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 A B S T R A C T

The United Multi-Operator Evolutionary Algorithms (UMOEAs) demonstrate high performance in evolutionary 
computation due to their combination of various operators for Differential Evolution (DE) variants and local 
search mechanisms, and have evolved into three versions over the last decade. In this work, a novel variant of 
the UMOEAs is proposed, named UMOEAs-IV. UMOEAs-IV employs a novel calculation method for the scaling 
factor 𝐹 , which generates dynamic values to adaptively control the step size of mutation operators, a mutation 
strategy with complementary operators that better balance exploration and exploitation, an Estimation-of-
Distribution Algorithm (EDA) to learn the probabilistic distribution of promising individuals, and a stagnation 
strategy to help individuals escape local optima. UMOEAs-IV is compared with 15 recently proposed DE-
based algorithms and tested on the IEEE Congress on Evolutionary Computation 2017 (CEC2017) benchmark 
functions, showing superior performance over all of them. It is also applied to livestock feed ration optimization 
for beef and dairy cattle, where it shows top performance in the experimental results. The source code of 
UMOEAs-IV is provided at https://github.com/microhard1999/CODES.
1. Introduction

Since the 1990s, various metaheuristic algorithms have been pro-
posed, with Differential Evolution (DE) [1] and Particle Swarm Opti-
mization (PSO) [2] being two of the most representative. In the meta-
heuristics community, both single-objective [3–5] and multi-objective 
problems [6,7] are active topics of research. Each year, many DE- and 
PSO-based variants are introduced, contributing significant innovations 
to the metaheuristic community. In recent IEEE Congress on Evolution-
ary Computation (CEC) competitions, DE-based variants have consis-
tently ranked among the top metaheuristics [8–11]. These DE-based 
variants demonstrate outstanding performance on both low- and high-
dimensional single-objective problems compared to other metaheuristic 
algorithms. Recent surveys highlight the continued proliferation of 
DE variants that address parameter control, operator ensembles, scal-
ability to high dimensions, multimodality, and automated algorithm 
design, all aimed at enhancing robustness across diverse benchmark 
suites and real-world problems [12]. One major research strand fo-
cuses on parameter adaptation and control, as fixed parameter settings 
(e.g., mutation factor, crossover rate, and population size) remain a 
significant limitation, particularly in dynamic or complex landscapes. 
A taxonomy of adaptation mechanisms, covering control-parameter 
adaptation, mutation-strategy adaptation, dynamic population sizing, 

∗ Corresponding author at: School of Information Science and Technology, Hangzhou Normal University, Hangzhou, PR China.
E-mail address: libin.hong@hznu.edu.cn (L. Hong).

search-space adaptation, and composite adaptation frameworks, was 
proposed by [13]. A second major trend is the rise of ensemble and 
multi-operator frameworks. Rather than relying on a single mutation or 
crossover scheme, modern DE variants combine multiple candidate op-
erators, often with adaptive selection or weighting, and sometimes inte-
grate restart mechanisms or local search hybrids [14–17]. A third key 
direction concerns scalability and multimodality. As problem dimen-
sionality and landscape complexity increase, DE must address issues 
of diversity loss and premature stagnation. Recent comparative studies 
examine how modern DE variants perform across varying dimensions 
and landscape types, noting that although progress has been made, 
challenges persist, especially in high-dimensional problems [18,19]. 
Finally, the field is witnessing growing interest in learning-based selec-
tion and automation of DE strategies. For instance, dynamic algorithm 
selection using deep reinforcement learning has been applied to DE, 
enabling an agent to observe landscape or algorithmic features and 
switch among candidate operators during runtime. Such approaches 
point to future DE frameworks that are less manually tuned and more 
responsive to problem feedback [20–22].

The United Multi-Operator Evolutionary Algorithms (UMOEAs)
framework is DE-based and incorporates local search mechanisms in 
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the later stages of evolution. The first and second generations of the 
UMOEAs were proposed by Elsayed et al. [14,15], and were later 
upgraded to a third generation by Hong et al. [16]. The UMOEAs 
framework integrates various evolutionary operators, such as DE vari-
ants, genetic algorithm operators, and local search mechanisms, into a 
single framework. This allows the algorithm to leverage the strengths 
of each operator, improving both exploration (to search new regions) 
and exploitation (to refine solutions in promising regions). Through 
self-adaptive multi-operator strategies, UMOEAs can adjust their search 
behavior dynamically when facing a wide range of problem landscapes 
without requiring extensive manual tuning. By combining global search 
with local search mechanisms, UMOEAs helps prevent premature con-
vergence to local optima while ensuring that promising regions are 
thoroughly explored. The modular multi-operator framework also en-
ables UMOEAs to adapt to various types of problems, making them 
versatile and effective in solving complex or high-dimensional op-
timization problems. By employing multiple operators and hybrid 
strategies, the algorithm maintains a diverse population while converg-
ing efficiently toward global optima, thereby achieving high-quality, 
well-distributed solutions for single-objective optimization [14–16]. 
Since UMOEAs are designed in a modular way, new operators or 
strategies can be integrated easily, allowing researchers to extend the 
framework to create more powerful variants without redesigning the 
entire system.

In UMOEAs-III [16], two mutation operators are employed, demon-
strating complementary characteristics and an effective balance be-
tween exploration and exploitation. However, this strategy can still be 
improved to enable DE to adjust its search patterns more accurately. 
Moreover, in UMOEAs-III, the scaling factor 𝐹  shows fluctuating am-
plitude and may even increase in the later stages of the evolutionary 
process for certain problems, which causes unnecessary exploration to 
some extent, since individuals are assumed to be close to the global 
optimum; hence, a smaller mutation step size is expected. According 
to our observation, Estimation of Distribution Algorithm (EDA) [23–
25] generally performs well in low-dimensional problems because the 
probabilistic models can accurately capture dependencies between vari-
ables. Consequently, convergence is often faster, as the number of 
parameters in the model is manageable. In high-dimensional problems, 
however, EDA can struggle because the complexity of the probabilistic 
model grows rapidly. Sampling quality may degrade, and more samples 
may be required to reliably estimate distributions. To address this, 
simplified models can be used in high-dimensional EDA to reduce 
complexity, although this may result in the loss of some dependency in-
formation. In the current UMOEAs framework, the stagnation strategy 
is missing; thus, when individuals are trapped in local optima, there is a 
lack of effective means to escape. Based on the above observations and 
insights, we were motivated to develop a new generation of UMOEAs 
that builds on the strengths of existing mechanisms across various 
problems while overcoming their drawbacks. The proposed UMOEAs-IV 
has the following highlights:

• A novel calculation of the scaling factor 𝐹 , which considers the Failure 
Rate (FR), is proposed; this 𝐹  can better adapt to the landscape of the 
evolution.

• A mutation strategy that considers the historical promotion rate of 
each mutation operator and combines two mutation operators is 
proposed. Learning from elite individuals is also incorporated.

• A probability calculation for EDA is proposed, which takes the problem 
scale into account. When solving lower-dimensional problems, EDA 
has a high probability of being applied, and vice versa.

• A stagnation strategy that employs Gaussian learning and individual 
learning is integrated into the UMOEAs framework to help individuals 
escape local optima when they become trapped.

• The proposed UMOEAs-IV is compared with 15 recently proposed DE-
based variants and is also applied to livestock feed ration optimization 
to demonstrate its advantages.
2 
The structure of the remaining sections of this paper is as follows. 
Section 2 introduces related work, including UMOEAs-III, local search 
mechanisms, EDA, and the stagnation strategy. Section 3 presents 
the details of UMOEAs-IV, including the novel calculation method of 
the scaling factor 𝐹 , the proposed mutation strategy, the probability 
calculation for the application of EDA, and the stagnation strategy. 
Section 4 outlines the parameter settings used for all DE-based variants 
examined in this study, along with the corresponding experimental 
results. This section also includes comparisons, analyses, ablation tests, 
search pattern analyses, and discussions. Section 5 describes the real-
world application of the proposed UMOEAs-IV: livestock feed ration 
optimization. Section 6 analyzes the computational complexity of all 
compared algorithms. Finally, Section 7 summarizes the study and 
discusses directions for future research.

2. Related work

2.1. LSHADE-cnEpSin and UMOEAs-III

In the UMOEAs-III framework, an improved LSHADE-cnEpSin [26] 
is employed, where the original scaling factor 𝐹𝑖,𝑔 is calculated using 
Eqs. (1) and (2). Since the Current Function Evaluation (𝑐𝑓𝑒) serves 
as the stopping criterion and Nonlinear Population Size Reduction 
(NPSR) [27] is applied in UMOEAs-III, the population size becomes 
dynamic at each generation, which can cause the current generation 
number 𝑔 to exceed the maximum generation number 𝐺𝑚𝑎𝑥 in later 
stages of the evolutionary process. Consequently, both equations are 
replaced by Eqs. (3) and (4). These proposed equations ensure that 

𝑐𝑓𝑒
𝐹𝐸𝑆𝑚𝑎𝑥

 remains within the [0, 1) range, where 𝐹𝐸𝑆𝑚𝑎𝑥 denotes the 
maximum number of function evaluations. 
𝐹𝑖,𝑔 = 1

2
⋅ (𝑠𝑖𝑛(2 ⋅ 𝜋 ⋅ 𝑓𝑟𝑒𝑞𝑖 ⋅ 𝑔 + 𝜋) ⋅ (1 −

𝑔
𝐺𝑚𝑎𝑥

) + 1) (1)

𝐹𝑖,𝑔 = 1
2
⋅ (𝑠𝑖𝑛(𝜋 ⋅ 𝑔) ⋅

𝑔
𝐺𝑚𝑎𝑥

+ 1) (2)

where 𝑓𝑟𝑒𝑞𝑖 represents the frequency of the sinusoidal function and is 
randomly selected from the memory history 𝑀𝑓𝑟𝑒𝑞 , which stores the 
successful mean frequencies from previous generations. 

𝐹𝑖,𝑔 = 1
2
⋅ (𝑠𝑖𝑛(2 ⋅ 𝜋 ⋅ 𝑓𝑟𝑒𝑞𝑖 ⋅ 𝑔 + 𝜋) ⋅ (1 −

𝑐𝑓𝑒
𝐹𝐸𝑆𝑚𝑎𝑥

) + 1) (3)

𝐹𝑖,𝑔 = 1
2
⋅ (𝑠𝑖𝑛(𝜋 ⋅ 𝑔) ⋅

𝑐𝑓𝑒
𝐹𝐸𝑆𝑚𝑎𝑥

+ 1) (4)

UMOEAs-III employs a mutation strategy that combines two comple-
mentary operators, defined in Eqs. (5) and (6), allowing the algorithm 
to switch between them in different situations [16]. Eqs. (5) and (6) are 
referred to as ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with archive’ and ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 without 
archive’, respectively. 
𝑣𝑑𝑖,𝑔 = 𝑥𝑑𝑖,𝑔 + 𝐹𝑖,𝑔 ⋅ (𝑥𝑑𝑝𝑏𝑒𝑠𝑡,𝑔 − 𝑥𝑑𝑖,𝑔) + 𝐹𝑖,𝑔 ⋅ (𝑥𝑑𝑟1,𝑔 − 𝑥𝑑𝑟2,𝑔) (5)

𝑣𝑑𝑖,𝑔 = 𝑥𝑑𝑖,𝑔 + 𝐹𝑖,𝑔 ⋅ (𝑥𝑑𝑝𝑏𝑒𝑠𝑡,𝑔 − 𝑥𝑑𝑖,𝑔) + 𝐹𝑖,𝑔 ⋅ (𝑥𝑑𝑟1,𝑔 − 𝑥𝑑𝑟3,𝑔) (6)

where 𝑥𝑟2,𝑔 is chosen from the union of the entire 𝑃𝑆𝐷𝐸 and the 
archive, 𝑥𝑑𝑟1,𝑔 and 𝑥𝑑𝑟3,𝑔 are randomly selected individuals from the 
population at generation 𝑔, with 𝑟1 ≠ 𝑟2 ≠ 𝑟3, and 𝑥𝑑𝑝𝑏𝑒𝑠𝑡,𝑔 is the 𝑝-best 
individual at generation 𝑔 with 𝑝 = 10%, where 𝑑 = 1,… , 𝐷 and 𝐷
denotes the dimensionality.

2.2. Local search mechanisms

The Covariance Matrix Adaptation Evolution Strategy (CMA-ES)
[28] and the Sequential Quadratic Programming (SQP) method [29,30] 
have been employed in various metaheuristics and have demonstrated 
excellent exploitation capabilities [4,5,31,32]. To reinforce exploitation 
capability, UMOEAs-III employs CMA-ES and the SQP method: CMA-
ES is applied throughout the evolution process, while the SQP method 
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is specifically used when the evolution reaches 0.75 × 𝐹𝐸𝑆𝑚𝑎𝑥, where 
𝐹𝐸𝑆𝑚𝑎𝑥 denotes the maximum number of function evaluations. CMA-
ES models the distribution of successful candidate solutions using a 
covariance matrix, which captures correlations between variables. This 
enables the algorithm to search along promising directions and adapt 
to the local landscape. CMA-ES also automatically adjusts the step size 
based on the success of previous steps, naturally reducing it to fine-tune 
solutions around local optima. This self-adaptive mechanism makes the 
algorithm highly efficient for local exploitation. The core principle of 
the SQP method lies in its ability to transform a nonlinear problem 
into a quadratic approximation [33,34]. Essentially, the SQP method 
aims to determine a suitable search direction and formulate a quadratic 
optimization problem. The integration of CMA-ES and the SQP method 
greatly enhances the exploitation capability of UMOEAs-III.

2.3. Estimation of distribution algorithm

The EDA is a special class of Evolutionary Algorithms (EAs) that 
does not rely on traditional crossover or mutation operators. Instead, 
EDA generates new solutions by sampling from a probability dis-
tribution constructed using the dominant individuals from previous 
generations. This model-based approach has attracted considerable 
attention, and EDA and its variants have achieved significant success 
in both combinatorial and continuous optimization problems [35–38].

In [25], an Improved DE hybridized with EDA (IDE-EDA) was pro-
posed. The proposed IDE-EDA employs EDA as a model-based exploita-
tion engine to complement DE’s exploration. EDA builds a probabilistic 
model from selected high-quality solutions, samples offspring from this 
model to intensify the search in promising regions, and, together with 
a control parameter, enables the hybrid to balance exploitation and 
exploration. The EDA can be represented by Eqs. (7) to (11). 

𝑃𝑆𝑒 =
{

0.5 ⋅ 𝑃𝑆𝐷𝐸 , 𝑃𝑆𝐷𝐸 ⩾ 2 ⋅𝐷
𝑃𝑆𝐷𝐸 , 𝑃𝑆𝐷𝐸 < 2 ⋅𝐷

(7)

𝜇 = 1
𝑃𝑆𝑒

𝑃𝑆𝑒
∑

𝑖=1
𝑥𝑖, 𝑥𝑖 ∈ 𝑃𝑆𝑒 (8)

𝐶 = 1
𝑃𝑆𝑒

𝑃𝑆𝑒
∑

𝑖=1
(𝑥𝑖 − 𝜇)(𝑥𝑖 − 𝜇)𝑇 , 𝑥𝑖 ∈ 𝑃𝑆𝑒 (9)

𝑥𝑖 = 𝑁(𝜇, 𝐶) (10)

Eq. (11) ensures that the newly generated values remain within bounds. 

𝑥𝑑𝑖 = 𝑥𝑑𝑚𝑖𝑛 + 𝑟𝑎𝑛𝑑 ⋅ (𝑥𝑑𝑚𝑎𝑥 − 𝑥𝑑𝑚𝑖𝑛), 𝑖𝑓 𝑥𝑑𝑖 < 𝑥𝑑𝑚𝑖𝑛 𝑜𝑟 𝑥𝑑𝑖 > 𝑥𝑑𝑚𝑎𝑥 (11)

here, 𝑟𝑎𝑛𝑑 follows a uniform distribution in [0,1).
In IDE-EDA, the EDA builds a probabilistic model of the most 

promising individuals in the current population. By capturing the sta-
tistical distribution of high-quality solutions, EDA focuses the search 
on regions likely to contain better solutions. Once the model is con-
structed, EDA samples new individuals from the learned distribution, 
enabling IDE-EDA to generate offspring guided by learned patterns 
rather than relying solely on random mutations or crossover. While 
DE is effective at exploring the search space through mutation and 
crossover, it may converge slowly near local optima. EDA complements 
DE by providing exploitation, intensifying the search in promising 
regions and accelerating convergence. In this framework, DE han-
dles diversification (exploration), whereas EDA ensures intensifica-
tion (exploitation). This synergy allows IDE-EDA to avoid premature 
convergence while efficiently refining solutions.
3 
2.4. Stagnation strategy

The stagnation strategy is employed by many metaheuristics to 
avoid being trapped in local optima, and its implementation varies [3,
39–41]. In [17], a stagnation strategy is employed to help individuals 
escape from local optima. It uses a counter and diversity metrics 
to record stagnancy. Once stagnation occurs, horizontal and vertical 
crossovers are applied using Eqs. (12) and (13), respectively. 
𝑥𝑑𝑟1,𝑔+1 = 𝑟𝑎𝑛𝑑1 ⋅ 𝑥𝑑𝑟1,𝑔 + 𝑟𝑎𝑛𝑑2 ⋅ 𝑥𝑑𝑟2,𝑔 + 𝑟𝑛𝑑𝑠 ⋅ (𝑥𝑑𝑟1,𝑔 − 𝑥𝑑𝑟2,𝑔) (12)

here, 𝑥𝑑𝑟1,𝑔 and 𝑥𝑑𝑟2,𝑔 are two different individuals randomly selected 
from the population. 𝑟𝑎𝑛𝑑1 (𝑟𝑎𝑛𝑑2 = 1 − 𝑟𝑎𝑛𝑑1) and 𝑟𝑛𝑑𝑠 are random 
numbers in [0,1) and [−1,1], respectively. 
𝑥𝑑𝑠𝑠,𝑔+1 = 𝑟𝑎𝑛𝑑 ⋅ 𝑥𝑑1𝑠𝑠,𝑔 + 𝑟𝑎𝑛𝑑 ⋅ 𝑥𝑑2𝑠𝑠,𝑔 (13)

where 𝑥𝑑1𝑠𝑠,𝑔 and 𝑥𝑑2𝑠𝑠,𝑔 represent different dimensions of the stagnated 
individual, with 𝑑1 and 𝑑2 ∈ [1, 𝐷], and 𝑟𝑎𝑛𝑑 follows a uniform 
distribution over [0, 1).

