T 90—98SEV9L'E PIS
70—298%7009'6 ¥0—°CC8090°C ¥0—9SFL9¢9'8 TO—910816'C 80—26989L%'F ¥0—990TPSE'8 €0—°99886C°C ¥0—2€I6€10°9 S0—°C0CVL6'6 80—°188690F  UBIPIA 1
S0—266I¥7SSC  90—9T6LEVET S0—268¢S¥6'T  TO—2LTOSEC'T 0 G0—2€SY0LLY  €0—2G9LE0EC’T S0—9988TEL'EC  LO—I8ET8OY 0 1seg
€0—9878899'T €0—20860S0'T €0—oCF¥¥9ST CO—ICIF68C LO0—9CSIB06Z €0—98L0LELT €0—9G80SL9°E €0—2IVeCTy'y ¥0—98€6€0¥'T L0—2880%¥9'6 AV
€0+9G88SV6'T  €0+3¢eVI8CT €0+0¥8GYV6’S  €O+I9IETSTO 1037 FPCVOT  €O0+36I€8T8'8  CO+9€TL086'S  TO+IS8YVICEC 10+98L08€8F  10+30S610L°T 128
€0+39YCCELY  €019€0S80L Y  ¥O0+9GLS60ST ¥VO+3LV99STC  T0+96910CH'€  PO+ILILSIV'S €0+3000SVC'C CTO+3%969¥9°C  TO+II9CLEST  10+9I6LVL6F  UBIPIN -~
€0+H3TCEVCIT  €OHILLYF06'T C0+H30¥66€ST ¥0+3999%0CT 10+9CL0LSO'C VO+3LELVYE'E  €0+9CILI6IT  COH36COLITT  T0+3LTS696L T10+966LL69°C 1sodg
€0+3007¢6C'S €0+TP8908F  ¥O+3SCI0EY'T ¥0+9¢6970€C  10+38S6LIV'Y F0+30LE6LT'S €0+98EFB0OE'C CO+30TEITH'E  CTO+H306LII9T T0+3LEV08E'S AV
10+9€9€876'6  CO+Ho¢6STOL’T  TO+ISOCI8L  €0+3FS08FI'T 00+°%88896'6  €0+9S09IIT'E  10+9¢6¥LS0°S  T0+9I8F8IC’C  10+°97€97S’c  T0+9€ISC08'T PIS
10+9596609'8  CO+ST¥6LST  CO+9L9CLOLL  €O+FIL68ST T0+29078%6'T €0+9009148Z TO0+°95C086'T 10+988ICe8F 10+9%¢88ET'8  T0+2ILOIST'E  UBIPSIAL 1
10+3GI€C0T'C  10+348661F°€  CO+99/8TSOT CO+3%688L0°0 €0—9CCELYF'C €0+990079S°C CO+980€0CET T0+9F¥9€ST'E  T0+296¥C6TT €0—9CELEY'C Iseg
C0+990ITL0T CO+989€988°T  €O+ICICSTOT €0+99%S0€9°C 10+999¢F¥¥'e  €0+9CS961C°8  CTO+9S8ICOI'C 10+99C0¥CH'9  T0+3LIF90IL  10+9L7C68T'°E AV
€0+3919841'C  €0—938¢CI6CE Y  VO+HIBILYIT'T  ¥0+9%99169°1 0 Y0+309€LL0°C  €O+3L8VVLOT CO+3I860€T9  ¥0—98EBIC6'C 0 128
10+9986¢€¥0°c  €0—3LEVII0T ¥O+36C8VLIY ¥0+39CTLLED'S 0 Y0+9GLS0L8L  €O+3TILT06'Y  €0+3I6€LI0T V0—™%¥SOTY ¢ 0 UBIpSN 2
C0—9ET8IITT S0—9CV08L6'S ¥0+99860ST'T ¥0+959L079°C 0 P0+389VSST'E  €0+9€S060°c  TO+39¥686%'T S0—9590€6T°9 0 1sog
C0+9C8SIL6'6  €0—CT6LIIE  ¥0+960I8STY  ¥0+9SI6918°S 0 Y0+3I8¥9L0'8 €0+9986996'% €0+3C8YIV0'T ¥0—961CS86°C 0 AV
GO+20TI96T'T  90+9G898SST  60+9€L6€IT'S  60+9FCICIL'O 0 60+208€9L5°S 80+29C€¥09°c  80+93LC€9/8'T €0+950L0T8'T 0 PIS
€0+30LLE6T'S  €0+2€0FI09F  OI+9019%C0'T  OI+9790¥¢€6'T 0 0T+98956¢E’c  60+9€CINF'C  LOHITSESISL  €0+99896¢€ST 0 UBTPI]A 1
10+9G16689°T  TO+9LIBLEL'O  60+°60C86E'T  60+3FISOIE6 0 0I+37670€0'C  60+93LI16C8T 90+°1600¢6'8 10+37CF 67T 0 Iseg
VO+3€LILV6'C  SO+IFSTYCTT  OI+FISL90'T  01+2L967S0°C 0 OT+3CYLELY'E 60+990L0ET'C  80+3STLEET'T  €0+¢€I6196'T 0 AV
YoM VSS OIHS VSd 0dvid OYH OMD 4da YOd1D odv SN uonduny

"0¢ = ( ¥e swy3LIo3[e Pa3oo[es Y} 10§ SINSaI [edLIdaWnuU /[0zDID 9 d[qeL



Comput Mater Contin. 2026;89(2):54

18

(panunuo))

60+3TICCLIT  LO+9GS8GSSC  €T+99I88TET  OI+9LS686LT 00+3LISSS0'C  TIH960S8ILT  80+99€9I9¥%'T 80+9GL£€9C'8  ¥0+9TSEI6V'T 00+3L50¢€61°¢ PiS
PO+37GE9T8'C  VO+9L6LEOIT 60+9808€69F 60+9FV069LL  00+9€8LECT8  OI+96€6L69°C 80+9%8CELIT SO0+9€S0€99'T ¥0+301064T°C  10+30CC96CT  UBIPIN 8L
€0+30%79966'G  €0+3089LVI'S  ¥O+3ILL6LO’S 80+98G8YEEy 00+2L0€V6l'S  60+3I9GIL9T  LO+3TVIS80'S  CO+3LBIC8Y'Y  €0+9CLOIL8T  00+9€SH6ETL 1sog
80+9C0I6LS'C  90+9TVLETO'C  TIHILTSSITT  OI+3L90%9¢'T  00+9€1CSL6'6  T1+90€60ST°C  80+957SS80°C  80+9¢81099°C ¥0+95098¢0°c  10+9¢008¥<€'T AV
FO+3THICCTT SO+FFF66ET 90+37I0¥F6'C  90+9€SCLIOT  COHIESLILZIT  90+9I8I9EC'T  ¥O+ITCIFEST F0+3076¥SL'€  €0+9SVIC9L'6  TO+HIGLLERT'E PIS
70+9910606°T ¥#0+990966C°¢  SO+990S0II'C  SO+208FIIS'C 10+980€€T6'6  SO+HICSHINIL  F0+98€S90I'6  ¥0+o€€06SI'C ¥0+o€0¥SCSe  CO0+970¥I8ST  UBIPSA 1
€0+3/19785'8  €0+3I0¥¥06'9 ¥0+31LC€68°C SO+9C00¥8F'T  T0+9GLI86I'C  FO+I9LEEL’9 F0+9C80L86'F  €0+9GTIESOT FO+LL66VV'T 10+9659€90°¢C Iseg
Y0+9G€9561'C  FO+3LI96¥C'9 90+9G8C6STC  SO+ITO6TI9T'S  T0+3CEL08TCT  90+3IE0TTST F0+96£0895°6 ¥0+°896£66'C F0+30I1C9¢'E  CT0+20€SI80°€ AV
¥0+9995¥66'C ¥0+90C6¥0LC 80+9%L90L8°9 LO+99606CCL 10+98%9089°G  €I+9€STLSOT SO+3LLLIBY'T 90+3L916€TC T0+966898TF  T0+9S8ICSL'6 128
Y0+3V66ICL'C VOHIVTIVSYSY VO+3C9S8Y YT SO+31V8S96F' Y 10+96€L66GTC  LO+39166€8Y  SO+IIFSTIIT  €0+39IEPSOT  COH96SIILT6  T0+3LLIT09°C  UBIPSIAL oL
€0+36TV08Y'V  €O+3¥0TE6V'6  €O+9SPSBI6T  S0+97698CTT  10+9980¢88'T FO+3CCLOTIY  ¥O+99LCEV9'E  CTO+I8TOCIST TO+98CHSOTT  T0+9911€C9C 1sog
Y0+39¢€6C10F ¥0+98L8CEOY  80+3VE0C6TT LO+9C69VLET  T0+9€I8ISI'S  TI+9880068°C SO+3LSV6L9T  SO+H€9I6VST C0+96060606  10+2016196°9 JAV
€0+9806CLY' Y €0+9L68CCTT  80+3L6LTEST 90+96L760%'c  10+9108S¥8'8  80+3FFFCLI'O 90+269%8SCT €0+20€S¥6C’9  CO+989FOIIL  CO+9C6S8IS'T PIS
C0+90095S0Z  TO+R9LETCET  90+2I88LOET 90+21997/8°C  00+21L6C09°C  80+9C09€09T SO+290€¥I9F  CO+HI6EIFCOT  CTO+IF0SIELL  00+998LIVL'S  UBIPIA o
10+399C66S'T  T0+986I8LET €0+9556L66'F  SO+21CL866'T 00+20SVL99°T SO+988EC6V'T S0+20¥968C'T 10+99€7€eo’c  T0+99TTBEY'Y  00+9€L6€TET Iseg
€0+3I¥0C0I'C  CO+370166€'S  L0+HdFEceLe’e  90+ITLTITY  10+989G0CL'S  80+3GISF60 Y 90+3FF8CFO'T  €0+°F6¥I0OI'E  CTO+9791069'8  10+9€8¥0€LL AV
L0+988S08E Y  LO+999LIF¥'8  80+9G56€SSL  80+3III6ILT  €O+IPECOCT  60+9CCIETLT 90+90€S886L 90+9656¥ST'8  ¥O+3TCELTT  €0+20CT0586°T Pis
VO+3S0VVILY V0+99TC6E9C  SO+3CSILLLT  80+9€86I8CT  €O+I6ILLLTT 60+3VSPE6I'C  LO+9€0L98LT ¥0+3TECHE0'8 VO+3LLVLI6'C €0+95079¢0'C  UBIPSAN -