Horizontal and vertical crossovers, inspired by genetic algorithms, 
implement a straightforward competition mechanism to enhance global 
search and reduce blind spots [42–44]. Horizontal crossover partitions 
the solution space into semi-group hypercubes and performs edge 
searches to strengthen global exploration. Individuals of the same 
dimension are randomly pre-screened and paired for iterative updates. 
Vertical crossover, on the other hand, enables crossovers of varying 
sizes, allowing specific dimensions to escape local optima without 
impacting others.

3. UMOEAs-IV

In UMOEAs-IV, a novel method for calculating the scaling factor 𝐹
is proposed, which takes the FR into account. A new mutation strategy 
is employed, combining two complementary mutation operators. A 
probability formula for applying EDA is also proposed; this formula 
considers the problem scale and integrates the dimensionality of the 
problem. Additionally, a novel stagnation strategy is introduced to 
prevent being trapped in local optima when stagnation occurs. The 
pseudocode of UMOEAs-IV is presented in Algorithm 1.

3.1. Scaling factor 𝐹

In UMOEAs-IV, a novel method for calculating scaling factor 𝐹𝑖,𝑔 is 
proposed, as defined by Eqs. (14) and (15). 

𝜇 = 0.35 + 0.3
(

2
1 + 𝑒−10⋅(1−𝐹𝑅)

− 1
)

(14)

where the 𝐹𝑅 is calculated as 𝐹𝑅 = 𝑁𝐹𝑜𝑓𝑓𝑠𝑝𝑟𝑖𝑛𝑔
𝑃𝑆𝐷𝐸

, where 𝑁𝐹𝑜𝑓𝑓𝑠𝑝𝑟𝑖𝑛𝑔 is 
the number of offspring with fitness values worse than their parents, 
and 𝑃𝑆𝐷𝐸 is the population size of DE. 

𝐹𝑖,𝑔 = 𝑁 (𝜇, 0.02) (15)

where 𝑖 = 1,… , 𝑃𝑆𝐷𝐸 , 𝑃𝑆𝐷𝐸 is the population size of DE, and 𝑁 is the 
Gaussian distribution. The design of Eq. (14) takes the following factors 
into account:

• The generated scaling factor should shrink as the evolution pro-
ceeds, thereby promoting strong exploration in the early stages and 
exploitation in the later stages.

• Empirical value (e.g., 0.35) can be applied, determined from extensive 
experimental results.

• Compared with the scaling factor calculation method used by
UMOEAs-III, the proposed method exhibits a narrower fluctuation 
range and further enhances the exploitation capability in the later 
stages of evolution.
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Fig. 1. The distribution of the scaling factor 𝐹  in UMOEAs-III and UMOEAs-IV.
Fig.  1 illustrates the distribution of the scaling factor 𝐹  used in 
UMOEAs-III and UMOEAs-IV. As shown, 𝐹 , calculated by Eqs. (14) and 
(15), takes larger values in the early stage of evolution, resulting in 
larger mutation step sizes, and smaller values in the later stage, leading 
to reduced mutation step sizes. This design aims to allow the mutation 
operators to emphasize exploration in the early stage and exploitation 
in the later stage of evolution. Compared with the original calculation 
method of 𝐹  in UMOEAs-III, the smaller fluctuation amplitude of 𝐹
in UMOEAs-IV ensures a more stable balance between exploration and 
exploitation.

3.2. Mutation strategy

In UMOEAs-IV, the mutation strategy combines two mutation op-
erators, Eqs. (5) and (16), and switches between them according to 
𝑃𝑟𝑜𝑏𝐷𝐸 _𝑀𝑈𝑇𝑤. 

𝑣𝑑𝑖,𝑔 = 𝑥𝑑𝑖,𝑔 + 𝐹𝑖,𝑔 ⋅ (𝑥𝑑𝑒𝑙𝑖𝑡𝑒,𝑔 − 𝑥𝑑𝑖,𝑔) + 𝐹𝑖,𝑔 ⋅ (𝑥𝑑𝑟1,𝑔 − 𝑥𝑑𝑟2,𝑔) (16)

here, an individual 𝑥𝑑𝑜,𝑔 is randomly selected elite individual from the 
top 10% individuals, 𝑥𝑑𝑝,𝑔 and 𝑥𝑑𝑞,𝑔 are randomly selected individuals 
from the 𝑃𝑆𝐷𝐸 , and (𝑥𝑑𝑜,𝑔 ≠ 𝑥𝑑𝑝,𝑔 ≠ 𝑥𝑑𝑞,𝑔), then sort the three individ-
uals by fitness values, the individuals with best, second, and worst is 
assigned to 𝑥𝑑𝑒𝑙𝑖𝑡𝑒,𝑔 , 𝑥𝑑𝑟1,𝑔 , and 𝑥𝑑𝑟2,𝑔 , respectively. Eq. (16) is denoted as 
‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with sort’.

The archived promotion rates from the last 𝐿 generations (𝐿 = 15) 
are stored and used to calculate the usage probabilities of the combined 
mutation operators. 𝑃𝑟𝑜𝑏𝐷𝐸 _𝑀𝑈𝑇𝑤 is computed using Eqs. (17) to (22) 
for the mutation operator 𝑤, where 𝑤 represents either ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡
with sort’ or ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with archive’. 
𝑀𝑤,𝑙 = 𝑀𝑤,𝑙+1, 𝑓𝑜𝑟 𝑤 = 1, 2 (17)

𝑀𝑤,𝐿 = 1
𝑃𝑆𝐷𝐸𝑤

𝑃𝑆𝐷𝐸𝑤
∑

𝑘=1

𝑚𝑎𝑥(0, 𝑓 𝑜𝑙𝑑
𝑘 − 𝑓 𝑛𝑒𝑤

𝑘 )

𝑓 𝑜𝑙𝑑
𝑘

, 𝑎𝑛𝑑 𝑤 = 1, 2 (18)

𝑇𝑙 = exp((0.15 + 0.2 ⋅
𝑐𝑓𝑒

) ⋅ 𝑙), ∀𝑙 ∈ {1,… , 𝐿}, 𝐿 = 15 (19)

𝐹𝐸𝑆𝑚𝑎𝑥

4 
𝑇 ′
𝑙 =

𝑇𝑙
∑𝐿

𝑙=1 𝑇𝑙
, 𝐿 = 15 (20)

𝐼𝐷𝐸 _𝑀𝑈𝑇𝑤 =

∑𝐿
𝑙=1 𝑇

′
𝑙 𝑀

2
𝑤,𝑙

∑𝐿
𝑙=1 𝑇

′
𝑙 𝑀𝑤,𝑙

, 𝑎𝑛𝑑 𝑤 = 1, 2 (21)

𝑃𝑟𝑜𝑏𝐷𝐸 _𝑀𝑈𝑇𝑤 = 𝑚𝑎𝑥(0.1, 𝑚𝑖𝑛(0.9,
𝐼𝐷𝐸 _𝑀𝑈𝑇𝑤

𝐼𝐷𝐸 _𝑀𝑈𝑇1 + 𝐼𝐷𝐸 _𝑀𝑈𝑇2
)), 𝑎𝑛𝑑 𝑤 = 1, 2

(22)

where 𝑙 = 1,… , 𝐿 − 1 and 𝐿 = 15; 𝑃𝑆𝐷𝐸𝑤 is the number of individuals 
using mutation operator 𝑤, and 𝑘 denotes the 𝑘th individual using 
mutation operator 𝑤.

The motivation behind this design is that ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with sort’ 
excels in exploitation, while ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with archive’ excels in 
exploration. The switching condition is based on the historical success 
rates of the mutation operators, which effectively capture information 
from the landscape of the optimization problem.

3.3. Usage probability of EDA

In UMOEAs-IV, the usage probability of EDA is computed using 
Eq. (23). When 𝑃𝑟𝑜𝑏𝐸𝐷𝐴 > 𝑟𝑎𝑛𝑑, where 𝑟𝑎𝑛𝑑 is a uniformly distributed 
random number in [0,1), Eqs. (7) to (11) are applied. 

𝑃𝑟𝑜𝑏𝐸𝐷𝐴 = 𝑟𝑜𝑢𝑛𝑑( 5.6
𝐷0.8

, 2) (23)

here, when 𝐷 is set to 10, 30, 50, and 100, the corresponding values 
of 𝑃𝑟𝑜𝑏𝐸𝐷𝐴 are 0.89, 0.37, 0.24, and 0.14, respectively. EDA performs 
well in low-dimensional problems because the probabilistic models can 
accurately capture dependencies between variables, and convergence 
is often faster since the number of parameters in the model is man-
ageable. In contrast, in high-dimensional problems, EDA can struggle 
due to the rapidly increasing complexity of the probabilistic model. 
The motivation behind this design is to apply EDA more frequently 
in low-dimensional problems and less frequently in high-dimensional 
ones.
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Algorithm 1  Pseudocode of UMOEAs-IV
1: Define 𝑃𝑆 = 𝑃𝑆𝐷𝐸 + 𝑃𝑆𝐶𝑀𝐴, 𝑃𝑟𝑜𝑏𝐷𝐸 = 𝑃𝑟𝑜𝑏𝐶𝑀𝐴 = 1, 

𝑃𝑟𝑜𝑏𝐷𝐸 _𝑀𝑈𝑇1 = 𝑃𝑟𝑜𝑏𝐷𝐸 _𝑀𝑈𝑇2 = 0.5, 𝑐𝑜𝑢𝑛𝑡𝑖 = 0, 𝑆𝑇𝐸 =
max(⌈97×log(𝐷)−294⌉, 36), 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝑟𝑜𝑢𝑛𝑑( 4.5×𝐷𝐷+400 , 1), 𝑃𝑟𝑜𝑏𝐸𝐷𝐴 =
𝑟𝑜𝑢𝑛𝑑( 5.6

𝐷0.8 , 2), 𝑃𝑟𝑜𝑏𝑙𝑠 = 0.1, 𝑐𝑦 = 0, and all other parameters 
required. 

2: for i : PS do 
3: 𝑥𝑑𝑖,𝑔 ← uniformly distributed 𝐷 random numbers.
4: end for
5: while termination condition is not satisfied do 
6: 𝑐𝑦 = 𝑐𝑦 + 1
7: if 𝑐𝑦 == 𝐶𝑆 then 
8: Calculate 𝑃𝑟𝑜𝑏𝐷𝐸 and 𝑃𝑟𝑜𝑏𝐶𝑀𝐴.
9: end if
10: if 𝑐𝑦 == 2 × 𝐶𝑆 then 
11: Share information. 
12: 𝑃𝑟𝑜𝑏𝐷𝐸 = 𝑃𝑟𝑜𝑏𝐶𝑀𝐴 = 1, and 𝑐𝑦 = 1.
13: end if
14: if 𝑟𝑎𝑛𝑑(0, 1) ≤ 𝑃𝑟𝑜𝑏𝐷𝐸 then 
15: Generate the scaling factor F according to Eqs. (14) and (15), 

and generate the Control Parameter (CR). 
16: for 𝑖 ∶ 𝑃𝑆𝐷𝐸 do 
17: if 𝑟𝑎𝑛𝑑(0, 1) ≤ 𝑃𝑟𝑜𝑏𝐷𝐸 _𝑀𝑈𝑇1 then 
18: Calculate the mutant vector 𝑣𝑑𝑖,𝑔 according to Eq. (16).
19: else 
20: Calculate the mutant vector 𝑣𝑑𝑖,𝑔 according to Eq. (5).
21: end if
22: Generate the trial vector 𝑢𝑑𝑖,𝑔 . 
23: if 𝑓 (𝑢𝑑𝑖,𝑔) < 𝑓 (𝑥𝑑𝑖,𝑔) then 
24: 𝑥𝑑𝑖,𝑔+1 = 𝑢𝑑𝑖,𝑔 , 𝑐𝑜𝑢𝑛𝑡𝑖 = 0.
25: else 
26: 𝑥𝑑𝑖,𝑔+1 = 𝑥𝑑𝑖,𝑔 , 𝑐𝑜𝑢𝑛𝑡𝑖 = 𝑐𝑜𝑢𝑛𝑡𝑖 + 1.
27: end if
28: end for
29: Calculate the Failure Rate. 
30: Calculate the 𝑃𝑟𝑜𝑏𝐷𝐸 _𝑀𝑈𝑇𝑤 using Eqs. (17) to (22). 
31: for 𝑖 ∶ 𝑃𝑆𝐷𝐸 do 
32: if 𝑐𝑜𝑢𝑛𝑡𝑖 > 𝑆𝑇𝐸 then 
33: if 𝑐𝑓𝑒

𝐹𝐸𝑆𝑚𝑎𝑥
< 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 then 

34: Update stagnant individual 𝑥𝑑𝑖,𝑔+1 using Eq. (26).
35: else 
36: Update stagnant individual 𝑥𝑑𝑖,𝑔+1 using Eq. (27).
37: end if
38: end if
39: end for
40: if 𝑟𝑎𝑛𝑑(0, 1) < 𝑃𝑟𝑜𝑏𝐸𝐷𝐴 then 
41: Apply the Estimation-of-Distribution Algorithm (EDA) using 

Eqs. (7) to (11), update 𝑐𝑓𝑒, and sort 𝑃𝑆𝐷𝐸 .
42: end if
43: Apply nonlinear population size reduction.
44: end if
45: if 𝑟𝑎𝑛𝑑(0, 1) ≤ 𝑃𝑟𝑜𝑏𝐶𝑀𝐴 then 
46: Apply CMA-ES, update 𝑐𝑓𝑒, and sort 𝑃𝑆𝐶𝑀𝐴.
47: end if
48: if 𝑐𝑓𝑒 ≥ 0.75 × 𝐹𝐸𝑆𝑚𝑎𝑥 then 
49: if 𝑟𝑎𝑛𝑑(0, 1) < 𝑃𝑟𝑜𝑏𝑙𝑠 then 
50: Apply Sequential Quadratic Programming (SQP) to the best 

individual to find a better solution.
51: end if
52: end if
53: end while
5 
Fig. 2.  Threshold curve.

3.4. Stagnation strategy

In UMOEAs-IV, a novel stagnation strategy is introduced that in-
tegrates both Gaussian learning (Eq. (26)) and individual learning 
(Eq. (27)). When the stagnation count of the 𝑖th individual reaches 𝑆𝑇𝐸
(Eq. (24)), the strategy checks whether 𝑐𝑓𝑒

𝐹𝐸𝑆𝑚𝑎𝑥
< 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑, where 

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is defined in Eq. (25). If the condition holds, Eq. (26) is 
applied; otherwise, Eq. (27) is used. 
𝑆𝑇𝐸 = max(⌈97 × log(𝐷) − 294⌉, 36) (24)

𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝑟𝑜𝑢𝑛𝑑( 4.5 ⋅𝐷
𝐷 + 400

, 1) (25)

where 𝑖 = 1,… , 𝑃𝑆𝐷𝐸 , and 𝐷 is the dimensionality. 
𝑥𝑑𝑠𝑠,𝑔+1 = 𝑁(𝑥𝑑𝑟,𝑔 , 𝜎) + 𝑟𝑎𝑛𝑑 ⋅ 𝑥𝑑𝑠𝑠,𝑔 − 𝑟𝑎𝑛𝑑 ⋅ 𝑥𝑑𝑟,𝑔 (26)

where 𝑥𝑑𝑠𝑠,𝑔 represents the individual that stagnates 𝑆𝑇𝐸 times, 𝑥𝑑𝑟,𝑔
is a randomly selected individual, which is better than 𝑥𝑑𝑠𝑠,𝑔 , from 
DE population, 𝑁 is the Gaussian distribution, and 𝑟𝑎𝑛𝑑 is a uniform 
distribution in [0, 1). The motivation behind this design is that when 
an individual is in stagnation, the stagnation strategy either introduces 
perturbations to maintain diversity or enables learning from better 
individuals. 
𝑥𝑑𝑠𝑠,𝑔+1 = 𝑟𝑎𝑛𝑑 ⋅ 𝑥𝑑𝑠𝑠,𝑔 + 𝑟𝑎𝑛𝑑 ⋅ 𝑥𝑑𝑟,𝑔 (27)

where 𝑥𝑑𝑠𝑠,𝑔 represents the stagnated individual, 𝑥𝑑𝑟,𝑔 is a randomly 
selected individual from the DE population, and 𝑟𝑎𝑛𝑑 follows a uniform 
distribution in [0, 1).

The principle for controlling the threshold is to balance exploration 
and exploitation across problems with different dimension sizes. When 
stagnation occurs, a smaller dimension size enhances the capability 
for exploitation (individual learning is employed more frequently), 
whereas a larger dimension size enhances the capability for exploration 
(Gaussian learning is employed more frequently). Fig.  2 demonstrates 
the relationship between probability and dimension size along the 
threshold curve.