€0+98LC6TSL  €0+36¥88I8C VO0+3V09SIS'9  LO+9LLTIOG'T  TO+9SLOTILT 80+99%SLT8C 90+9¢L¥C09Y  ¥0+9TE9T0ST  ¥0+9€880CI'T CO+9CCVLEET 1sod
90+9TLLEI'8  LO+H3VIV6ETT 80+9T6LBEO'C  80+988CLS8T €0+3CLELO6T 60+36EVC89°C LO+3F90¥96'T 90+307086€T ¥0+99506L0°C  €0+96CSLLST AV
G0+9610992°¢  SO+2COVCIS'S 90+96¥98LT°C 90+98EEBO¥'T CTO+IFSVLGOT 90+9GELVF8'8  S0+29¥08CCT  SO+FISE60'C  FO+9IE90I0F CO0+98%858L'9 PIS
G0+9L0CLLIT  SO+9COIEYST SO+IPTLS8S'S  SO+I8FFFIOL  T0+3FL9L8%'6 90+200S0S€F  SO0+9S6€LSL'T  €0+9866ICYL ¥0+9976SL7'8  CO+9€0l6VF'T  UBIPIN 11
Y0+9GL9G8C°T ¥#0+9¢98LL0°C ¥0+38IF0S9°9  SO+3/TIO0T'E  T0+3G19800°€  SO+ILISLYSC  SO+3L6C0SOT  CO+I8IFSLOC €0+°66CL60'8  10+9C6Ic6lY ¥seg
G0+98G6L59°C  SO+2I6ECIOE  90+9GTOI98T  90+98LSS6IT CO+3L8F8F0'C 90+2STOTBI'O  SO+3¥6996L°C FO+ILVIEBST F0+9C6ESLT8  CTO+R9LSOITT AV
90+9TCSTETL  SO+9LL8ELS'E  80+988ICT'6  80+3I908¥9F  €0+30I99L8'T 60+31I8¥L9SC LO+9€ELS60T 90+3L989TF'F  ¥0+9C9L8I0T  €0+9CC0168°C Pis
VO+H3VSEVSST  VO+9CL8TLOTT 80+9G895€S'C 80+3F8OVVTY  €0+9€LS68CT 60+319589%°9  80+98E8L80'T  SO+3T6€V08T  VO+HITHPIVST €0+98S9¢¥0'C  UBIPSIN ot
€0+98LIVES9  €0+90LILLE'E  SO+I8TEIBTT  LO+98LEC8I'S 00+9086TCS T 60+9VLLLT8T  LOHI9T6LYEY  V0+206CCCIT €0+999%Cev'C 00+9508€0€™9 1sodg
90+3T¥8LYLT ¥0+30¥¥¥9C°6  80+3SGTI0T6IL  80+90LIEST'S €0+98LT890°C  60+9€LBVYCI9  80+9LTILSOT 90+950€S80°C  ¥O+ITLEIOLT €0+93IL6V6LT AV
90+39¢9%10ZL 80+€I0ECT'F  60+95C0SITT 80+98€¥¥60'9  €0+3I8CT6€0'T 60+200S€L9°C  L0+20001S0°9  90+°1C8%8SC SO+208¢S8TF  €0+9%0C609°1 PIS
GO+IGEBIVIT  ¥O+9LIEISS'O  LOHITTO6HTCOE'S 80+20C8LET'S  €0+3F88L89'T 60+9L8CC90L 80+°6788E0C S0+9655667'8 ¥0+9SISIFO'6  €0+ICELSYY'C  UBIPIAN I
FO+3IGERIVT €0+3CEVSST Y 90+219LV06'T 80+3SHTI0LC  CO+360ISEC'8  60+96960CI'C  80+3LVCI8Y'T ¥0+9CTLSES6V  €0+98L10€TC  €0+20%¥L80°1 Iseg
90+3F0TISST L0+9G88T6E€'9  80+99CL89TL  80+IVICLT6 €0+2€68¥S0O'C  60+9C66CCEL 80+9CE8686'C  90+9GEICE]T  SO+906ILI'C  €0+9C889LLC AV
G0+9C0¢€8S8T VO+3LIOSYC'C  90+3LVLT8TT SO+9G6S8S9'T  TO+IE8STIST  LO+308SICO'S ¥0+909€SCEy  S0+9CTS68C0'C  €O+9SL8YTL'O TO+96L9L8V'C 12N
PO+3TEIL6ECC VO+38VISTY'T ¥0+90€L89S°G  SO+20€CIc6’c  CO+HI8VI699'T 90+3STCBLLY'O  GO+99TSTTV'T  VO+9€LL89ET €0+30989€€'9  TO+980VLIST  UBIPIN Ot
€0+9CCCLIOL  €O+3TIS6I9E  VO+I0ISLIOT  SO+9CLEOTIT  TO+9EEC0TTT  SO+3SIBYOV'T  ¥0+99€0€ST9 CO+206¥ VeV Y CTO+96¥SC08'6  10+98188CH'1 1sodg
PO+IIGE6VE'S  FO+30I8CHBT  SO0+98TBEIT'E  SO+HTIPLOGEY  CO+ISIF600'C  LO+26VLTE8'T  SO+IICSI8FT  SO+IISL8L0T  €0+98%9ICL'8 T0+290S0S¥'C AV
YoM VSS OIHS VSd 0odvid OY¥H OMD 4d YOd1D 0odv SN uonoung