4. Performance evaluation

A global optimization problem can be defined as a pair (𝑋, 𝑓 ), 
where 𝑋 ⊂ R𝐷 is a bounded subset of the 𝐷-dimensional space, and 



L. Hong et al. Swarm and Evolutionary Computation 100 (2026) 102238 
Table 1
CEC2017 benchmark functions.
 Types 𝑓𝑛 Benchmark functions Search range 𝐹 (𝑥∗)𝑓𝑏𝑖𝑎𝑠 
 Unimodal
functions

𝑓1 Shifted and Rotated Bent Cigar function [−100, 100]𝐷 100  
 𝑓2 Shifted and Rotated Sum Diff Pow function [−100, 100]𝐷 200  
 𝑓3 Shifted and Rotated Zakharov function [−100, 100]𝐷 300  
 

Simple
Multimodal
functions

𝑓4 Shifted and Rotated Rosenbrock’s function [−100, 100]𝐷 400  
 𝑓5 Shifted and Rotated Rastrigin’s function [−100, 100]𝐷 500  
 𝑓6 Shifted and Rotated Expanded Scaffer’s F6 function [−100, 100]𝐷 600  
 𝑓7 Shifted and Rotated Lunacek Bi_Rastrigin function [−100, 100]𝐷 700  
 𝑓8 Shifted and Rotated Non-Continuous Rastrigin’s function [−100, 100]𝐷 800  
 𝑓9 Shifted and Rotated Levy function [−100, 100]𝐷 900  
 𝑓10 Shifted and Rotated Schwefel’s function [−100, 100]𝐷 1000  
 

Hybrid
functions

𝑓11 Hybrid function 1 (N = 3) [−100, 100]𝐷 1100  
 𝑓12 Hybrid function 2 (N = 3) [−100, 100]𝐷 1200  
 𝑓13 Hybrid function 3 (N = 3) [−100, 100]𝐷 1300  
 𝑓14 Hybrid function 4 (N = 4) [−100, 100]𝐷 1400  
 𝑓15 Hybrid function 5 (N = 4) [−100, 100]𝐷 1500  
 𝑓16 Hybrid function 6 (N = 4) [−100, 100]𝐷 1600  
 𝑓17 Hybrid function 7 (N = 5) [−100, 100]𝐷 1700  
 𝑓18 Hybrid function 8 (N = 5) [−100, 100]𝐷 1800  
 𝑓19 Hybrid function 9 (N = 5) [−100, 100]𝐷 1900  
 𝑓20 Hybrid function 10 (N = 6) [−100, 100]𝐷 2000  
 

Composition
functions

𝑓21 Composition function 1 (N = 3) [−100, 100]𝐷 2100  
 𝑓22 Composition function 2 (N = 3) [−100, 100]𝐷 2200  
 𝑓23 Composition function 3 (N = 4) [−100, 100]𝐷 2300  
 𝑓24 Composition function 4 (N = 4) [−100, 100]𝐷 2400  
 𝑓25 Composition function 5 (N = 5) [−100, 100]𝐷 2500  
 𝑓26 Composition function 6 (N = 5) [−100, 100]𝐷 2600  
 𝑓27 Composition function 7 (N = 6) [−100, 100]𝐷 2700  
 𝑓28 Composition function 8 (N = 6) [−100, 100]𝐷 2800  
 𝑓29 Composition function 9 (N = 3) [−100, 100]𝐷 2900  
 𝑓30 Composition function 10 (N = 3) [−100, 100]𝐷 3000  
𝑓 ∶ 𝑋 → R is a real-valued function defined over 𝑋. This can be 
formalized as follows: 
∀𝑥 ∈ 𝑋, 𝑓 (𝑥min) ≤ 𝑓 (𝑥). (28)

The CEC2017 benchmark functions are listed in Table  1, where 
𝑓1–𝑓3, 𝑓4–𝑓10, 𝑓11–𝑓20, and 𝑓21–𝑓30 are unimodal, simple multimodal, 
hybrid, and composition functions, respectively.

4.1. Parameter settings

The maximum number of function evaluations (𝐹𝐸𝑆𝑚𝑎𝑥) was de-
fined as 104×𝐷 for all DE-based variants. Accordingly, 𝐹𝐸𝑆𝑚𝑎𝑥 was set 
to 10 × 104, 30 × 104, 50 × 104, and 100 × 104 for problem dimensions 
of 10, 30, 50, and 100, respectively. The parameter settings for the 
proposed UMOEAs-IV and the compared DE-based variants are summa-
rized in Table  2. For the comparison algorithms, default configurations 
provided by their developers were adopted, as these have been reported 
to yield their best performance.

4.2. Experimental results

In Table  3, the mean, minimum, and median values ranking first 
are counted. In Table  4, the Friedman test rankings are evaluated for 
all the compared algorithms. The tables display the means, minima, 
medians, standard deviations, and rankings for experiments across 
different dimensions: 10D, 30D, 50D, and 100D (see Tables  5, Ta-
ble  6, Table  7, and Table  8). These statistical measures are based 
on 51 runs, with the best values and top rankings highlighted in 
bold. To better observe the experimental results, some of the data 
are retained with more digits. To evaluate performance, a two-sided 
Wilcoxon Rank Sum Test (WRST) was conducted at a significance 
level of 0.05, comparing UMOEAs-IV with other DE-based variants, in-
cluding TSMS-DE, AuDE, NLPSR-jSO, mLSHADE, HAPI-DE, FDHD-DE, 
DDPSA-DE, DACDE, CELDE, ACD-DE, UMOEAs-III, IDE-EDA, LSHADE-
SPACMA, LSHADE-cnEpSin, and EBOwithCMAR. In the tables, the 
6 
symbols ‘‘>’’, ‘‘=’’, and ‘‘<’’ indicate where UMOEAs-IV achieved sig-
nificantly better results, showed no statistically significant difference, 
or performed significantly worse, respectively, when compared to the 
other DE-based variants. Figs.  3 and 4 show the evolutionary processes 
of UMOEAs-IV and the compared DE-based variants in 50-dimensional 
experiments, averaged over 51 runs.

4.3. Comparison and analysis

In Table  3, UMOEAs-IV achieves 8, 11, and 12 best mean values 
on the 30-, 50-, and 100-dimensional tests, respectively. It achieves 
13, 13, and 12 best minimum values, and 13, 12, and 11 best median 
values on the 30-, 50-, and 100-dimensional tests, respectively. Finally, 
it achieves 34, 36, and 35 best total counts on the 30-, 50-, and 
100-dimensional tests, respectively. These values rank first among all 
compared algorithms. In the 10-dimensional test, UMOEAs-IV achieves 
10 (2nd), 17 (2nd), 11, and 38 (3rd) best mean, minimum, median, and 
total values, respectively. Overall, UMOEAs-IV achieves the best per-
formance on the 30-, 50-, and 100-dimensional tests, while UMOEAs-III 
achieves the best performance on the 10-dimensional test. In Table  4, 
the averaged Friedman rank of UMOEAs-IV is 6.72, placing it 2nd in the 
10-dimensional tests, second only to UMOEAs-III (6.45). The averaged 
Friedman ranks of UMOEAs-IV are 5.05, 3.63, and 3.30 on the 30-
, 50-, and 100-dimensional tests, respectively, ranking 1st among all 
compared algorithms.

In Table  5, for the 10-dimensional experiments on unimodal func-
tions, all compared algorithms show equivalent performance on 𝑓1; For 
𝑓2, all algorithms demonstrate equivalent top performance except that 
AuDE, mLSHADE, and LSHADE-SPACMA yield lower mean values; For 
𝑓3, all algorithms illustrate equivalent top performance except DACDE, 
which has a lower mean value. For simple multimodal functions, all 
algorithms illustrate equivalent top performance on 𝑓4 except DACDE; 
UMOEAs-IV achieves the best mean values on 𝑓5–𝑓6 and 𝑓9; UMOEAs-
III achieves the best mean values on 𝑓7–𝑓8; and CELDE achieves the 
best mean value on 𝑓 . For hybrid functions, UMOEAs-IV achieves the 
10
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Table 2
Parameter settings for all compared algorithms.
 Algorithm Year Default parameter settings  
 UMOEAs-IV – 𝑃𝑆𝐷𝐸 = 18 × D, 𝑃𝑆𝐶𝑀𝐴 = 4 + floor(3 × ln(D)), 𝐶𝑅𝑖𝑛𝑖𝑡 = 0.5, 𝑇𝑖𝑛𝑖𝑡 = 0.1, 𝐴𝑟𝑐_𝑟𝑎𝑡𝑒 =

1.4, the memory size 𝐻 = 6. CS for 10, 30, 50, and 100-dimensional tests are set to 
50, 100, 100, and 150, respectively.

 

 TSMS-DE [45] 2025 𝑃𝑆 = 25 × log(𝐷) ×
√

𝐷 ∼ 4, 𝜇𝐹 = 0.3, 𝜇𝐶𝑅 = 0.8, 𝑝 = 0.25 ∼ 0.11, 𝑟𝑟𝑎𝑐,𝐴 = 1, 𝑟𝑟𝑎𝑐,𝐵 =
4, 𝜎 = 0.3, 𝛽 = 0.6, 𝑛 = 2 ×𝐷, 𝛾1 = 0.6, 𝛾2 = 0.3.

 

 AuDE [22] 2025 𝑃𝑆 = 18 ×𝐷, 𝜇𝐹 = 0.5, 𝜇𝐶𝑅 = 0.5, 𝜀 = 0.5, 𝛼 = 0.9, 𝛾 = 0.95, 𝐶 = 100.  
 NLPSR-jSO [46] 2024 𝑃𝑆 = 75 ×𝐷(2∕3) ∼ 4, |𝐴| = 𝑃𝑆, 𝑝𝑚𝑖𝑛 = 0.0085, 𝑝𝑚𝑎𝑥 = 0.17, 𝜇 = 0.95, 𝑘 = 3, 𝑘1 =

1.6, 𝑘2 = 2.0, the memory size 𝐻 = 5.
 

 mLSHADE [17] 2024 𝑃𝑆 = 18 ×𝐷, 𝜇𝐹𝑟 = 0.5, 𝜇𝐶𝑅𝑟 = 0.5, 𝜇𝑓𝑟 = 0.5, 𝑃𝑐 = 0.4, 𝑃𝑠 = 0.5, 𝑃𝐿𝑆 = 0.01, the 
memory size 𝐻 = 5.

 

 HAPI-DE [47] 2024 𝑃𝑆 = 25 × log(𝐷) ×
√

𝐷 ∼ 4, 𝜇𝐹 = 0.3, 𝜇𝐶𝑅 = 0.8, the memory size 𝐻 = 4.  
 FDHD-DE [48] 2024 𝑃𝑆 = 25 × log(𝐷) ×

√

𝐷 ∼ 4, 𝐹 = 0.5, 𝐶𝑅 = 0.8, 𝑝 = 0.11, 𝑟𝑟𝑎𝑐 = 1.4, 𝑘𝑚𝑖𝑛 = 0.6, 𝑘𝑚𝑎𝑥
= 6, 𝑐𝑜 = 0, 𝐶𝑛 = 0, the memory size 𝐻 = 4.

 

 DDPSA-DE [49] 2024 𝑃𝑆 = 100, 𝐹 = 0.7, 𝐶𝑅 = 0.5, 𝑐 = 0.1, 𝑆0 = 0.5, 𝑇 = 20, 𝑝 = 0.01.  
 DACDE [50] 2024 𝑃𝑆 = 4 ×𝐷, 𝜇𝐹 = 0.8, 𝜇𝐶𝑅 = 0.5, 𝐺𝑆 = 1.5, 𝜔 = 0.3, the memory size 𝐻 = 2.  
 CELDE [51] 2024 𝑃𝑆 = 25 × log(𝐷) ×

√

𝐷 ∼ 4, 𝐹𝑖𝑛𝑖𝑡 = 0.5, 𝐶𝑅𝑖𝑛𝑖𝑡 = 0.5, 𝐹𝑟𝑒𝑞𝑖𝑛𝑖𝑡 = 0.5. 𝐺𝑚𝑎𝑥 for 10, 30, 
50, and 100-dimensional tests are set to 2163, 2745, 3022, and 3401, respectively. 
The memory size 𝐻 = 5.

 

 ACD-DE [52] 2024 𝑃𝑆 = 25 × ln(𝐷) ×
√

𝐷 ∼ 5, 𝜇𝐹 = 0.5, 𝜇𝐶𝑅 = 0.9, 𝐹 ∼ 𝐶(𝜇𝐹 , 0.1), 𝐶𝑅 ∼ 𝑁(𝜇𝐶𝑅 , 0.1), 
𝑝 = 0.15 ∼ 0.45, 𝑟𝑎𝑟𝑐 = 1.3, the memory size 𝐻 = 6.

 

 UMOEAs-III [16] 2023 𝑃𝑆𝐷𝐸 = 18 × D, 𝑃𝑆𝐶𝑀𝐴 = 4 + floor(3 × ln(D)), 𝐹𝑖𝑛𝑖𝑡 = 0.7, 𝐶𝑅𝑖𝑛𝑖𝑡 = 0.5, 𝐹𝑟𝑒𝑞𝑖𝑛𝑖𝑡 =
0.5, 𝑇𝑖𝑛𝑖𝑡 = 0.1, the memory size 𝐻 = 6. CS for 10, 30, 50, and 100-dimensional 
tests are set to 50, 100, 100, and 150, respectively.

 

 IDE-EDA [25] 2023 𝑃𝑆 = 75 ×𝐷(2∕3) ∼ 4, 𝑘 = 3, 𝑟𝑎𝑟𝑐 = 1, 𝜏 = 0.9, the memory size 𝐻 = 5.  
 LSHADE-SPACMA [53] 2017 𝑃𝑆 = 18 ×𝐷, 𝑃𝑏𝑒𝑠𝑡 = 0.11, 𝐴𝑟𝑐_𝑟𝑎𝑡𝑒 = 1.4, 𝐹𝑐𝑝 = 0.5, 𝑐 = 0.8, the memory size 𝐻 =

5.
 

 LSHADE-cnEpSin [26] 2017 𝑃𝑆 = 18×D, 𝐹𝑖𝑛𝑖𝑡 = 0.5, 𝐶𝑅𝑖𝑛𝑖𝑡 = 0.5, 𝐹𝑟𝑒𝑞𝑖𝑛𝑖𝑡 = 0.5, the memory size 𝐻 = 5.  
 EBOwithCMAR [54] 2017 For EBO, 𝑃𝑆1,𝑚𝑎𝑥 = 18 ×𝐷, 𝑃𝑆1,𝑚𝑖𝑛 = 4, 𝑃𝑆2,𝑚𝑎𝑥 = 46.8 ×𝐷, 𝑃𝑆2,𝑚𝑖𝑛 = 10, 𝐻 = 6. For 

CMAR, 𝑃𝑆3 = 4 + 3 × log(𝐷), 𝜎 = 0.3. For local search, 𝑝𝑟𝑜𝑏𝑙𝑠 = 0.1, 
𝑐𝑓𝑒𝑙𝑠 = 0.25 × 𝐹𝐸𝑆𝑚𝑎𝑥.

 

best mean, minimum, and median values on both 𝑓11 and 𝑓14; TSMS-
DE, FDHD-DE, CELDE, UMOEAs-III, IDE-EDA, LSHADE-SPACMA, and 
LSHADE-cnEpSin also achieve the best mean value on 𝑓11; ACD-DE and 
HAPI-DE achieve the best mean values on 𝑓12 and 𝑓13, respectively; 
DDPSA-DE achieves the best mean values on 𝑓15 and 𝑓18, while FDHD-
DE achieves the best mean values on 𝑓16, 𝑓17, 𝑓19, and 𝑓20; TSMS-DE 
also achieves the best mean value on 𝑓20. For composition functions, 
UMOEAs-IV achieves the best mean, minimum, and median values 
on 𝑓26; LSHADE-SPACMA achieves the best mean values on 𝑓21 and 
𝑓28, while AuDE achieves the best mean value on 𝑓22; EBOwithC-
MAR, NLPSR-jSO, mLSHADE, and LSHADE-cnEpSin achieve the best 
mean values on 𝑓24, 𝑓25, 𝑓27, and 𝑓29, respectively; finally, UMOEAs-III 
achieves the best mean values on 𝑓23 and 𝑓30. In summary, no algorithm 
dominates the performance in the low-dimensional tests. In summary, 
UMOEAs-IV attains a top-three performance on 15 functions overall: 3, 
6, 2, and 4 on unimodal, simple multimodal, hybrid, and composition 
functions, respectively.

In Table  6, for the 30-dimensional experiments on unimodal func-
tions, TSMS-DE, HAPI-DE, ACD-DE, IDE-EDA, LSHADE-SPACMA, and 
LSHADE-cnEpSin achieve the best mean values on 𝑓1; NLPSR-jSO, 
HAPI-DE, DACDE, CELDE, ACD-DE, UMOEAs-III, IDE-EDA, and
LSHADE-cnEpSin achieve the best mean values on 𝑓2; and LSHADE-
SPACMA and LSHADE-cnEpSin achieve the best mean values on 𝑓3. 
For simple multimodal functions, UMOEAs-IV achieves the best mean 
values on 𝑓5, 𝑓8, and 𝑓10; UMOEAs-III achieves the best mean values on 
𝑓4 and 𝑓7; LSHADE-SPACMA achieves the best mean values on 𝑓6; while 
all compared algorithms show equivalent performance on 𝑓9 except 
AuDE, NLPSR-jSO, and mLSHADE. For hybrid functions, UMOEAs-IV 
achieves the best mean values on 𝑓16; IDE-EDA achieves the best mean 
values on 𝑓11 and 𝑓19; FDHD-DE achieves the best mean values on 
𝑓12 and 𝑓15; LSHADE-SPACMA achieves the best mean values on 𝑓13; 
and DACDE achieves the best mean values on 𝑓14, 𝑓17–𝑓18, and 𝑓20. 
For composition functions, UMOEAs-IV achieves the best mean values 
7 
on 𝑓26–𝑓27 and 𝑓30; UMOEAs-III, LSHADE-SPACMA, EBOwithCMAR, 
mLSHADE, and DACDE achieve the best mean values on 𝑓21, 𝑓22, 𝑓24, 
𝑓25, and 𝑓29, respectively; while FDHD-DE achieves the best mean 
values on 𝑓23 and 𝑓28. In summary, UMOEAs-IV attains a top-three 
performance on 16 functions overall: 0, 5, 3, and 8 on unimodal, simple 
multimodal, hybrid, and composition functions, respectively.

In Table  7, for the 50-dimensional experiments on unimodal func-
tions, LSHADE-SPACMA and LSHADE-cnEpSin achieve the best mean 
values on 𝑓1 and 𝑓3, while CELDE and UMOEAs-III achieve the best 
mean values on 𝑓2. For simple multimodal functions, UMOEAs-IV 
achieves the best mean, minimum, and median values on 𝑓5, 𝑓7–𝑓8, 
and 𝑓10; mLSHADE achieves the best mean values on 𝑓4; and LSHADE-
SPACMA achieves the best mean values on 𝑓6 and 𝑓9. For hybrid 
functions, UMOEAs-IV achieves the best mean, minimum, and median 
values on 𝑓16 and 𝑓17, and the best mean and median values on 𝑓14
and 𝑓20. CELDE achieves the best mean values on 𝑓11, while FDHD-
DE achieves the best mean values on 𝑓12–𝑓13, 𝑓15, and 𝑓18–𝑓19. For 
composition functions, UMOEAs-IV achieves the best mean values on 
𝑓21, 𝑓25, and 𝑓30; TSMS-DE achieves the best mean values on 𝑓22 and 
𝑓27; FDHD-DE, EBOwithCMAR, and UMOEAs-III achieve the best mean 
values on 𝑓23, 𝑓26, and 𝑓28, respectively; and HAPI-DE achieves the best 
mean values on 𝑓24 and 𝑓29. In summary, UMOEAs-IV attains a top-
three performance on 16 functions overall: 0, 4, 5, and 7 on unimodal, 
simple multimodal, hybrid, and composition functions, respectively.

In Table  8, for the 100-dimensional experiments on unimodal func-
tions, LSHADE-SPACMA achieves the best mean, minimum, and median 
values on 𝑓1 and 𝑓3, while mLSHADE achieves the best mean value 
on 𝑓2. For simple multimodal functions, UMOEAs-IV achieves the best 
mean, minimum, and median values on 𝑓5, 𝑓8, and 𝑓10; mLSHADE 
achieves the best mean value on 𝑓4; and LSHADE-SPACMA achieves 
the best mean values on 𝑓6–𝑓7 and 𝑓9. For hybrid functions, UMOEAs-
IV achieves the best mean, minimum, and median values on 𝑓16–𝑓17
and 𝑓 . FDHD-DE achieves the best mean values on 𝑓 , 𝑓 , and 
20 11 14
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Table 3
Ranking statistics based on the mean, minimum, and median values for all DE-based variants, evaluated on the CEC2017 benchmark functions across different dimensions.
 𝐷 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR 
 
10𝐷

Mean [1st] 10 7 5 6 5 6 11 7 4 7 6 10 7 8 8 6  
 Min [1st] 17 15 17 19 11 17 14 13 17 17 15 17 15 15 16 16  
 Median [1st] 11 14 5 13 10 14 15 12 12 14 14 18 14 12 12 11  
 TOTAL [1st] 38 36 27 38 26 37 40 32 33 38 35 45 36 35 36 33  
 Mean (> | = | <) ∕ 8|19|3 22|6|2 7|17|6 16|12|2 9|17|4 9|14|7 13|14|3 15|11|4 12|15|3 11|10|9 4|21|5 10|16|4 15|12|3 11|15|4 13|11|6  
 
30𝐷

Mean [1st] 8 2 0 1 1 3 5 1 7 2 3 5 5 6 4 2  
 Min [1st] 13 7 2 3 3 8 6 8 7 5 5 5 6 9 5 6  
 Median [1st] 13 6 0 2 2 5 6 4 7 4 4 5 4 7 6 2  
 TOTAL [1st] 34 15 2 6 6 16 17 13 21 11 12 15 15 22 15 10  
 Mean (> | = | <) ∕ 16|6|8 29|1|0 20|5|5 26|2|2 15|5|10 15|8|7 26|4|0 18|4|8 16|11|3 18|7|5 20|8|2 17|7|6 23|2|5 18|8|4 24|3|3  
 
50𝐷

Mean [1st] 11 3 0 0 1 2 6 0 0 2 0 2 1 4 3 1  
 Min [1st] 13 4 0 3 2 8 6 4 4 4 4 8 4 6 6 3  
 Median [1st] 12 4 0 1 0 7 6 0 0 2 2 3 2 5 3 1  
 TOTAL [1st] 36 11 0 4 3 17 18 4 4 8 6 13 7 15 12 5  
 Mean (> | = | <) ∕ 17|4|9 30|0|0 23|4|3 28|0|2 20|5|5 18|3|9 29|1|0 26|4|0 18|5|7 23|4|3 22|4|4 21|4|5 21|4|5 22|2|6 26|3|1  
 
100𝐷

Mean [1st] 12 0 0 0 3 1 4 0 1 3 0 0 0 5 0 1  
 Min [1st] 12 3 0 1 1 2 1 1 0 6 0 4 1 4 0 1  
 Median [1st] 11 0 0 0 4 1 4 0 2 3 0 0 0 5 0 0  
 TOTAL [1st] 35 3 0 1 8 4 9 1 3 12 0 4 1 14 0 2  
 Mean (> | = | <) ∕ 22|2|6 29|1|0 24|1|5 26|1|3 27|0|3 20|3|7 27|2|1 24|2|4 20|4|6 29|1|0 21|7|2 23|3|4 17|6|7 20|5|5 28|1|1  Swarm
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Table 4
The Friedman test rankings were conducted on the mean values for UMOEAs-IV, TSMS-DE, AuDE, NLPSR-jSO, mLSHADE, HAPI-DE, FDHD-DE, DDPSA-DE, DACDE, CELDE, ACD-DE, UMOEAs-III, IDE-EDA, 
LSHADE-SPACMA, LSHADE-cnEpSin, and EBOwithCMAR across CEC2017 benchmark functions.
 𝐷 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR 
 
10𝐷

Averaged 6.72 7.33 12.60 7.72 10.53 8.35 7.63 9.08 11.50 7.82 8.13 6.45 7.35 9.20 8.68 6.90  
 Friedman ranks  
 Rank 2 4 16 7 14 10 6 12 15 8 9 1 5 13 11 3  
 
30𝐷

Averaged 5.05 6.22 14.97 7.55 11.77 6.73 6.50 13.40 9.05 7.63 7.83 6.82 7.08 9.05 8.28 8.07  
 Friedman ranks  
 Rank 1 2 16 7 14 4 3 15 12.5 8 9 5 6 12.5 11 10  
 
50𝐷

Averaged 3.63 6.42 15.70 6.67 11.77 7.80 5.42 13.78 11.98 6.07 8.43 6.42 7.15 8.08 7.68 9.00  
 Friedman ranks  
 Rank 1 4 16 6 13 9 2 15 14 3 11 4 7 10 8 12  
 
100𝐷

Averaged 3.30 7.63 15.37 6.30 10.27 8.03 7.03 12.27 12.30 4.90 10.83 5.77 9.20 6.10 7.47 9.23  
 Friedman ranks  
 Rank 1 8 16 5 12 9 6 14 15 2 13 3 10 4 7 11  

Swarm
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Table 5
Performance of DE Variants on 10D CEC2017 Benchmarks (51 Runs): Statistical Results and Wilcoxon Tests.
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓1

Mean 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank|WRST 1 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | =   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) 
 

𝑓2

Mean 0.000000E+00 0.000000E+00 9.595886E−08 0.000000E+00 5.572884E−16 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 5.572884E−16 0.000000E+00 0.000000E+00   Rank|WRST 1 1 | = 16 | > 1 | = 14 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 14 | = 1 | = 1 | =   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (0.000000E+00) (0.000000E+00) (6.852833E−07) (0.000000E+00) (3.979835E−15) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (3.979835E−15) (0.000000E+00) (0.000000E+00) 
 

𝑓3

Mean 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 1.114577E−15 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank|WRST 1 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 16 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | =   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (7.959671E−15) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) 
 

𝑓4

Mean 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 1.114577E−14 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank|WRST 1 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 16 | > 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | =   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (2.789294E−14) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) 
 

𝑓5

Mean 2.485506E−12 1.426922E+00 6.809476E+00 1.911882E+00 1.541211E+00 1.900108E+00 2.069338E+00 2.223527E+00 4.487070E+00 1.521706E+00 3.610533E+00 5.852700E−02 1.034592E+00 1.719178E+00 1.933651E+00 4.035314E−04   Rank|WRST 1 5 | > 16 | > 10 | > 7 | > 9 | > 12 | > 13 | > 15 | > 6 | > 14 | > 3 | > 4 | > 8 | > 11 | > 2 | >   Min 0.000000E+00 1.400883E−06 1.989918E+00 0.000000E+00 1.250555E−12 0.000000E+00 3.397588E−05 7.797954E−02 9.949591E−01 0.000000E+00 9.956344E−01 0.000000E+00 0.000000E+00 2.579367E−08 3.046481E−03 0.000000E+00   Rank 1 10 16 1 8 1 11 13 14 1 15 1 1 9 12 1   Median 1.648459E−12 1.003272E+00 5.969754E+00 1.989918E+00 1.989918E+00 1.989918E+00 1.989926E+00 2.126059E+00 3.979836E+00 1.989918E+00 3.006884E+00 2.273737E−13 9.949591E−01 1.990409E+00 1.990904E+00 1.307399E−12   Rank 3 5 16 6 9 6 10 13 15 6 14 1 4 11 12 2   (Std Dev) (2.906474E−12) (7.254705E−01) (4.188508E+00) (9.510713E−01) (6.693265E−01) (1.131666E+00) (1.104094E+00) (9.168017E−01) (1.993620E+00) (9.195282E−01) (1.460687E+00) (2.364375E−01) (8.209974E−01) (6.320230E−01) (7.011054E−01) (2.881791E−03) 
 

𝑓6

Mean 0.000000E+00 2.006238E−14 9.056161E−08 1.337492E−14 6.966281E−09 1.114577E−14 0.000000E+00 4.458307E−15 0.000000E+00 8.916615E−15 2.229154E−14 6.687461E−15 0.000000E+00 0.000000E+00 0.000000E+00 8.916615E−15   Rank|WRST 1 13 | > 16 | > 12 | > 15 | > 11 | > 1 | = 7 | = 1 | = 9 | > 14 | > 8 | = 1 | = 1 | = 1 | = 9 | >   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 1.136868E−13 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 16 1 1 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (0.000000E+00) (4.377095E−14) (3.396084E−07) (3.699321E−14) (4.974912E−08) (3.414318E−14) (0.000000E+00) (2.228708E−14) (0.000000E+00) (3.086875E−14) (4.558606E−14) (2.701602E−14) (0.000000E+00) (0.000000E+00) (0.000000E+00) (3.086875E−14) 
 

𝑓7

Mean 1.048878E+01 1.155534E+01 1.906456E+01 1.196154E+01 1.162205E+01 1.129655E+01 1.267358E+01 1.260361E+01 1.508946E+01 1.186737E+01 1.329187E+01 1.046636E+01 1.166597E+01 1.095228E+01 1.191560E+01 1.061656E+01   Rank|WRST 2 6 | > 16 | > 11 | > 7 | > 5 | > 13 | > 12 | > 15 | > 9 | > 14 | > 1 | = 8 | > 4 | > 10 | > 3 | >   Min 1.036692E+01 1.059803E+01 4.242854E+00 1.053031E+01 1.072889E+01 1.036704E+01 1.087121E+01 1.099870E+01 1.099248E+01 1.067237E+01 1.073047E+01 1.036692E+01 1.036692E+01 1.036712E+01 1.099832E+01 1.036692E+01   Rank 2 9 1 8 11 6 13 16 14 10 12 3 5 7 15 4   Median 1.043589E+01 1.156155E+01 1.593311E+01 1.198922E+01 1.165108E+01 1.124671E+01 1.215276E+01 1.268943E+01 1.469678E+01 1.184643E+01 1.302574E+01 1.043589E+01 1.165604E+01 1.091317E+01 1.184611E+01 1.050330E+01   Rank 2 6 16 11 7 5 12 13 15 10 14 1 8 4 9 3   (Std Dev) (1.428322E−01) (4.770623E−01) (7.714108E+00) (6.418463E−01) (4.695259E−01) (5.312132E−01) (1.604953E+00) (7.407470E−01) (2.329411E+00) (5.477890E−01) (1.529035E+00) (1.385752E−01) (5.773989E−01) (3.562183E−01) (4.779589E−01) (2.439429E−01) 
 

𝑓8

Mean 7.958079E−13 1.288542E+00 6.355955E+00 2.048445E+00 1.424157E+00 1.550749E+00 2.342033E+00 2.370274E+00 4.955285E+00 1.755815E+00 3.316556E+00 3.187690E−13 1.249930E+00 9.370047E−01 2.031035E+00 9.754501E−02   Rank|WRST 2 6 | > 16 | > 11 | > 7 | > 8 | > 12 | > 13 | > 15 | > 9 | > 14 | > 1 | < 5 | > 4 | > 10 | > 3 | >   Min 0.000000E+00 0.000000E+00 1.638456E+00 0.000000E+00 4.547474E−13 0.000000E+00 9.949591E−01 7.370134E−05 1.989918E+00 0.000000E+00 9.949591E−01 0.000000E+00 0.000000E+00 0.000000E+00 2.245737E−03 0.000000E+00   Rank 1 1 15 1 10 1 13 11 16 1 13 1 1 1 12 1   Median 7.958079E−13 9.958930E−01 4.974795E+00 1.989918E+00 9.949591E−01 1.989918E+00 1.990634E+00 2.270337E+00 4.974795E+00 1.989918E+00 2.984877E+00 1.136868E−13 9.949591E−01 9.949839E−01 1.991582E+00 5.684342E−13   Rank 3 7 15 8 4 8 11 13 15 8 14 1 5 6 12 2   (Std Dev) (4.373620E−13) (8.031158E−01) (3.674290E+00) (1.079185E+00) (7.244751E−01) (9.683606E−01) (1.157439E+00) (1.084570E+00) (2.082200E+00) (6.774067E−01) (1.612508E+00) (5.293558E−13) (1.087766E+00) (9.209277E−01) (7.948261E−01) (2.988127E−01) 
 

𝑓9

Mean 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank|WRST 1 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | =   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) 
 

𝑓10

Mean 3.300095E+01 2.229380E+01 3.227249E+02 2.285691E+01 4.234064E+01 5.638209E+01 2.397928E+01 4.680738E+01 2.357247E+02 1.798913E+01 5.136208E+01 5.440271E+01 1.813199E+01 1.997567E+01 2.520991E+01 5.237970E+01   Rank|WRST 8 4 | = 16 | > 5 | = 9 | = 14 | = 6 | = 10 | > 15 | > 1 | = 11 | = 13 | = 2 | = 3 | = 7 | = 12 | >   Min 1.873633E−01 3.572315E−01 1.249089E−01 1.249089E−01 2.498178E−01 1.249089E−01 2.564456E−01 2.047584E+00 3.747266E−01 1.873633E−01 2.312733E−01 1.873633E−01 2.498178E−01 1.873656E−01 2.039666E−01 2.498178E−01   Rank 5 14 1 1 10 1 13 16 15 4 9 5 12 7 8 11   Median 6.954830E+00 5.827775E+00 3.279617E+02 6.829921E+00 1.024488E+01 1.214180E+01 4.128992E+00 2.053719E+01 2.208669E+02 3.727235E+00 1.195443E+01 1.224090E+01 6.892376E+00 7.108762E+00 6.935320E+00 1.518203E+01   Rank 7 3 16 4 9 11 2 14 15 1 10 12 5 8 6 13   (Std Dev) (5.078100E+01) (4.036030E+01) (2.395023E+02) (4.779221E+01) (5.458753E+01) (7.210873E+01) (4.931210E+01) (5.161560E+01) (1.761880E+02) (3.676971E+01) (6.917499E+01) (6.381421E+01) (3.506344E+01) (3.668715E+01) (4.364350E+01) (5.699073E+01) 
 

𝑓11

Mean 0.000000E+00 0.000000E+00 1.649645E+00 8.916615E−15 2.341080E−01 9.754501E−02 0.000000E+00 1.261047E−02 4.682160E−01 0.000000E+00 9.754501E−02 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 2.322778E−12   Rank|WRST 1 1 | = 16 | > 9 | = 14 | > 12 | > 1 | = 11 | > 15 | > 1 | = 12 | > 1 | = 1 | = 1 | = 1 | = 10 | >   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 9.949591E−01 0.000000E+00 6.821210E−12 0.000000E+00 0.000000E+00 2.273737E−13 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 16 1 15 1 1 14 1 1 1 1 1 1 1 1   (Std Dev) (0.000000E+00) (0.000000E+00) (1.403236E+00) (4.457416E−14) (5.831593E−01) (2.988127E−01) (0.000000E+00) (8.691502E−02) (8.289374E−01) (0.000000E+00) (2.988127E−01) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (9.778687E−12) 
 (continued on next page)
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Table 5 (continued).
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓12