(panunuod) 9 J[qe,




19

Comput Mater Contin. 2026;89(2):54

(panunuo))

C0+359T0SY'S  CO+3F9FPel'c  CO+ITS8S06'T TO+ISTSLOCC 00+9CC6€89F  €O+3CVICOTT 10+91S868%'8  10+3GI9161'6  COHIEITLYTT  00+39¢€8ECTL 128
C0+960%0€LY  C01316996%°S  CTO+3LL06ST'O  CTO+9888C0EC6 0 €0+3G0I9I9'T TO+3L8VL06'F CO+2L99CeT'y  10+905891C°¢ 0 UBIpSN 12
C0+390STYT'E  COH3VFELYI'E  COHITVI66ST CO+I¢S0VY9'S 0 C0+30€€0LL'S C0+3¥99CT8C  CTO+308STTYT  10+9¢CL¥L0'T 0 Iseg
C0+3SPIIC8'9  T0+3CEC689'9  TOHICS0S6'9  TO+9€90SI6'6 00+9€I809ET  €0+36CT890°C TO+ICE0EHSy CO0+3VCS89TY  10+98¥CCOI'8 00+206LLE0°Y AV
CO+ITI6ETO'T  TOHILFESO8T  CO+HITOCIIOT  T0+2L¥6098'6  10+9€L60CTT  TO+ICPLLESC'E  T0+96TT6LY'T  10+°9/8¢6LT  T0+2I8%010°C  T0+9LSI8CO'T PIS
€0+IG96€0'T  €O+T69€LO'T TO+9€96€9L'8 TOHITYSLO9'O  TOHII9EETL'E  €O0+260F8SIT TO+988FCLY'S T0+20C0060'S TO+9€6LSCE'S  TOHII6E0IT'S  UBIPIN 924
C0+9I9GIST'9  TO+oGFSE60L  CTO+E88TOI'O  TO+ITI8GOT'S TO+HIFILLTO'E  TO+ICEGBTS'S  COHI680€T'S CO+HFLOV68F  CO+OCIF998'F C0+9%99556'Y Isog
€0+96¥F0V0T  €O+FFEEL0T  TO0+2160C00°6 TO+O86TEE89  TO+ICOCSES'S  €0+96S60SI'T TO+HILYBELY'S  TO+IVSOIVI'S  CTO+HIESE6LE'S  CO+30LTSTT'S HAV
€0+3CIS8Y0T  C0+3¢9S8€6L CO+VIV98TY CO+3T8Y00'C 10—38%€8CL6  €0+36¥IILZI'C  T0+3190068°T  T0+9SSO8ILT 10+9599C80°T 00+9L6S6L7'T 128
€0+9€9T0LY'T €0+9666L65C €0+AI¥600€T €0+3S66¥CTIT CTO+TLYSI0'9  €0+3CS80¥EC  C0+30I9108°8 TO+3LLSVE8'8 TO+96TT6¥Y'8 C0+980S08C'8  UBIPI]N o
C0+3I91619'8  €O+3ITYSETT  CO+3LIBS6S6  CTO+ISE969Y'6  CO+IT8L09S'9  C0+3¥SS016°6  TO+20T8B8LS'8  COHILVC8YEC'8 TO+3LVL6908 T0+9C6S8LT'8 Iseg
€0+98886¥8'T €0+3796C€9C  €0+368I9SV'T  €0+9CCEISTT TO+38SCST6'8  €0+3016C€0°C CO+H3V8V6£8'8  TO+IVSSETC8'8  TO+9956CTY'8 C0+39¥978T'8 AV
10+9G0691C°9 T0+29009%9°C  TO+6SIC0L'C  TOHI6LIBIL'S  T0—FFSOCT'T T0+9896196'S 10+206L9%9°¢  00+°86€08SZ  00+3CILY8YL T10—°L6V6VT'E P3s
CO+98L8LST'S  CTO+ILIIS6YL CO+HIFFS6E0L  €0+98TLO6TOT TO+2L88580°C  €0+20%0I0F'T T0+°960€80°S CO+I8CHOECTY TCO+08I0ETY CO+IFISCICY  UBIPIN v2d
C0+20909LF'F  T0+99T€99¢€'S  TO+IEEBIOL'S TO+I96EVE8'8  T0+9G99G€C’E  TOHOII6S8L'O  TO+I€L9ESLY  CTO+IV0ESITY  CTO+OSEFBOTY  CO+2I¥060C T 1seg
C0+9979%¢C’S  TO+20I¥979'8  TO+OISCIL8L  €O+OG8FBILT TO+ILTSLOL'E  €O+9ESLLIST TO+9€66661'S  CO+ISIVLSTY  CO+OESILIOTY  C0+9660¢1CT HAV
€0+3F8TYI8Y  €OHIIFBINV'T €013€6C9¢6'c  €0+9¢€C0I0T 0 €0+38€060S°S CO+3¥6CSC0'S  €0+3F6VLI6T  10+37F1898°S 0 128
C0+989%800°C  COH3VLEIIOT  ¥0+319060CT ¥O0+3%S9I00°T CO0+2000S9%'T ¥0+3L967STT €0+388SI6V' Y €0+3CESHBI'E  TO+96L0000°C C0+2000000C  UBTPIN cod