Mean 4.964033E+01 7.519600E+00 1.660441E+02 3.550674E−01 3.455840E+02 3.610071E+01 1.889172E+01 7.097868E+01 6.040456E+01 4.751573E+01 2.775240E−01 9.737870E+01 7.377072E+00 1.249746E+02 1.208958E+02 9.695886E+01   Rank|WRST 8 4 | < 15 | > 2 | < 16 | > 6 | = 5 | < 10 | = 9 | = 7 | = 1 | < 12 | > 3 | < 14 | > 13 | > 11 | >   Min 0.000000E+00 0.000000E+00 2.081430E−01 0.000000E+00 2.155275E−09 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 2.081430E−01 0.000000E+00 0.000000E+00   Rank 1 1 16 1 14 1 1 1 1 1 1 1 1 15 1 1   Median 6.244290E−01 2.081430E−01 1.311190E+02 4.162860E−01 3.357861E+02 4.162860E−01 4.162860E−01 1.184383E+02 1.117296E+01 4.162860E−01 2.081430E−01 1.188546E+02 4.162860E−01 1.199460E+02 1.199460E+02 1.186465E+02   Rank 8 1 15 3 16 3 3 10 9 3 1 12 3 13 13 11   (Std Dev) (5.957684E+01) (2.841177E+01) (1.086226E+02) (1.965563E−01) (2.288773E+02) (5.958303E+01) (4.364640E+01) (7.361973E+01) (8.440216E+01) (7.180505E+01) (1.699480E−01) (6.323891E+01) (2.831395E+01) (6.391768E+01) (5.622086E+01) (6.306326E+01)  
 

𝑓13

Mean 3.041294E+00 1.220541E+00 5.460391E+00 2.753991E+00 6.296203E+00 1.133318E+00 2.082659E+00 3.369888E+00 3.919422E+00 2.821461E+00 1.798257E+00 2.855007E+00 2.675177E+00 3.571107E+00 3.283244E+00 3.216348E+00   Rank|WRST 9 2 | < 15 | > 6 | = 16 | > 1 | < 4 | < 12 | = 14 | = 7 | < 3 | < 8 | = 5 | < 13 | = 11 | = 10 | =   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 4.848797E+00 0.000000E+00 5.584124E+00 2.984998E+00 5.394125E+00 0.000000E+00 0.000000E+00 4.837147E+00 4.837137E+00 4.837137E+00 9.949591E−01 4.837137E+00 4.837137E+00 4.837137E+00 4.837137E+00 4.837137E+00   Rank 14 1 16 5 15 1 1 13 6 11 4 6 6 6 6 11   (Std Dev) (2.298823E+00) (2.230234E+00) (2.934247E+00) (2.453717E+00) (5.275616E+00) (2.014145E+00) (2.434335E+00) (2.415042E+00) (3.062651E+00) (2.374440E+00) (2.301775E+00) (2.628001E+00) (2.463978E+00) (2.579440E+00) (2.576186E+00) (2.745803E+00)  
 

𝑓14

Mean 8.916615E−14 4.026548E−02 4.703905E+00 9.754501E−02 2.314575E+00 2.790519E−01 2.316300E−03 1.308691E−01 6.242880E−01 1.950900E−02 5.462520E−01 7.803657E−02 1.950900E−02 1.780838E−01 5.852700E−02 3.060477E−02   Rank|WRST 1 6 | = 16 | > 9 | = 15 | > 12 | = 2 | > 10 | > 14 | > 3 | > 13 | > 8 | = 3 | > 11 | = 7 | > 5 | >   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 2.273737E−13 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 16 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 1.989918E+00 0.000000E+00 9.949591E−01 0.000000E+00 0.000000E+00 8.686856E−06 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 1.473577E−03   Rank 1 1 16 1 15 1 1 13 1 1 1 1 1 1 1 14   (Std Dev) (2.731455E−13) (1.949857E−01) (6.690422E+00) (2.988127E−01) (4.211761E+00) (4.890573E−01) (1.654169E−02) (3.227216E−01) (7.949912E−01) (1.393221E−01) (6.693265E−01) (2.701555E−01) (1.393221E−01) (4.314949E−01) (2.364375E−01) (1.403355E−01)  
 

𝑓15

Mean 2.819035E−01 2.933603E−01 7.552923E−01 2.250374E−01 1.408973E+00 2.952278E−01 2.197507E−01 1.122334E−01 1.577270E−01 2.242307E−01 1.672276E−01 2.938199E−01 2.962381E−01 3.536234E−01 3.505909E−01 1.691387E−01   Rank|WRST 8 9 | = 15 | > 7 | = 16 | > 11 | = 5 | = 1 | < 2 | < 6 | = 3 | < 10 | = 12 | = 14 | = 13 | = 4 | <   Min 8.598258E−07 1.363146E−04 5.139079E−04 6.118832E−05 5.626578E−05 9.712062E−06 1.008165E−05 2.544755E−04 1.986888E−05 8.350027E−06 1.408496E−04 2.667850E−05 2.331843E−05 2.382158E−04 9.586447E−05 8.581266E−05   Rank 1 12 16 9 8 3 4 15 5 2 13 7 6 14 11 10   Median 3.605618E−01 4.562842E−01 8.685167E−01 1.144155E−01 9.990452E−01 4.212695E−01 8.465105E−02 3.442669E−03 2.419312E−02 1.337411E−01 7.870473E−02 3.614674E−01 4.728775E−01 4.845889E−01 4.560105E−01 4.463220E−02   Rank 8 12 15 6 16 10 5 1 2 7 4 9 13 14 11 3   (Std Dev) (2.171615E−01) (2.226478E−01) (6.027543E−01) (2.090546E−01) (1.621567E+00) (2.212608E−01) (2.219524E−01) (1.896592E−01) (2.760559E−01) (2.214774E−01) (1.975931E−01) (2.095976E−01) (2.285279E−01) (2.626682E−01) (2.575960E−01) (2.029228E−01)  
 

𝑓16

Mean 6.476917E−01 5.569690E−01 1.905094E+01 6.165669E−01 6.069666E−01 5.320924E−01 3.730754E−01 5.469523E−01 2.715868E+00 5.799604E−01 4.006588E−01 5.563201E−01 6.790309E−01 7.722996E−01 5.915957E−01 4.019600E−01   Rank|WRST 12 7 | = 16 | = 11 | = 10 | = 4 | = 1 | < 5 | = 15 | > 8 | = 2 | < 6 | = 13 | = 14 | > 9 | = 3 | <   Min 2.424020E−02 2.112935E−02 8.398569E−06 2.096121E−02 2.120478E−01 2.183447E−02 2.634742E−02 5.036377E−02 1.966102E−02 7.919858E−03 2.525964E−02 5.869915E−04 2.017905E−02 2.463487E−01 3.074815E−03 2.229616E−02   Rank 11 8 1 7 15 9 13 14 5 4 12 2 6 16 3 10   Median 6.713523E−01 5.183978E−01 6.626536E−01 6.173719E−01 5.194352E−01 5.194133E−01 3.280927E−01 5.569106E−01 4.357496E−01 5.445646E−01 3.737776E−01 5.153988E−01 7.257239E−01 7.275743E−01 5.541994E−01 4.226392E−01   Rank 14 6 13 12 8 7 1 11 4 9 2 5 15 16 10 3   (Std Dev) (3.124133E−01) (1.536298E−01) (5.137761E+01) (2.895630E−01) (2.438460E−01) (2.190925E−01) (2.312332E−01) (2.268065E−01) (1.656298E+01) (3.185054E−01) (2.515394E−01) (2.594541E−01) (3.118791E−01) (2.653304E−01) (2.412746E−01) (1.508202E−01)  
 

𝑓17

Mean 4.313824E−01 3.270399E−01 2.841459E+00 4.626659E−01 5.003059E−01 2.862283E−01 1.266912E−01 4.992201E−01 5.458306E−01 3.059552E−01 8.960155E−01 4.271686E−01 9.240535E−01 5.291416E−01 2.431858E−01 1.439644E−01   Rank|WRST 8 6 | = 16 | > 9 | = 11 | = 4 | = 1 | < 10 | = 13 | = 5 | = 14 | > 7 | = 15 | > 12 | > 3 | < 2 | <   Min 1.973002E−02 5.832314E−05 0.000000E+00 2.273737E−13 1.973063E−02 1.996043E−02 1.549412E−05 1.949374E−02 0.000000E+00 1.253511E−09 0.000000E+00 9.940077E−03 1.986740E−02 1.022607E−02 1.134776E−05 9.953040E−03   Rank 13 8 1 4 14 16 7 12 1 5 1 9 15 11 6 10   Median 3.319102E−01 3.344988E−01 1.326862E+00 3.806994E−01 3.740054E−01 3.221084E−01 5.070837E−02 4.745151E−01 3.319026E−01 3.435452E−01 4.338850E−01 3.319121E−01 7.801547E−01 5.093399E−02 1.239700E−01 4.679122E−02   Rank 7 9 16 12 11 5 2 14 6 10 13 8 15 3 4 1   (Std Dev) (3.958412E−01) (3.091278E−01) (4.659225E+00) (3.752354E−01) (4.448303E−01) (2.782194E−01) (1.939094E−01) (2.522496E−01) (4.959713E−01) (2.206707E−01) (8.930046E−01) (3.791402E−01) (6.090275E−01) (2.804709E+00) (2.708295E−01) (1.497166E−01)  
 

𝑓18

Mean 2.478499E−01 3.486445E−01 4.475587E+00 2.091781E−01 1.101461E+01 1.805116E−01 2.541998E−01 1.579290E−01 3.814532E−01 3.515669E−01 2.408408E−01 1.577172E+00 2.162198E−01 3.118872E+00 1.889747E+00 7.640714E−01   Rank|WRST 6 8 | > 15 | > 3 | = 16 | > 2 | < 7 | = 1 | < 10 | = 9 | > 5 | = 12 | > 4 | = 14 | > 13 | > 11 | >   Min 2.449943E−04 1.327601E−04 5.355104E−03 1.424963E−06 4.002224E−03 8.163040E−05 1.465116E−04 1.964230E−04 2.026975E−04 2.810185E−06 6.299531E−05 2.082394E−03 1.842814E−05 9.360609E−03 1.385072E−04 1.341039E−03   Rank 11 6 15 1 14 5 8 9 10 2 4 13 3 16 7 12   Median 2.168247E−01 3.979327E−01 1.078920E+00 1.331217E−01 5.349017E+00 4.017935E−02 2.375160E−01 3.138596E−02 3.501918E−01 4.692521E−01 1.694147E−01 4.811755E−01 1.729675E−01 4.708483E−01 4.243143E−01 4.069940E−01   Rank 6 9 15 3 16 2 7 1 8 12 4 14 5 13 11 10   (Std Dev) (1.673183E−01) (1.647074E−01) (7.497402E+00) (2.105852E−01) (1.038704E+01) (2.535855E−01) (1.800833E−01) (1.961989E−01) (4.205829E−01) (1.870315E−01) (2.193080E−01) (4.702988E+00) (2.038271E−01) (6.859428E+00) (5.349408E+00) (2.759906E+00)  
 

𝑓19

Mean 3.656492E−02 3.108803E−02 3.127999E−01 1.527248E−02 4.106978E−01 1.253067E−02 5.822527E−03 5.378097E−02 2.051492E−02 1.055859E−02 1.753757E−02 8.352538E−02 1.318940E−02 2.720370E−01 1.553484E−02 1.886361E−02   Rank|WRST 11 10 | = 15 | > 5 | < 16 | > 3 | < 1 | < 12 | > 9 | < 2 | < 7 | < 13 | = 4 | < 14 | > 6 | < 8 | =   Min 2.273737E−13 0.000000E+00 9.504220E−11 0.000000E+00 2.032491E−03 0.000000E+00 0.000000E+00 5.809552E−03 0.000000E+00 0.000000E+00 0.000000E+00 2.273737E−13 0.000000E+00 0.000000E+00 0.000000E+00 6.796222E−08   Rank 11 1 13 1 15 1 1 16 1 1 1 12 1 1 1 14   Median 1.972935E−02 2.133088E−02 9.834920E−02 1.943182E−02 3.986119E−02 9.956175E−03 3.677794E−06 3.613172E−02 1.943182E−02 2.273737E−13 1.943182E−02 1.972952E−02 1.943182E−02 5.928193E−02 1.972934E−02 1.978171E−02   Rank 9 12 16 4 14 3 2 13 4 1 4 10 4 15 8 11   (Std Dev) (3.731367E−02) (2.343968E−02) (5.532130E−01) (9.845383E−03) (6.286194E−01) (1.399900E−02) (1.307525E−02) (5.240548E−02) (2.676347E−02) (1.281736E−02) (1.832430E−02) (2.489648E−01) (9.438711E−03) (4.252227E−01) (2.422903E−02) (1.188561E−02)  
 

𝑓20

Mean 2.554025E+00 0.000000E+00 5.537645E−01 4.674911E−01 1.690693E−01 2.448418E−02 0.000000E+00 4.284731E−02 6.847735E−02 3.795047E−01 3.787213E−02 1.175089E+00 5.019256E−01 3.378033E−01 2.142365E−01 1.775103E−01   Rank|WRST 16 1 | < 14 | = 12 | < 7 | = 3 | < 1 | < 5 | < 6 | < 11 | = 4 | < 15 | = 13 | < 10 | = 9 | < 8 | <   Min 2.273737E−13 0.000000E+00 0.000000E+00 0.000000E+00 1.136868E−12 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 3.121733E−01 0.000000E+00 0.000000E+00 0.000000E+00   Rank 14 1 1 1 15 1 1 1 1 1 1 1 16 1 1 1   Median 2.196013E−01 0.000000E+00 3.121733E−01 3.121733E−01 2.446255E−06 0.000000E+00 0.000000E+00 2.273737E−13 0.000000E+00 3.121733E−01 0.000000E+00 3.121733E−01 6.243465E−01 3.121733E−01 3.121733E−01 3.121733E−01   Rank 8 1 9 9 7 1 1 6 1 9 1 9 16 9 9 9   (Std Dev) (6.514139E+00) (0.000000E+00) (6.452655E−01) (2.614298E−01) (2.960794E−01) (8.476265E−02) (0.000000E+00) (1.084928E−01) (1.749522E−01) (1.568803E−01) (1.555089E−01) (3.961897E+00) (1.539294E−01) (1.810308E−01) (2.116359E−01) (1.681673E−01)  
 

𝑓21

Mean 1.613166E+02 1.528071E+02 1.222951E+02 1.304070E+02 1.422322E+02 1.485667E+02 1.547326E+02 1.366316E+02 1.889091E+02 1.542308E+02 1.246645E+02 1.296161E+02 1.441527E+02 1.015342E+02 1.424313E+02 1.160578E+02   Rank|WRST 15 12 | = 3 | < 6 | < 8 | = 11 | = 14 | = 7 | = 16 | > 13 | = 4 | < 5 | < 10 | = 1 | < 9 | = 2 | <   Min 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 2.000000000002501E+02 2.000015125610944E+02 1.000000000000005E+02 1.000000000000000E+02 1.000000003860687E+02 1.000000000000005E+02 2.019569192815870E+02 1.000000000000000E+02 2.068471125457249E+02 2.000000000000005E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000146E+02 1.000000000350428E+02   Rank 13 14 7 1 11 7 15 1 16 12 1 1 1 1 9 10   (Std Dev) (4.964141E+01) (5.126851E+01) (3.910171E+01) (4.757917E+01) (5.098054E+01) (5.203318E+01) (5.213119E+01) (5.009522E+01) (4.163382E+01) (5.164378E+01) (4.491371E+01) (4.634083E+01) (5.120311E+01) (4.845143E+00) (5.122136E+01) (3.747936E+01)  
 

𝑓22

Mean 1.000000E+02 1.000000E+02 9.405117E+01 9.868001E+01 1.000056E+02 1.000000E+02 1.000293E+02 9.803922E+01 9.621646E+01 1.000000E+02 1.000271E+02 9.838993E+01 1.000000E+02 1.000440E+02 9.829655E+01 1.000000E+02   Rank|WRST 7 11 | = 1 | < 6 | < 13 | = 9 | = 15 | > 3 | = 2 | < 12 | > 14 | > 5 | = 7 | = 16 | > 4 | = 9 | =   Min 1.000000E+02 1.000000E+02 1.156306E+01 3.204590E+01 1.000000E+02 1.000000E+02 1.000000E+02 0.000000E+00 0.000000E+00 1.000000E+02 1.000000E+02 1.788655E+01 1.000000E+02 1.000000E+02 1.156306E+01 1.000000E+02   Rank 7 7 3 6 7 7 7 1 1 7 7 5 7 7 3 7   Median 1.000000000000000E+02 1.000000000000000E+02 1.003478877071198E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000005E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000000E+02  Rank 1 1 16 1 1 1 1 1 1 1 15 1 1 1 1 1   (Std Dev) (6.431099E−14) (1.236753E−13) (2.263349E+01) (9.517459E+00) (4.010078E−02) (8.922335E−14) (9.006549E−02) (1.400280E+01) (1.963304E+01) (2.001663E−13) (9.459435E−02) (1.149818E+01) (0.000000E+00) (1.124472E−01) (1.238838E+01) (8.922335E−14)  
 (continued on next page)
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Table 5 (continued).
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓23