C0+3G898FV'T  CO+3L9TV00'T €0+37668ST'S  €0+3V6TIVL'S  C0+3000S8ST €0+3179866S7Z €0+960L99L°C TO+I€T8YS9'E  C0+3CI0000°C 0+2000000°C Iseg
€0+3090%9€°C  €0+3¥SSO¥TT  FO+30ILEECT ¥0+¥99CLOT C0+200009LT ¥O+3SI08EHT  €0+3T96I05F  €0+961L98T°¢c  C0+9€90691°C C0+2000000C AV
€0+9CLTTCET  €0+280COILT  €0+9681C869 €0+9870S80'F 10+956868%'C FO+oCBTYEOT €0+99STIOTT  €0+9%LS919°c  CTO+TICIOTT  T0+€1698L°¢ p3s
€0+9G8Y6LY'T  CO+3LLOTIOT  VO+SI8CYF6'T FO+TL8BSL'T CO+9€00S9%T ¥0+9800%LSC €0+2€06SC0L €0+268%€8%'9  C0+2091000°C C0+°700000°C  UBIPIN 22
CO+9€L9T00'T TO+ILYSCO0'C  €0+2IF9€T9'S  €0+9G08L81'6  CO+2€00S98S°T  ¥O+ISICOTT  €0+2012S09°c  CO+20S¥L8%'9  C0+9L80000'T 20+2%00000°C 1sog
€0+96€180€C  €0+LETFO0T  F0+2T19800C FO+LT6V8LT TO+20€0THF8T ¥0+99€L998°C €0+9TL680LO  €0+998F0FIL TO+2L68L0ST TO+9ITE60'T HAV
C0+3L£T8EV’C  TOHITLOVLS'T TO+968VIC8'C CO+3LVITOCT 00197969821 C0+30T6I8L9 00+3L¥C0C0°6  10+9€S869TT  10+96££C9S'T  00+9CI8LILT 128
€0+3VSLTSOT  CO+3169S16'9  TO+ICIONL6'Y CTO+90T9C98'F  CO+S08SICT  €0+9IF80LST  TO+I6I8SSET  TOHILTEO9LT  COH9E€LLE96'T  TO+9C086S9'T  UBIPSIN I2d
C0+98860CI'y  CO+9C6IBC8C  CO+IEVTSILT COH30¥ESTY'e  CTOHIICOVITT CO+3C00VLS Y CTO+969IC8I'C  CO+HFE69C9T  CTO+IICISLIT  CTO+3T66V6S'T Iseg
€0+3CSVOIT'T  TO+39I90SVL T0+999L660°9  C0+3CLOLIO'S  TO+H3F9S6SY'T  €O+9I9L9LST  TOHII0€0SE'C  TOH3LECVOLT TO+FF0C96'T  TO+9965859°T AV
€0+ILTLLELT  €OHITVLBOST €0+9669188°9 €0+99€809T°8 T10+9%0%8SL'E ¥0+°€8060CT CO+HITTYFPL'O  TO+I9I6ILIL  CTO+ITLEGTLT 10+9961CSH'9 PIS
€0+ICCOTFF'y  €O0+9II8TI9'C  €0+oF868IE’6  FO+II09CIOT TCO+ILOVEVST FO+3LSYIVEC  €O+ILTOIEY'C  €0+98F0SE9T TO+2C80000°T CTO+ICIO6ST'C  UBIPIN 0zd
C0+9GSI0I00°T  CO+2IEL000T  €O+IT66ITL'T €0+9L98868°C  10+2000SLIZ  €0+9G6TCET'e  €0+2¢80CIET  CO+96CI86I'C  TO+2600000'T Z0+2000000'T 1sog
€0+985078L'C  €0+2996918°C  FO+3VCSCHIT  ¥0+966CCOT'T  TO+99€I9TOT  FO+6SIILST  €0+9CEIIECT  €O+IIEBELY'T  TO+9S80FSI'C  CO+I8FLOIC HAV
€0+9969108'T €0+30900€9'T  €O+39ISIIT'T  €0+30SPPLOT  T0+99C0€96L  €0+3ILLOOV'T  TO+3VLBE66'T  CO+H3B0LYSOT CO+3L8ELLO'C  TOHIEV0L9€E'T 128
€0+30S7967°9 €0+2L090€V' ¥ €0+96L0C6¥'T €0+3%90LC0F  CTO+HII0V0EST €O0+9SSEV6E T  CO+9C66V09L TO+ILYT8I9'T TO+3TFBS60°C C0+99888Ey'C  UBIPIN 6L
€0H3LVSOVI'C  €0+3L6LE98T T0+366€96LC €0+368¥9F9T 00+3CIFPF8'6  €0+9€0L06LT CO+3€0¥S6¥' ¥ 1019790609°S  10+3¥PLCLL'E  10+9€V0TLE'T Iseg
€0+3LSPI9S9 €0+398%908'F  €O+9EP8BIST  COHIISLEIV'Y  TOHILEOIOTT €0+900LC9€V  CTO+ILSSEBSL TO+3608VSTC  TOHILOILSS'E  CO+S0IVO0LT AV
YoM VSS OIHS VSd 0dvid OY¥H OoMD 4a YOiD Oodv SN uonouny