Mean 3.003402E+02 3.003114E+02 3.022114E+02 3.012348E+02 3.005994E+02 3.020899E+02 3.003698E+02 3.021258E+02 3.061492E+02 3.005705E+02 3.021735E+02 3.002896E+02 3.007122E+02 3.023727E+02 3.019945E+02 3.003835E+02   Rank|WRST 3 2 | = 14 | > 9 | = 7 | > 11 | = 4 | > 12 | > 16 | > 6 | > 13 | = 1 | < 8 | > 15 | > 10 | > 5 | >   Min 3.000000000000000E+02 3.000000000000000E+02 5.734364094678313E−10 3.000000000000000E+02 3.000000000016485E+02 3.000000000000000E+02 3.000000000000000E+02 3.000000000011564E+02 3.000000000000000E+02 3.000000000000000E+02 3.000000000000000E+02 3.000000000000010E+02 3.000000000000000E+02 3.000007499549838E+02 3.000000000000000E+02 3.000000000180480E+02  Rank 2 2 1 2 14 2 2 13 2 2 2 12 2 16 2 15   Median 3.000000000226455E+02 3.000000000000009E+02 3.078519634703780E+02 3.000000000000005E+02 3.000000038244475E+02 3.000000000000000E+02 3.000000000000000E+02 3.028816322924390E+02 3.061760560906860E+02 3.000000000000005E+02 3.028816322924390E+02 3.000000001209930E+02 3.000000000000000E+02 3.029168639071377E+02 3.027421489824137E+02 3.000000003378182E+02  Rank 7 6 16 4 10 1 1 12 15 4 12 8 1 14 11 9   (Std Dev) (9.410915E−01) (9.407420E−01) (4.330994E+01) (1.764988E+00) (1.156692E+00) (2.451312E+00) (9.769924E−01) (1.835887E+00) (2.022546E+00) (1.267252E+00) (2.130610E+00) (8.877599E−01) (1.531694E+00) (1.557995E+00) (1.521245E+00) (9.724851E−01)  
 

𝑓24

Mean 2.082277E+02 2.765393E+02 2.648205E+02 2.984700E+02 2.819150E+02 2.788735E+02 3.166121E+02 2.717716E+02 3.209798E+02 2.986955E+02 2.597246E+02 1.917565E+02 2.889927E+02 2.477332E+02 2.868187E+02 1.312642E+02   Rank|WRST 3 8 | > 6 | > 13 | > 10 | > 9 | > 15 | > 7 | > 16 | > 14 | > 5 | > 2 | = 12 | > 4 | > 11 | > 1 | =   Min 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 1.000000E+02 0.000000E+00 1.000000E+02 1.000000E+02 1.000000E+02 0.000000E+00 0.000000E+00 1.893608E+01   Rank 5 5 5 5 5 5 5 5 5 1 5 5 5 1 1 4   Median 2.000000E+02 3.260563E+02 3.339125E+02 3.295641E+02 3.267351E+02 3.285885E+02 3.279200E+02 3.283203E+02 3.345865E+02 3.285885E+02 3.279200E+02 1.000000E+02 3.295443E+02 3.293920E+02 3.293909E+02 1.000000E+02   Rank 3 4 15 14 5 9 6 8 16 10 6 1 13 12 11 2   (Std Dev) (1.110952E+02) (9.253313E+01) (1.083607E+02) (7.996861E+01) (9.082852E+01) (9.482702E+01) (4.490204E+01) (9.894160E+01) (5.588067E+01) (8.068822E+01) (1.043739E+02) (1.034602E+02) (8.837569E+01) (1.099204E+02) (9.350252E+01) (7.762802E+01)  
 

𝑓25

Mean 4.140219E+02 4.148915E+02 4.163976E+02 4.059684E+02 4.223130E+02 4.211554E+02 4.166201E+02 4.169440E+02 4.162836E+02 4.166170E+02 4.095312E+02 4.104334E+02 4.122074E+02 4.203669E+02 4.229795E+02 4.213377E+02   Rank|WRST 5 6 | = 8 | > 1 | = 15 | > 13 | = 10 | = 11 | = 7 | > 9 | = 2 | = 3 | = 4 | = 12 | > 16 | = 14 | =   Min 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02 3.977429E+02   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 3.980320E+02 3.980320E+02 3.995850E+02 3.980090E+02 4.433300E+02 4.433300E+02 3.980358E+02 3.980358E+02 3.980965E+02 3.980090E+02 3.980090E+02 3.980090E+02 3.980090E+02 3.980475E+02 4.433300E+02 4.433300E+02   Rank 6 6 12 1 16 13 8 8 11 1 1 1 1 10 13 15   (Std Dev) (2.188286E+01) (2.225281E+01) (2.284731E+01) (1.747832E+01) (2.266050E+01) (2.287719E+01) (2.258160E+01) (2.292557E+01) (2.281794E+01) (2.258581E+01) (2.008970E+01) (2.045025E+01) (2.126861E+01) (2.306887E+01) (2.288731E+01) (2.267233E+01)  
 

𝑓26

Mean 2.607843E+02 3.000000E+02 2.980392E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 2.686275E+02 3.000000E+02 3.000000E+02 3.000000E+02 2.901961E+02   Rank|WRST 1 5 | > 4 | > 5 | > 5 | > 5 | > 5 | > 5 | > 5 | > 5 | > 5 | > 2 | = 5 | > 5 | > 5 | > 3 | >   Min 2.000000E+02 3.000000E+02 2.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 2.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 2.000000E+02   Rank 1 5 4 5 5 5 5 5 5 5 5 1 5 5 5 1   Median 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02   Rank 1 1 16 1 1 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (4.930895E+01) (0.000000E+00) (1.400280E+01) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (4.686233E+01) (0.000000E+00) (0.000000E+00) (0.000000E+00) (3.003266E+01)  
 

𝑓27

Mean 3.822898E+02 3.930933E+02 3.930585E+02 3.893974E+02 3.792648E+02 3.934836E+02 3.934850E+02 3.896041E+02 3.910275E+02 3.892547E+02 3.908465E+02 3.894973E+02 3.894677E+02 3.894714E+02 3.889246E+02 3.919140E+02   Rank|WRST 2 14 | > 13 | > 5 | > 1 | < 15 | > 16 | > 9 | > 11 | > 4 | > 10 | > 8 | > 6 | > 7 | > 3 | > 12 | >   Min 3.714013E+02 3.859203E+02 3.873236E+02 3.890055E+02 3.740355E+02 3.893081E+02 3.895180E+02 3.873236E+02 3.868892E+02 3.884066E+02 3.873236E+02 3.778799E+02 3.890055E+02 3.890055E+02 3.884065E+02 3.895180E+02   Rank 1 4 8 11 2 14 15 6 5 10 6 3 11 11 9 15   Median 3.834381E+02 3.938188E+02 3.934349E+02 3.895180E+02 3.785752E+02 3.938188E+02 3.938188E+02 3.895180E+02 3.895180E+02 3.886055E+02 3.895180E+02 3.886507E+02 3.895180E+02 3.895180E+02 3.886526E+02 3.907519E+02   Rank 2 14 13 6 1 14 14 6 6 3 6 4 6 6 5 12   (Std Dev) (6.544608E+00) (1.894525E+00) (7.188630E+00) (2.195412E−01) (3.186310E+00) (1.396241E+00) (1.364006E+00) (9.894431E−01) (2.174344E+00) (1.740856E+00) (2.205434E+00) (3.871185E+00) (1.539065E−01) (1.573376E−01) (6.832904E−01) (2.568587E+00)  
 

𝑓28

Mean 3.113258E+02 3.179875E+02 3.817222E+02 3.113588E+02 3.240575E+02 3.322903E+02 3.222545E+02 3.811929E+02 3.341637E+02 3.835593E+02 3.111273E+02 3.111114E+02 3.122283E+02 3.022692E+02 3.507219E+02 3.097814E+02   Rank|WRST 5 8 | = 15 | > 6 | = 10 | = 11 | = 9 | = 14 | = 12 | = 16 | > 4 | < 3 | = 7 | > 1 | < 13 | = 2 | =   Min 3.000000E+02 3.000000E+02 3.000000E+02 0.000000E+00 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 0.000000E+00 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02   Rank 3 3 3 1 3 3 3 3 1 3 3 3 3 3 3 3   Median 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02 3.000000E+02   Rank 1 1 16 1 1 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (4.134795E+01) (6.287158E+01) (1.344463E+02) (8.266426E+01) (6.665116E+01) (9.012252E+01) (7.704375E+01) (1.335103E+02) (1.120254E+02) (1.274957E+02) (5.562519E+01) (4.063201E+01) (6.112930E+01) (1.620515E+01) (1.033613E+02) (4.449828E+01)  
 

𝑓29

Mean 2.356641E+02 2.364542E+02 2.553110E+02 2.330344E+02 2.304385E+02 2.376740E+02 2.320580E+02 2.391211E+02 2.382094E+02 2.319208E+02 2.323626E+02 2.303257E+02 2.340882E+02 2.312181E+02 2.290101E+02 2.330503E+02   Rank|WRST 11 12 | = 16 | > 8 | < 3 | < 13 | > 6 | < 15 | > 14 | = 5 | < 7 | < 2 | < 10 | = 4 | < 1 | < 9 | <   Min 2.279653E+02 2.268124E+02 2.332292E+02 2.272277E+02 2.269690E+02 2.272614E+02 2.278198E+02 2.298194E+02 2.277691E+02 2.273170E+02 2.264994E+02 2.271220E+02 2.276472E+02 2.264655E+02 2.261464E+02 2.281970E+02   Rank 13 4 16 7 5 8 12 15 11 9 3 6 10 2 1 14   Median 2.351392E+02 2.348127E+02 2.498563E+02 2.330127E+02 2.298468E+02 2.373715E+02 2.319682E+02 2.383664E+02 2.358813E+02 2.318508E+02 2.321710E+02 2.300364E+02 2.341604E+02 2.310657E+02 2.286223E+02 2.331392E+02   Rank 12 11 16 8 2 14 6 15 13 5 7 3 10 4 1 9   (Std Dev) (5.046184E+00) (5.431718E+00) (1.738958E+01) (2.860635E+00) (2.252521E+00) (5.019951E+00) (2.484367E+00) (5.148661E+00) (7.709099E+00) (2.441822E+00) (3.959824E+00) (2.182627E+00) (3.325909E+00) (2.551876E+00) (2.033196E+00) (2.926879E+00)  
 

𝑓30

Mean 4.004207E+02 3.948567E+02 6.453796E+04 3.945301E+02 5.787871E+02 3.944851E+02 1.642054E+04 1.643906E+04 3.248227E+04 7.340135E+03 3.945043E+02 3.807569E+02 3.945159E+02 4.849186E+04 2.955276E+04 4.039851E+02   Rank|WRST 7 6 | = 16 | > 5 | = 9 | > 2 | = 11 | = 12 | > 14 | > 10 | = 3 | = 1 | < 4 | = 15 | > 13 | > 8 | >   Min 3.028194E+02 3.945008E+02 3.945008E+02 3.945008E+02 3.791999E+02 3.932045E+02 3.945008E+02 3.945008E+02 3.945411E+02 3.941866E+02 3.945008E+02 2.545542E+02 3.945008E+02 3.945008E+02 3.940298E+02 3.945008E+02   Rank 2 7 15 7 3 4 7 14 16 6 7 1 7 7 5 13   Median 3.945080E+02 3.946575E+02 4.089906E+02 3.945142E+02 4.314690E+02 3.945142E+02 3.945008E+02 4.074356E+02 4.185557E+02 3.945062E+02 3.945008E+02 3.937787E+02 3.945008E+02 4.426598E+02 3.945131E+02 4.074356E+02   Rank 6 10 13 8 15 9 3 12 14 5 3 1 2 16 7 11   (Std Dev) (2.005847E+01) (1.802958E+00) (2.218704E+05) (5.739721E−02) (9.572885E+02) (2.032071E−01) (1.144282E+05) (1.144255E+05) (1.601916E+05) (4.952873E+04) (6.795748E−03) (4.081873E+01) (3.997189E−02) (1.941847E+05) (1.097213E+05) (1.307490E+01)  
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Performance of DE Variants on 30D CEC2017 Benchmarks (51 Runs): Statistical Results and Wilcoxon Tests.
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓1

Mean 2.229154E−15 0.000000E+00 1.532543E−14 1.365357E−14 1.226035E−14 0.000000E+00 2.786442E−16 5.015596E−15 8.359326E−16 2.786442E−16 0.000000E+00 5.851528E−15 0.000000E+00 0.000000E+00 0.000000E+00 6.687461E−15   Rank|WRST 10 1 | < 16 | > 15 | > 14 | > 1 | < 7 | < 11 | > 9 | = 7 | < 1 | < 12 | > 1 | < 1 | < 1 | < 13 | >   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 1.421085E−14 1.421085E−14 1.421085E−14 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 14 14 14 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (5.219505E−15) (0.000000E+00) (4.792356E−15) (2.785885E−15) (4.938846E−15) (0.000000E+00) (1.989918E−15) (6.858724E−15) (3.377002E−15) (1.989918E−15) (0.000000E+00) (7.063507E−15) (0.000000E+00) (0.000000E+00) (0.000000E+00) (7.163704E−15)  
 

𝑓2

Mean 1.114577E−15 2.229154E−15 1.803303E+14 0.000000E+00 4.625494E−13 0.000000E+00 1.114577E−15 1.960784E−02 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 5.572884E−15 0.000000E+00 1.097301E−12   Rank|WRST 9 11 | = 16 | > 1 | = 13 | > 1 | = 9 | = 15 | = 1 | = 1 | = 1 | = 1 | = 1 | = 12 | > 1 | = 14 | >   Min 0.000000E+00 0.000000E+00 2.842171E−14 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 16 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 6.420464E−11 0.000000E+00 5.684342E−14 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 8.526513E−14   Rank 1 1 16 1 14 1 1 1 1 1 1 1 1 1 1 15   (Std Dev) (5.571770E−15) (7.717187E−15) (6.753790E+14) (0.000000E+00) (1.840078E−12) (0.000000E+00) (5.571770E−15) (1.400280E−01) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (1.139651E−14) (0.000000E+00) (6.007231E−12)  
 

𝑓3

Mean 3.120815E−14 1.114577E−15 2.434343E+04 1.304055E−13 9.473903E−14 2.006238E−14 1.114577E−15 5.795800E−14 1.437804E−13 2.340611E−14 1.114577E−15 3.232273E−14 2.229154E−15 0.000000E+00 0.000000E+00 6.130173E−14   Rank|WRST 9 3 | < 16 | > 14 | > 13 | > 7 | < 3 | < 11 | > 15 | > 8 | = 3 | < 10 | = 6 | < 1 | < 1 | < 12 | >   Min 0.000000E+00 0.000000E+00 5.684342E−14 5.684342E−14 5.684342E−14 0.000000E+00 0.000000E+00 0.000000E+00 5.684342E−14 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 13 13 13 1 1 1 13 1 1 1 1 1 1 1   Median 5.684342E−14 0.000000E+00 3.124495E−05 1.136868E−13 1.136868E−13 0.000000E+00 0.000000E+00 5.684342E−14 1.136868E−13 0.000000E+00 0.000000E+00 5.684342E−14 0.000000E+00 0.000000E+00 0.000000E+00 5.684342E−14   Rank 9 1 16 13 13 1 1 9 13 1 1 9 1 1 1 9   (Std Dev) (2.856624E−14) (7.959671E−15) (2.929077E+04) (4.727803E−14) (3.534667E−14) (2.743490E−14) (7.959671E−15) (1.387816E−14) (6.948204E−14) (2.825403E−14) (7.959671E−15) (2.843285E−14) (1.114354E−14) (0.000000E+00) (0.000000E+00) (2.748104E−14)  
 

𝑓4

Mean 4.016767E+01 5.746947E+01 3.485811E+01 5.867050E+01 7.824186E+00 6.289654E+00 5.877943E+01 3.586666E+01 5.577039E+01 4.534650E+01 5.656122E+01 5.112814E+00 5.856156E+01 5.856156E+01 4.235326E+01 5.680972E+01   Rank|WRST 6 12 | > 4 | = 15 | > 3 | < 2 | < 16 | > 5 | = 9 | > 8 | > 10 | > 1 | < 13 | > 13 | > 7 | = 11 | >   Min 5.775291E−11 4.890620E−08 8.526513E−13 5.856156E+01 1.136868E−13 0.000000E+00 5.856156E+01 0.000000E+00 5.684342E−14 2.821679E+01 4.171534E−04 5.684342E−14 5.856156E+01 5.856156E+01 3.673226E+01 5.684342E−14   Rank 8 9 7 13 6 1 13 1 3 11 10 3 13 13 12 3   Median 4.096511594272357E+01 5.856155730238521E+01 5.856155730238527E+01 5.856155730238521E+01 3.986623854301172E+00 3.986623854300944E+00 5.856155730238521E+01 5.856155730238515E+01 5.856155730238521E+01 4.523810909629447E+01 5.856155730238515E+01 1.578541741764639E−10 5.856155730238515E+01 5.856155730238515E+01 4.201482192242088E+01 5.856155730238521E+01  Rank 4 11 16 11 3 2 11 7 11 6 7 1 7 7 5 11   (Std Dev) (9.918677E+00) (8.519133E+00) (2.979797E+01) (7.779729E−01) (1.483199E+01) (1.379033E+01) (1.089162E+00) (2.927125E+01) (1.419595E+01) (7.253999E+00) (1.119349E+01) (8.099675E+00) (0.000000E+00) (1.136868E−14) (2.679495E+00) (1.171045E+01)  
 

𝑓5

Mean 3.706710E−01 1.187136E+01 5.483881E+01 7.082189E+00 1.589562E+01 7.771264E+00 7.624748E+00 1.399071E+01 2.940004E+01 8.198606E+00 7.441523E+00 2.028936E+00 7.123087E+00 3.675150E+00 1.205788E+01 2.542986E+00   Rank|WRST 1 11 | > 16 | > 5 | > 14 | > 9 | > 8 | > 13 | > 15 | > 10 | > 7 | > 2 | > 6 | > 4 | > 12 | > 3 | >   Min 1.705303E−13 6.329525E+00 2.188909E+01 2.984877E+00 9.949591E+00 1.990611E+00 4.328089E+00 6.967565E+00 1.591934E+01 2.984877E+00 4.129679E+00 5.684342E−14 1.656684E+00 9.949591E−01 4.237360E+00 1.250555E−11   Rank 2 12 16 7 14 6 11 13 15 8 9 1 5 4 10 3   Median 2.438583E−11 1.206699E+01 4.676301E+01 6.964713E+00 1.591934E+01 7.046633E+00 7.530727E+00 1.392943E+01 2.885379E+01 7.974216E+00 7.375580E+00 1.989918E+00 7.126535E+00 3.026755E+00 1.223991E+01 1.989918E+00   Rank 1 11 16 5 14 6 9 13 15 10 8 2 7 4 12 3   (Std Dev) (5.956734E−01) (2.426127E+00) (3.532061E+01) (2.368378E+00) (3.598065E+00) (2.289540E+00) (1.294506E+00) (2.899925E+00) (6.810372E+00) (1.932723E+00) (2.029680E+00) (1.273560E+00) (2.366007E+00) (1.994688E+00) (2.761196E+00) (1.553709E+00)  
 

𝑓6

Mean 9.393854E−09 1.114577E−13 1.736477E−03 1.737465E−07 2.683912E−09 1.136868E−13 1.533695E−06 2.668359E−07 1.159160E−13 5.367706E−09 1.136868E−13 2.543241E−11 2.683908E−09 2.897900E−14 2.845859E−08 1.136868E−13   Rank|WRST 11 2 | < 16 | > 13 | = 9 | < 3 | < 15 | > 14 | = 6 | < 10 | < 3 | < 7 | = 8 | < 1 | < 12 | > 3 | <   Min 1.136868E−13 0.000000E+00 2.755305E−05 1.136868E−13 1.136868E−13 1.136868E−13 0.000000E+00 0.000000E+00 1.136868E−13 1.136868E−13 1.136868E−13 1.136868E−13 1.136868E−13 0.000000E+00 0.000000E+00 1.136868E−13   Rank 6 1 16 6 6 6 1 1 6 6 6 6 6 1 1 6   Median 2.273737E−13 1.136868E−13 7.309458E−04 2.273737E−13 1.136868E−13 1.136868E−13 1.136868E−13 1.136868E−13 1.136868E−13 1.136868E−13 1.136868E−13 1.136868E−13 1.136868E−13 0.000000E+00 0.000000E+00 1.136868E−13   Rank 14 3 16 14 3 3 3 3 3 3 3 3 3 1 1 3   (Std Dev) (3.287780E−08) (1.591934E−14) (4.297388E−03) (6.792365E−07) (1.916612E−08) (0.000000E+00) (1.088929E−05) (9.859738E−07) (1.591934E−14) (2.683257E−08) (0.000000E+00) (1.796120E−10) (1.916612E−08) (5.003842E−14) (8.659533E−08) (0.000000E+00)  
 

𝑓7

Mean 3.268249E+01 4.004309E+01 8.808630E+01 3.771430E+01 5.041501E+01 3.712031E+01 3.792724E+01 4.297659E+01 5.940528E+01 3.938510E+01 3.697704E+01 3.262365E+01 3.867589E+01 3.373732E+01 4.272454E+01 3.356428E+01   Rank|WRST 2 11 | > 16 | > 7 | > 14 | > 6 | > 8 | > 13 | > 15 | > 10 | > 5 | > 1 | = 9 | > 4 | > 12 | > 3 | >   Min 3.173141E+01 3.547046E+01 5.102552E+01 3.444649E+01 3.960477E+01 3.342080E+01 3.404400E+01 3.713409E+01 4.743022E+01 3.545904E+01 3.503534E+01 3.194098E+01 3.406149E+01 3.223004E+01 3.779008E+01 3.210330E+01   Rank 1 11 16 8 14 5 6 12 15 10 9 2 7 4 13 3   Median 3.259905E+01 4.036100E+01 7.107397E+01 3.770453E+01 4.989302E+01 3.656008E+01 3.793122E+01 4.282250E+01 5.965803E+01 3.935982E+01 3.693432E+01 3.254524E+01 3.868632E+01 3.365729E+01 4.280757E+01 3.327210E+01   Rank 2 11 16 7 14 5 8 13 15 10 6 1 9 4 12 3   (Std Dev) (5.312711E−01) (1.975217E+00) (4.778386E+01) (1.611769E+00) (5.380553E+00) (2.252213E+00) (1.528504E+00) (3.011015E+00) (6.630372E+00) (1.831712E+00) (1.044018E+00) (4.634420E−01) (1.877244E+00) (9.390816E−01) (2.547888E+00) (8.801443E−01)  
 

𝑓8

Mean 4.096890E−01 1.280166E+01 5.181221E+01 7.277282E+00 1.539606E+01 8.689311E+00 7.921334E+00 1.545324E+01 2.934151E+01 8.579576E+00 7.327162E+00 1.775319E+00 7.367943E+00 3.164020E+00 1.295058E+01 3.088822E+00   Rank|WRST 1 11 | > 16 | > 5 | > 13 | > 10 | > 8 | > 14 | > 15 | > 9 | > 6 | > 2 | > 7 | > 4 | > 12 | > 3 | >   Min 1.136868E−13 7.959672E+00 2.586893E+01 1.989918E+00 8.954632E+00 4.832344E+00 4.057132E+00 7.959672E+00 1.691430E+01 2.984897E+00 3.235208E+00 1.136868E−13 2.986648E+00 0.000000E+00 7.275327E+00 2.842171E−12   Rank 3 12 16 5 14 10 9 13 15 6 8 2 7 1 11 4   Median 4.888534E−12 1.247832E+01 4.278318E+01 6.964731E+00 1.492439E+01 7.997784E+00 8.054688E+00 1.591934E+01 2.984873E+01 8.954897E+00 7.180513E+00 1.989918E+00 7.175767E+00 2.984877E+00 1.311082E+01 2.984877E+00   Rank 1 11 16 5 13 8 9 14 15 10 7 2 6 3 12 4   (Std Dev) (6.652541E−01) (2.237200E+00) (3.103383E+01) (2.202483E+00) (3.216562E+00) (2.053262E+00) (1.571904E+00) (3.059863E+00) (6.740413E+00) (1.862771E+00) (1.675306E+00) (1.182516E+00) (2.124397E+00) (1.392811E+00) (2.565918E+00) (1.945845E+00)  
 

𝑓9

Mean 0.000000E+00 0.000000E+00 3.960525E−01 4.458307E−15 8.916615E−15 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank|WRST 1 1 | = 16 | > 14 | = 15 | > 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | = 1 | =   Min 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 1.790565E−01 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 16 1 1 1 1 1 1 1 1 1 1 1 1 1   (Std Dev) (0.000000E+00) (0.000000E+00) (4.631560E−01) (2.228708E−14) (3.086875E−14) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00) (0.000000E+00)  
 

𝑓10

Mean 9.214468E+02 1.451591E+03 4.135555E+03 1.404374E+03 1.505911E+03 1.379994E+03 1.490175E+03 1.660320E+03 1.473768E+03 1.479485E+03 1.631525E+03 1.772982E+03 1.849202E+03 1.430526E+03 1.428879E+03 1.438125E+03   Rank|WRST 1 7 | > 16 | > 3 | > 11 | > 2 | > 10 | > 13 | > 8 | > 9 | > 12 | > 14 | > 15 | > 5 | > 4 | > 6 | >   Min 5.203947E+02 7.615195E+02 1.432994E+03 8.895770E+02 1.001301E+03 8.258709E+02 8.557000E+02 1.010826E+03 7.518446E+02 9.165212E+02 9.840741E+02 5.460853E+02 1.261955E+03 7.705812E+02 9.796792E+02 4.342189E+02   Rank 2 5 16 9 13 7 8 14 4 10 12 3 15 6 11 1   Median 9.182203E+02 1.445245E+03 3.472113E+03 1.442366E+03 1.516277E+03 1.399991E+03 1.496169E+03 1.680667E+03 1.531110E+03 1.491384E+03 1.661090E+03 1.779853E+03 1.889342E+03 1.454391E+03 1.425384E+03 1.470863E+03   Rank 1 5 16 4 10 2 9 13 11 8 12 14 15 6 3 7   (Std Dev) (2.443500E+02) (2.399547E+02) (1.645599E+03) (2.550748E+02) (2.313877E+02) (2.258797E+02) (1.934742E+02) (2.139547E+02) (3.787718E+02) (2.329189E+02) (2.540019E+02) (4.159115E+02) (2.110560E+02) (3.465462E+02) (2.319299E+02) (2.559280E+02)  
 (continued on next page)
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Table 6 (continued).
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓11

Mean 3.592509E+00 4.613012E+00 3.681989E+01 3.717569E+00 4.316641E+01 1.518557E+01 4.426671E+00 2.049763E+01 1.093834E+01 7.044184E+00 6.387438E+00 5.733354E+00 1.628814E+00 1.909478E+01 1.800660E+01 8.749727E+00   Rank|WRST 2 5 | > 15 | > 3 | > 16 | > 11 | > 4 | > 14 | > 10 | > 8 | > 7 | > 6 | > 1 | = 13 | > 12 | > 9 | >   Min 0.000000E+00 4.547474E−13 9.949586E+00 9.692940E−10 2.487393E+01 1.574406E+00 8.835793E−01 1.989918E+00 2.984877E+00 4.547474E−13 6.366463E−12 2.517027E−10 0.000000E+00 0.000000E+00 1.364290E+00 1.955414E−11   Rank 1 4 15 9 16 12 10 13 14 4 6 8 1 1 11 7   Median 9.949591E−01 2.984877E+00 2.785879E+01 1.990318E+00 3.980501E+01 8.954626E+00 2.394985E+00 1.194629E+01 8.954632E+00 1.989918E+00 2.984877E+00 3.979836E+00 9.949591E−01 5.976539E+00 4.409534E+00 2.984877E+00   Rank 1 6 15 4 16 12 5 14 13 3 8 9 2 11 10 7   (Std Dev) (8.639686E+00) (8.772519E+00) (2.780964E+01) (8.343573E+00) (1.557756E+01) (1.454782E+01) (8.506187E+00) (2.114932E+01) (1.173040E+01) (1.452796E+01) (1.208871E+01) (9.427726E+00) (1.871472E+00) (2.601501E+01) (2.299363E+01) (1.810388E+01) 
 

𝑓12

Mean 3.114679E+02 9.459603E+01 1.183857E+03 6.970734E+01 1.244648E+03 4.666752E+02 1.667638E+01 1.183196E+03 1.923020E+02 1.412450E+02 4.669630E+02 4.348432E+02 1.391699E+02 5.138575E+02 3.659626E+02 4.776311E+02   Rank|WRST 7 3 | < 15 | > 2 | < 16 | > 10 | > 1 | < 14 | > 6 | < 5 | < 11 | > 9 | > 4 | < 13 | > 8 | = 12 | >   Min 1.124432E+01 4.163614E−01 4.760671E+02 6.954192E−01 5.612224E+02 7.449948E+00 2.086245E−01 4.702344E+02 3.935786E+00 3.794370E+00 1.496942E+01 7.727521E+00 4.141333E+00 7.866308E+00 2.431872E+01 1.876366E+01   Rank 10 2 15 3 16 7 1 14 5 4 11 8 6 9 13 12   Median 3.074898E+02 1.228047E+02 1.151295E+03 1.701446E+01 1.275764E+03 4.381345E+02 4.141485E+00 1.109253E+03 1.315925E+02 1.297575E+02 4.744019E+02 4.184782E+02 1.317209E+02 5.458609E+02 3.539878E+02 4.663047E+02   Rank 7 3 15 2 16 10 1 14 5 4 12 9 6 13 8 11   (Std Dev) (1.503979E+02) (6.750319E+01) (4.227730E+02) (7.786998E+01) (4.077238E+02) (2.758210E+02) (3.622236E+01) (3.923423E+02) (2.446421E+02) (1.017964E+02) (2.353448E+02) (2.465694E+02) (8.932518E+01) (2.124537E+02) (1.833439E+02) (2.423921E+02) 
 

𝑓13

Mean 1.604012E+01 1.150139E+01 3.843727E+01 1.461816E+01 8.575941E+02 1.144730E+01 1.210134E+01 3.595875E+01 1.932197E+01 1.803849E+01 1.377113E+01 1.473962E+01 1.393696E+01 1.140195E+01 1.305282E+01 1.495917E+01   Rank|WRST 11 3 | < 15 | > 8 | < 16 | > 2 | < 4 | < 14 | > 13 | > 12 | = 6 | = 9 | < 7 | = 1 | < 5 | < 10 | =   Min 3.559627E−01 1.364242E−12 1.037484E+01 1.811607E+00 2.094992E+01 2.273737E−13 1.679209E−04 3.979836E+00 3.979963E+00 2.033719E+00 1.006371E+00 1.003780E+00 1.728215E−04 9.949591E−01 6.912702E−03 2.064722E+00   Rank 6 2 15 10 16 1 3 13 14 11 9 8 4 7 5 12   Median 1.659377E+01 1.534693E+01 3.494397E+01 1.601236E+01 2.109256E+02 1.488297E+01 1.489951E+01 3.382853E+01 2.076104E+01 1.879293E+01 1.654538E+01 1.550980E+01 1.656324E+01 1.517932E+01 1.459621E+01 1.629665E+01   Rank 11 5 15 7 16 2 3 14 13 12 9 6 10 4 1 8   (Std Dev) (5.497897E+00) (6.905994E+00) (2.515682E+01) (4.602825E+00) (1.017543E+03) (6.366610E+00) (5.897931E+00) (1.373254E+01) (6.530837E+00) (3.300539E+00) (6.819929E+00) (1.016571E+01) (7.159182E+00) (6.855734E+00) (7.776078E+00) (5.427197E+00) 
 

𝑓14

Mean 1.876275E+01 2.047010E+01 5.804228E+01 2.138870E+01 7.865131E+01 2.517128E+01 2.012249E+01 2.569137E+01 8.937498E+00 1.890981E+01 1.996564E+01 1.975797E+01 2.079650E+01 2.308102E+01 2.098623E+01 2.246437E+01   Rank|WRST 2 7 | > 15 | > 10 | > 16 | > 13 | > 6 | > 14 | > 1 | < 3 | > 5 | > 4 | > 8 | > 12 | > 9 | > 11 | >   Min 2.273737E−13 2.521497E−02 2.994958E+01 1.996575E+00 5.880551E+01 2.984878E+00 1.161347E−06 2.984877E+00 2.984877E+00 6.509077E−03 1.132760E+00 3.057681E+00 1.085883E+00 2.001005E+01 3.629465E+00 9.899340E+00   Rank 1 4 15 7 16 10 2 8 8 3 6 11 5 14 12 13   Median 2.002381E+01 2.303720E+01 5.194154E+01 2.216395E+01 7.771713E+01 2.208065E+01 2.201641E+01 2.602003E+01 6.964713E+00 2.109655E+01 2.298776E+01 2.299736E+01 2.117576E+01 2.301999E+01 2.207499E+01 2.298205E+01   Rank 2 13 15 8 16 7 5 14 1 3 10 11 4 12 6 9   (Std Dev) (5.255051E+00) (7.372499E+00) (2.312272E+01) (4.067276E+00) (1.097697E+01) (1.661277E+01) (6.199804E+00) (7.279608E+00) (6.671400E+00) (6.457528E+00) (7.550138E+00) (7.195703E+00) (2.974169E+00) (1.412073E+00) (4.413045E+00) (2.200732E+00) 
 

𝑓15

Mean 1.332665E+00 1.153407E+00 4.243027E+01 1.121695E+00 1.555241E+02 1.743081E+00 7.729039E−01 1.548733E+01 5.127040E+00 1.159325E+00 1.906972E+00 2.797080E+00 8.867695E−01 4.843480E+00 2.982050E+00 3.598005E+00   Rank|WRST 6 4 | = 15 | > 3 | < 16 | > 7 | > 1 | = 14 | > 13 | > 5 | = 8 | > 9 | > 2 | = 12 | > 10 | > 11 | >   Min 1.584167E−01 2.850925E−01 5.580650E+00 4.553470E−01 5.224985E+01 2.227556E−01 3.747365E−01 3.298723E+00 1.457884E+00 2.899885E−01 3.342768E−01 2.519255E−01 3.878905E−01 2.015198E−01 1.891718E−01 4.225194E−01   Rank 1 6 15 12 16 4 9 14 13 7 8 5 10 3 2 11   Median 5.030002E−01 1.333890E+00 2.933125E+01 7.526269E−01 1.526389E+02 1.444442E+00 5.471843E−01 1.228951E+01 4.472162E+00 6.093868E−01 1.700529E+00 2.660874E+00 5.594294E−01 4.387941E+00 2.596273E+00 3.362090E+00   Rank 1 6 15 5 16 7 2 14 13 4 8 10 3 12 9 11   (Std Dev) (1.597124E+00) (9.336258E−01) (3.525023E+01) (6.625478E−01) (4.234856E+01) (1.031631E+00) (4.825388E−01) (1.620772E+01) (2.603832E+00) (1.107921E+00) (1.024430E+00) (1.795250E+00) (4.949749E−01) (2.400606E+00) (2.026691E+00) (2.314745E+00) 
 

𝑓16

Mean 1.017856E+01 1.538597E+02 7.493828E+02 3.231192E+01 1.405697E+02 1.143412E+02 7.915588E+01 2.591474E+02 3.115604E+02 3.002826E+01 1.670081E+02 5.761790E+01 2.382078E+01 5.564701E+01 1.855959E+01 7.645004E+01   Rank|WRST 1 12 | > 16 | > 5 | > 11 | > 10 | > 9 | > 14 | > 15 | > 4 | > 13 | > 7 | > 3 | > 6 | > 2 | > 8 | >   Min 2.439269E+00 1.713607E+01 1.993296E+01 3.070338E+00 3.065872E+00 3.011878E+00 7.421037E+00 3.921603E+00 1.696677E+01 3.503538E+00 1.920496E+01 3.139538E+00 5.264062E+00 2.373994E+00 4.435728E+00 2.336726E+00   Rank 3 14 16 6 5 4 12 9 13 8 15 7 11 2 10 1   Median 1.020362E+01 1.584922E+02 5.898267E+02 1.705425E+01 1.325093E+02 1.221850E+02 3.917962E+01 2.719605E+02 2.787649E+02 1.392898E+01 1.711293E+02 2.191329E+01 1.712144E+01 1.944059E+01 1.489658E+01 2.733000E+01   Rank 1 12 16 4 11 10 9 14 15 2 13 7 5 6 3 8   (Std Dev) (3.412236E+00) (9.756966E+01) (4.432481E+02) (4.848326E+01) (1.115757E+02) (1.045609E+02) (7.759335E+01) (1.341102E+02) (1.380808E+02) (4.214202E+01) (1.043417E+02) (6.682429E+01) (3.592978E+01) (7.522888E+01) (1.843980E+01) (8.096419E+01) 
 