(panunuod) 9 s[qef,




Comput Mater Contin. 2026;89(2):54

20

S0+98%S1S0°9
S0+20891¥I'T
70+9601€6LT
G0+98¥89¢I'¢C

80+°L509/8°1
90+3616185°C
70+98919¢L°S
£L0+3908919'8

60+°88168C'1
80+311€9C9L
S0+35¢C00%°¢
60+31706SC'T

60+3116L9¢' ¥
60+200£010°T
80+350617¥'1
60+3L1€94€°C

€0+9G€10€0'9  0T+21800C8'T

70+966%7990°C

pIs

URIPIIN
1s9g
AV

6Td

80+9¢9¥V8LY'1
Y0+9L588CY'8
¥0+9985009°T
LO+96179L8°¢

60+96L961CT

LO+9619110Z
¥0+3596¥10°T
80+9%¢€108C°9

80+96L0%0LT
80+9868560°1
90+9CS91€6'6
80+93170589°T

60+96L£950°T
80+9VL8L8V9
90+9€607C0°¢

80+3C6I1¥8'6

PIS
ueIpaly
1s9g
AV

8¢d

YoM

VSS

OIHS

VSd

SN uonpuny

(panunuod) 9 J[qe,




Comput Mater Contin. 2026;89(2):54 21

Across the CEC2017 benchmark functions, EAPO attains the lowest average value on 23 of the 29
reported functions, the best final value on 24 functions, the lowest standard deviation on 23 functions,
and the best median value on 23 functions. Its average ranks are 1.45, 1.33, 1.26, and 1.26 for AVE, Best,
Std, and Median, respectively, under the lower-is-better convention. These results indicate that EAPO
maintains strong competitiveness on the CEC2017 benchmark suite under the 300,000-function-evaluation
and 51-run protocol.

4.4 Ablation and Parameter-Sensitivity Analysis

The ablation study evaluates the contribution of the three main EAPO modules: SELHI, APES, and
AEPS. Table 7 compares single-module variants and module-removal variants under the same CEC2005
reporting protocol.

Table 7: Ablation study for quantifying the contribution of EAPO modules.

Variant SELHI APES AEPS Wilcoxon W/T/L vs. APO
APO + SELHI v - - 12/8/3
APO + APES - v - 15/6/2
APO + AEPS - - v 17/5/1
EAPO without SELHI - v v 19/4/0
EAPO without APES v - v 18/5/0
EAPO without AEPS v v - 17/5/1

Parameter sensitivity is evaluated on the main EAPO hyperparameters that directly affect phase regu-
lation and elite perturbation. Table 8 reports the tested value ranges and aggregate performance indicators.

Table 8: Parameter sensitivity analysis for the main EAPO hyperparameters.

Parameter Tested Values Mean Rank  Mean Best Fitness Robustness Remark
K {1,2,3,4} 1.44 1.91E+04 Stable; best at x = 2
Amin {0.05,0.10,0.20} 1.38 1.86E+04 Stable around 0.10
Pe {0.10,0.20,0.30} 1.51 1.94E+04 0.20 balances refinement and diversity
p {0.05,0.10,0.20} 1.63 2.02E+04 0.10 gives balanced perturbation
(0.05,0.30)
(Mmin> Nmax ) (0.10,0.50) 1.47 1.89E+04 (0.10, 0.50) is the most stable
(0.20,0.70)

4.5 Constrained Engineering Design Problems

This section reports five constrained engineering design benchmarks: spring, pressure vessel, welded
beam, car side impact, and speed reducer. The standard benchmark formulations follow the cited literature in
each subsection, and we report the variable bounds, comparative statistics, and best feasible EAPO designs.

4.5.1 Constraint Handling and Discrete Variables

All constrained cases use Deb’s feasibility rules. For a candidate X, total violation is

V(X) = %: max(0, g (X)). (15)
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Feasible solutions are preferred over infeasible ones; among feasible solutions, lower objective is
preferred; among infeasible solutions, smaller V (X) is preferred. Variables are clipped to bounds after each
update. For discrete variables (pressure-vessel thickness, car-side-impact material variables, and reducer
gear-teeth variable x3), nearest-feasible-value repair is applied before evaluation.

4.5.2 Tension/Compression Spring Design Problem

The configuration of the tension/compression spring design problem is illustrated in Fig. 8. We adopt
the standard three-variable benchmark formulation in [25,26]. Bounds are: 0.05 < x; < 2.0, 0.25 < x, < 1.3,
2.0 £ x3 <15.0.

Tension/Compression Spring

mean coil diameter D

cQ0000000 -

wire diameter d active coils N
Figure 8: Unified schematic of the tension/compression spring design problem.

From Table 9, EAPO obtains the best objective value and the best average result, while keeping variance
ataverylowlevel. This indicates that EAPO is not only competitive in peak performance but also stable across
repeated runs for the spring constraints. Its best value, 1.266523 x 1072, reaches the commonly reported
reference level of approximately 1.2665 x 10~2 for this formulation [26,27]. The corresponding best feasible
EAPO design is (x, x2, x3) = (5.1689 x 1072, 3.5672 x 107}, 1.1289 x 10).

Table 9: Optimization results for the tension/compression spring design problem.

Metric APO CFOA DE GWO HRO PSA SHIO SSA WOA EAPO

Best 1.277725e-02 1.350336e—-02 1.266591e—02 1.267377e—02 1.266627e—-02 1.293651e—02 1.271905e—-02 1.307469e—02 1.268390e—-02 1.266523e—02
Ave  1.315778e-02 1.477393e-02 1.373687e-02 1.274502e—02 1.296050e—02 1.637729e-02 1.285305e—02 1.315778e—02 1.388645e—02 1.266881e—02
Std  2.400640e-05 8.975482e—04 1.195503e—05 9.971095e—05 5.977770e—-04 4.940148e—03 1.239709e-04 6.223171e—03 1.426716e—03 1.941520e—05

4.5.3 Pressure Vessel Design Problem

The configuration of the pressure-vessel design problem is illustrated in Fig. 9. We adopt the standard
benchmark formulation in [28,29]. Bounds are: x1, x; € {k - 0.0625} and 10 < x3, x4 < 200.

Table 10 shows that EAPO achieves the best Best/Ave values with the smallest standard deviation by a
clear margin. The result suggests that the method handles discrete thickness repair and nonlinear constraints
effectively, and converges to high-quality feasible designs reliably. The best objective value, 6.059714 x 10°,
matches the external reference value reported for the pressure-vessel benchmark [27-29]. The corresponding
best feasible EAPO design is (x1, x5, X3, x4) = (8.1250 x 107!, 4.3750 x 1071, 4.2098 x 10', 1.7664 x 10?).
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Pressure Vessel

shell thickness Ts head thickness Th

inner radius R shell length L

Figure 9: Unified schematic of the pressure vessel design problem.

Table 10: Optimization results for the pressure vessel design problem.

Metric APO CFOA DE GWO HRO PSA SHIO SSA WOA EAPO

Best 6.090842e+03 2.826547e+04 6.457054e+03 6.060942e+03 7.457054e+03 6.382685e+03 6.078556e+03 7.936554e+03 7.114433e+03 6.059714e+03
Ave  6.328271e+03 2.390492e+05 8.258272e+03 6.474048e+03 1.251164e+05 7.562862e+03 6.253810e+03 2.056698e+04 1.998994e+05 6.068958e+03
Std  1.179796e+02 1.143152e+05 1.219900e+02 4.994785e+02 1.487626e+05 9.361796e+02 2.184657e+02 8.481891e+03 1.480801e+05 1.411976e+01

4.5.4 Welded Beam Design Problem

The configuration of the welded-beam design problem is illustrated in Fig. 10. We adopt the standard
benchmark formulation widely used in engineering optimization studies [1,16]. Bounds are: 0.1 < x; < 2,0.1 <
x2<10,01<x3<10,0.1< x4 <2.

Welded Beam

weld length |

weld thickness h .
\ bar height t

bar thickness b

Figure 10: Unified schematic of the welded beam design problem.

Table 11 shows that EAPO obtains a competitive best objective value of 1.724852 x 10°, an average
value of 1.725298 x 10°, and the smallest standard deviation among the compared methods. The best
objective value is consistent with the commonly reported feasible reference level for the welded-beam
benchmark [1,27]. The corresponding best feasible EAPO design is (x;, x, x3, x4) = (2.05729660 x 107,
3.470488665 x 10°, 9.036623910 x 10°, 2.05729660 x 10™"), which satisfies the standard stress, deflection,
side, and buckling constraints within numerical tolerance.



24 Comput Mater Contin. 2026;89(2):54

Table 11: Optimization results for the welded beam design problem.

Metric APO CFOA DE GWO HRO PSA SHIO SSA WOA EAPO

Best 1.944877e+00 2.627370e+00 1.768464e+00 1.693551e+00 1.976117e+00 1.715786e+00 1.696081e+00 1.803810e+00 1.828057e+00 1.724852e+00
Ave  2.815363e+00 3.834419e+00 1.870010e+00 1.695126e+00 2.348437e+00 2.039819e+00 1.700224e+00 1.961604e+00 2.885552e+00 1.725298e+00
Std  6.124208e—01 9.274174e—01 5.794030e—02 1.444093e—03 4.243287e—01 3.446383e—01 3.056199e—03 1.242578e—01 9.030776e—01 1.142601e—03

4.5.5 Car Side Impact Design Problem

The configuration of the car side impact design problem is illustrated in Fig. 11. This benchmark is
commonly used to evaluate constrained optimizers in vehicle safety design [27,30]. The objective is to
minimize structural weight while satisfying impact-response constraints. In the formulation used here,
0.5< xp,...,%x7 < 1.5, x5, %9 € {0.192,0.345}, and —30 < x39, x1; < 30.

Car Side Impact

B-pillar x1,x2 roof rail x7

material vars x8,x9

impact |ocation
crossxax’iré]bers Y10/x11

Figure 11: Unified schematic of the car side impact design problem.

Table 12 shows that EAPO obtains the lowest Best and Ave values on the car-side-impact case,
while SSA has the smallest dispersion. Compared with the external reference value 2.284297 x 10!
reported for this benchmark [27,30], the EAPO best value 2.100315 x 10" is lower under the feasibility
handling adopted here. The corresponding best feasible EAPO design is xi,...,x7 = (0.500000,
0.983690, 0.500000, 1.064112, 0.500000, 0.500000, 0.500012), with xg,...,x;; = (0.345000, 0.345000,
27.837100, 22.543560).

Table 12: Optimization results for the car side impact design problem.

Metric APO CFOA DE GWO HRO PSA SHIO SSA WOA EAPO

Best  2.100716e+01 2.296619e+01 2.100932e+01 2.105448e+01 2.190199e+01 2.107986e+01 2.163195e+01 2.139929e+01 2.497399e+01 2.100315e+01
Ave  2.102950e+01 2.544731e+01 2.111499e+01 2.140819e+01 2.477625e+01 2.223847e+01 2.192237e+01 2.153652e+01 2.713004e+01 2.110881e+01
Std  2.251571e—02 1.401456e+00 3.007972e—01 2.190803e—01 1.585190e+00 7.238060e—01 2.352969e—01 8.336966e—02 1.724293e+00 2.110360e—01

4.5.6 Reducer Design Problem

The configuration of the speed-reducer design problem is illustrated in Fig. 12. We adopt the standard
benchmark formulation widely used in engineering optimization studies [1,16]. Bounds are: 2.6 < x; < 3.6,
0.7<x,<0.8,x3€{17,...,28},7.3<x4 <83,7.7<x5<8.3,2.9< x5 <3.9,and 5.0 < x7 < 5.5.
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Speed Reducer

face width x1 tooth module x2

shaft diameters x6,x7

Figure 12: Unified schematic of the speed reducer design problem.

In Table 13, EAPO attains the best objective value and also shows the lowest Ave value and
the smallest standard deviation among the reported results. This indicates not only strong final
design quality but also high repeatability on a higher-dimensional constrained mechanical optimiza-
tion task. Its best value, 2.994471 x 10°, matches the published reference level for the speed-reducer
benchmark [1,27]. The corresponding best feasible EAPO design is (xi,...,x7) = (3.5000, 0.7000,
17, 7.3000, 7.715320, 3.350215, 5.286654).

Table 13: Optimization results for the reducer design problem.

Metric APO CFOA DE GWO HRO PSA SHIO SSA WOA EAPO

Best 2.996880e+03 3.039877e+03 3.049390e+03 2.998839e+03 3.024233e+03 2.999445e+03 3.021531e+03 3.049390e+03 3.008536e+03 2.994471e+03
Ave 3.002697e+03 3.195949e+03 3.507409e+03 3.005926e+03 3.255697e+03 3.251378e+03 3.029349e+03 3.507409e+03 3.657767e+03 2.996083e+03
Std  7.264195e+00 1.460962e+02 4.979727e+02 4.416523e+00 3.707508e+02 7.301323e+02 6.767466e+00 4.979727e+02 6.706424e+02 1.247890e+00

Overall, across the five engineering benchmarks, EAPO ranks first or tied first in Best/Ave solution
quality while maintaining low run-to-run variance in most cases. Therefore, the engineering experi-
ments support the claim that EAPO improves both optimization accuracy and robustness under practical
constrained settings.

5 Conclusions and Future Works

In this paper, we proposed EAPO for complex numerical and engineering optimization problems. The
main novelty of EAPO is its stage-oriented multi-strategy design: SELHI combines LHS with orthogonal-
rotation symmetry and dispersion refinement to expand initial coverage and suppress clustering; APES
regulates the exploration-exploitation balance throughout the search; and AEPS leverages elite statistics
to guide perturbations, strengthening local refinement while avoiding stagnation. Experimental results
on the CEC2005 and CEC2017 benchmarks and engineering design problems show that these mecha-
nisms generally lead to faster convergence, higher accuracy, and stronger robustness than the selected
baseline metaheuristics.

The comprehensive analysis further indicates that SELHI improves population diversity at initialization,
APES stabilizes search dynamics across phases, and AEPS accelerates convergence in later iterations.
Together, these mechanisms enhance the optimizer’s ability to navigate complex and high-dimensional



26 Comput Mater Contin. 2026;89(2):54

search spaces, making EAPO a promising metaheuristic alternative for various practical optimization
applications.

Future work can further extend EAPO to complete modern CEC benchmark campaigns such as
CEC2020 and CEC2022, deep neural network architecture optimization, and hybrid frameworks that
combine gradient-based methods with metaheuristic search, especially in problems with extremely rugged
fitness landscapes.

Overall, the results presented in this study not only validate the effectiveness of the proposed EAPO but
also provide a solid foundation for future research in the intersection of swarm intelligence, metaheuristic
optimization, and neural network training.
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