𝑓17

Mean 2.936465E+01 2.777443E+01 1.490872E+02 2.943800E+01 3.821850E+01 2.110847E+01 2.886745E+01 4.116576E+01 1.729045E+01 3.085146E+01 3.384195E+01 3.564689E+01 3.687667E+01 2.921042E+01 2.802054E+01 3.144078E+01   Rank|WRST 7 3 | = 16 | > 8 | = 14 | > 2 | < 5 | = 15 | > 1 | < 9 | = 11 | > 12 | > 13 | > 6 | = 4 | = 10 | >   Min 1.463376E+01 1.250895E+01 3.707047E+01 8.781290E+00 2.142344E+01 7.488124E+00 1.611251E+01 1.418448E+01 3.464355E+00 8.985798E+00 1.135182E+01 1.363448E+01 2.617069E+01 1.092477E+01 1.624374E+01 8.893932E+00   Rank 11 8 16 3 14 2 12 10 1 5 7 9 15 6 13 4   Median 2.966575E+01 2.872831E+01 1.378036E+02 3.136554E+01 3.753109E+01 2.110971E+01 3.040923E+01 3.978957E+01 1.255249E+01 3.151693E+01 3.484514E+01 3.618877E+01 3.614671E+01 2.985343E+01 2.844661E+01 3.265378E+01   Rank 5 4 16 8 14 2 7 15 1 9 11 13 12 6 3 10   (Std Dev) (5.261450E+00) (7.301939E+00) (8.557402E+01) (8.384986E+00) (7.309451E+00) (8.025067E+00) (6.149902E+00) (1.110558E+01) (1.164050E+01) (6.461664E+00) (7.018546E+00) (7.598062E+00) (4.155261E+00) (8.892253E+00) (5.751906E+00) (6.157315E+00) 
 

𝑓18

Mean 2.095195E+01 1.987825E+01 5.942958E+01 2.081054E+01 1.327539E+02 2.053147E+01 2.057100E+01 7.922604E+01 1.601943E+01 1.952268E+01 2.064958E+01 2.185051E+01 2.073802E+01 2.386548E+01 2.107573E+01 2.243012E+01   Rank|WRST 9 3 | < 14 | > 8 | = 16 | > 4 | < 5 | < 15 | > 1 | = 2 | = 6 | = 11 | > 7 | = 13 | > 10 | = 12 | >   Min 2.028634E+01 4.974434E−01 2.414879E+01 2.028142E+01 4.622186E+01 8.483321E+00 2.040207E+01 2.234992E+01 5.828425E−01 4.454889E−01 4.987281E−01 2.018979E+01 2.054242E+01 2.026340E+01 2.033701E+01 2.025891E+01   Rank 10 2 15 9 16 5 12 14 4 1 3 6 13 8 11 7   Median 2.059146E+01 2.052769E+01 4.730364E+01 2.064061E+01 1.326420E+02 2.050193E+01 2.053726E+01 6.789367E+01 2.171635E+01 2.061120E+01 2.065491E+01 2.143890E+01 2.068238E+01 2.346886E+01 2.053057E+01 2.240196E+01   Rank 5 2 14 7 16 1 4 15 11 6 8 10 9 13 3 12   (Std Dev) (6.102081E−01) (3.962331E+00) (3.667055E+01) (4.447553E−01) (4.420850E+01) (1.787378E+00) (1.473372E−01) (5.281685E+01) (1.023497E+01) (4.819754E+00) (2.952981E+00) (1.598887E+00) (2.492543E−01) (2.852661E+00) (8.795249E−01) (1.539840E+00) 
 

𝑓19

Mean 5.150743E+00 3.150158E+00 2.579817E+01 3.603653E+00 8.351984E+01 5.077531E+00 4.796577E+00 9.204255E+00 4.253062E+00 4.703996E+00 4.423720E+00 6.657580E+00 3.063605E+00 9.482529E+00 5.834619E+00 9.031532E+00   Rank|WRST 9 2 | < 15 | > 3 | < 16 | > 8 | < 7 | = 13 | > 4 | < 6 | = 5 | < 11 | > 1 | < 14 | > 10 | > 12 | >   Min 2.812627E+00 1.800602E+00 8.353705E+00 1.997546E+00 3.555491E+01 1.826124E+00 2.559244E+00 2.402015E+00 1.490608E+00 2.353951E+00 1.757039E+00 3.554214E+00 1.882118E+00 4.387405E+00 3.275082E+00 4.408831E+00   Rank 10 3 15 6 16 4 9 8 1 7 2 12 5 13 11 14   Median 5.167282E+00 2.917229E+00 2.067516E+01 3.098265E+00 8.121339E+01 2.978101E+00 4.424277E+00 8.477821E+00 4.139257E+00 4.359225E+00 4.169025E+00 6.585302E+00 2.943122E+00 9.151041E+00 5.902757E+00 9.027616E+00   Rank 9 1 15 4 16 3 8 12 5 7 6 11 2 14 10 13   (Std Dev) (1.413131E+00) (1.107492E+00) (1.948345E+01) (1.388998E+00) (1.684294E+01) (7.248493E+00) (1.606754E+00) (4.006337E+00) (1.677264E+00) (1.751136E+00) (1.580451E+00) (1.578672E+00) (7.262495E−01) (2.443700E+00) (1.525058E+00) (2.217759E+00) 
 

𝑓20

Mean 3.306481E+01 2.938514E+01 1.557113E+02 2.674702E+01 4.602964E+01 2.800613E+01 3.252723E+01 6.289241E+01 1.686500E+01 2.991123E+01 3.859517E+01 4.442787E+01 3.115574E+01 7.131135E+01 3.050962E+01 3.704499E+01   Rank|WRST 9 4 | = 16 | > 2 | < 13 | > 3 | < 8 | = 14 | > 1 | < 5 | = 11 | > 12 | > 7 | = 15 | > 6 | = 10 | >   Min 1.297371E+01 1.084348E+01 2.717296E+01 1.046142E+01 2.523259E+01 8.447099E+00 1.266992E+01 1.699828E+01 2.081705E−01 1.214058E+01 2.125653E+01 1.658452E+01 1.677773E+01 2.577418E+01 1.330928E+01 2.529828E+01   Rank 7 4 16 3 13 2 6 11 1 5 12 9 10 15 8 14   Median 3.070767E+01 2.956021E+01 1.603297E+02 2.558833E+01 3.856020E+01 2.725650E+01 2.963408E+01 3.950962E+01 5.182966E+00 3.000629E+01 3.725083E+01 3.864921E+01 3.182978E+01 5.513367E+01 3.112952E+01 3.601354E+01   Rank 7 4 16 2 12 3 5 14 1 6 11 13 9 15 8 10   (Std Dev) (1.737692E+01) (6.782197E+00) (1.054240E+02) (6.419181E+00) (2.561800E+01) (1.006997E+01) (1.855539E+01) (4.966546E+01) (3.332598E+01) (4.527887E+00) (1.177265E+01) (1.361990E+01) (6.548783E+00) (5.033142E+01) (7.425915E+00) (6.953780E+00) 
 (continued on next page)
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Table 6 (continued).
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓21

Mean 1.995789E+02 2.112468E+02 2.562499E+02 2.082090E+02 2.145885E+02 2.063149E+02 2.080818E+02 2.152088E+02 2.329843E+02 2.081092E+02 2.074638E+02 1.960017E+02 2.062898E+02 2.069755E+02 2.129357E+02 2.030192E+02   Rank|WRST 2 11 | > 16 | > 10 | > 13 | > 5 | > 8 | > 14 | > 15 | > 9 | > 7 | > 1 | = 4 | > 6 | > 12 | > 3 | >   Min 1.000000E+02 2.058881E+02 2.216204E+02 2.018585E+02 2.074916E+02 2.000365E+02 2.053822E+02 2.067658E+02 2.161528E+02 2.039121E+02 2.035325E+02 1.000000E+02 2.000078E+02 2.000000E+02 2.057329E+02 2.000000E+02   Rank 1 12 16 7 14 6 10 13 15 9 8 2 5 3 11 4   Median 2.017386E+02 2.117914E+02 2.449953E+02 2.076516E+02 2.143025E+02 2.058461E+02 2.079072E+02 2.148885E+02 2.328896E+02 2.079055E+02 2.072245E+02 2.018793E+02 2.057706E+02 2.061894E+02 2.134718E+02 2.029664E+02   Rank 1 11 16 8 13 5 10 14 15 9 7 2 4 6 12 3   (Std Dev) (1.428324E+01) (2.353671E+00) (3.534656E+01) (3.318735E+00) (3.024450E+00) (3.285479E+00) (1.456132E+00) (2.892874E+00) (7.517850E+00) (1.717936E+00) (1.482705E+00) (2.428192E+01) (2.785934E+00) (3.916077E+00) (2.407288E+00) (1.521209E+00)  
 

𝑓22

Mean 1.000000000000005E+02 1.000000000000005E+02 1.000971426835287E+02 1.000000000000008E+02 1.000000000000005E+02 1.000963358385041E+02 1.000000000000005E+02 1.381361977206217E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000004E+02 1.000000000000001E+02 1.000000000000005E+02 1.000000000000005E+02  Rank|WRST 11 3 | < 15 | > 13 | > 3 | = 14 | = 3 | < 16 | > 3 | < 3 | = 3 | < 11 | = 2 | < 1 | < 3 | < 3 | <   Min 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000000E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000000E+02 1.000000000000000E+02 1.000000000000005E+02 1.000000000000005E+02  Rank 4 4 4 4 4 4 4 1 4 4 4 4 1 1 4 4   Median 1.000000000000005E+02 1.000000000000005E+02 1.000000000000009E+02 1.000000000000009E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000000E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000000E+02 1.000000000000005E+02 1.000000000000005E+02  Rank 3 3 15 15 3 3 3 1 3 3 3 3 3 1 3 3   (Std Dev) (1.236753E−13) (1.435226E−14) (4.856395E−01) (2.195198E−13) (8.922335E−14) (4.815833E−01) (1.435226E−14) (2.723469E+02) (1.435226E−14) (6.390146E−14) (1.435226E−14) (1.483793E−13) (6.390146E−14) (1.670244E−13) (1.435226E−14) (1.435226E−14)  
 

𝑓23

Mean 3.451587E+02 3.458582E+02 4.022600E+02 3.529243E+02 3.600166E+02 3.474969E+02 3.444202E+02 3.622757E+02 3.786369E+02 3.492529E+02 3.454789E+02 3.480450E+02 3.507599E+02 3.550981E+02 3.541484E+02 3.516605E+02   Rank|WRST 2 4 | = 16 | > 10 | > 13 | > 5 | = 1 | = 14 | > 15 | > 7 | > 3 | = 6 | > 8 | > 12 | > 11 | > 9 | >   Min 3.359359E+02 3.341498E+02 3.682035E+02 3.448662E+02 3.487739E+02 3.350671E+02 3.372593E+02 3.494309E+02 3.603857E+02 3.449796E+02 3.360129E+02 3.391635E+02 3.425361E+02 3.414236E+02 3.468866E+02 3.433274E+02   Rank 3 1 16 10 13 2 5 14 15 11 4 6 8 7 12 9   Median 3.454965E+02 3.457970E+02 3.985278E+02 3.522770E+02 3.603276E+02 3.468064E+02 3.448312E+02 3.608673E+02 3.787148E+02 3.492061E+02 3.452823E+02 3.480101E+02 3.501445E+02 3.552933E+02 3.541867E+02 3.516166E+02   Rank 3 4 16 10 13 5 1 14 15 7 2 6 8 12 11 9   (Std Dev) (4.181433E+00) (4.357177E+00) (2.690277E+01) (4.259646E+00) (5.403883E+00) (7.685759E+00) (2.888883E+00) (6.306531E+00) (8.937854E+00) (2.457521E+00) (4.573918E+00) (3.176047E+00) (3.846514E+00) (3.521266E+00) (3.718818E+00) (3.319014E+00)  
 

𝑓24

Mean 4.194450E+02 4.203151E+02 4.787190E+02 4.279516E+02 4.261428E+02 4.190358E+02 4.209488E+02 4.333387E+02 4.534655E+02 4.250215E+02 4.230031E+02 4.189896E+02 4.261649E+02 4.292998E+02 4.287495E+02 4.161087E+02   Rank|WRST 4 5 | > 16 | > 11 | > 9 | > 3 | < 6 | > 14 | > 15 | > 8 | > 7 | = 2 | = 10 | > 13 | > 12 | > 1 | <   Min 2.000000E+02 4.027668E+02 4.335733E+02 4.216338E+02 4.116255E+02 3.895822E+02 4.127648E+02 4.246335E+02 4.335740E+02 4.212019E+02 4.167623E+02 2.006814E+02 4.214048E+02 4.240813E+02 4.230114E+02 2.000000E+02   Rank 1 5 15 11 6 4 7 14 16 9 8 3 10 13 12 2   Median 4.233712E+02 4.209950E+02 4.636800E+02 4.273847E+02 4.265907E+02 4.210797E+02 4.213214E+02 4.331072E+02 4.539956E+02 4.248495E+02 4.233783E+02 4.233243E+02 4.257358E+02 4.294344E+02 4.288382E+02 4.249315E+02   Rank 5 1 16 11 10 2 3 14 15 7 6 4 9 13 12 8   (Std Dev) (3.142073E+01) (4.682203E+00) (4.895771E+01) (4.027032E+00) (4.172427E+00) (8.918113E+00) (2.354443E+00) (4.285548E+00) (7.921812E+00) (1.675026E+00) (2.873830E+00) (3.123066E+01) (2.657873E+00) (2.433700E+00) (2.705942E+00) (4.412095E+01)  
 

𝑓25

Mean 3.826708E+02 3.861044E+02 3.865766E+02 3.866967E+02 3.824656E+02 3.875678E+02 3.866958E+02 3.869519E+02 3.867315E+02 3.866825E+02 3.867306E+02 3.853118E+02 3.866945E+02 3.867011E+02 3.866774E+02 3.864962E+02   Rank|WRST 2 4 | > 6 | > 11 | > 1 | = 16 | > 10 | > 15 | > 14 | > 8 | > 13 | > 3 | > 9 | > 12 | > 7 | > 5 | >   Min 3.786273E+02 3.822992E+02 3.834368E+02 3.866878E+02 3.791616E+02 3.834325E+02 3.866878E+02 3.867129E+02 3.866913E+02 3.866601E+02 3.866913E+02 3.812092E+02 3.866878E+02 3.866878E+02 3.866611E+02 3.835336E+02   Rank 1 4 6 10 2 5 10 16 14 8 14 3 10 10 9 7   Median 3.818616E+02 3.866913E+02 3.868986E+02 3.866943E+02 3.813993E+02 3.867267E+02 3.866930E+02 3.869733E+02 3.867267E+02 3.866813E+02 3.867372E+02 3.862192E+02 3.866928E+02 3.866989E+02 3.866774E+02 3.867372E+02   Rank 2 6 15 9 1 11 8 16 11 5 13 3 7 10 4 13   (Std Dev) (3.319886E+00) (1.113755E+00) (1.228562E+00) (6.645300E−03) (2.804607E+00) (2.835224E+00) (7.344592E−03) (1.399629E−01) (2.402908E−02) (1.363812E−02) (1.709380E−02) (1.594876E+00) (4.975633E−03) (9.580117E−03) (8.690137E−03) (8.326968E−01)  
 

𝑓26

Mean 5.340853E+02 8.573460E+02 1.347657E+03 9.286974E+02 1.030296E+03 7.442904E+02 8.540374E+02 1.083717E+03 1.282566E+03 8.887745E+02 8.819074E+02 6.337619E+02 8.922444E+02 9.483455E+02 9.492566E+02 6.255960E+02   Rank|WRST 1 6 | > 16 | > 10 | > 13 | > 4 | > 5 | > 14 | > 15 | > 8 | > 7 | > 3 | > 9 | > 11 | > 12 | > 2 | >   Min 2.000000E+02 6.522431E+02 2.000000E+02 8.394583E+02 8.650668E+02 2.000000E+02 7.195973E+02 8.537617E+02 1.088102E+03 7.813243E+02 8.058991E+02 2.000000E+02 8.193208E+02 8.618330E+02 8.157778E+02 2.000000E+02   Rank 3 6 2 12 15 1 7 13 16 8 9 3 11 14 10 5   Median 3.000000E+02 8.564280E+02 1.458899E+03 9.276115E+02 1.028394E+03 8.993551E+02 8.561826E+02 1.078996E+03 1.276209E+03 8.863513E+02 8.700641E+02 8.394583E+02 8.902333E+02 9.435375E+02 9.570726E+02 8.591548E+02   Rank 1 4 16 10 13 9 3 14 15 7 6 2 8 11 12 5   (Std Dev) (3.227346E+02) (5.598272E+01) (4.341885E+02) (4.634462E+01) (6.646043E+01) (3.171230E+02) (4.591522E+01) (8.002318E+01) (9.293204E+01) (3.343494E+01) (3.861977E+01) (3.164876E+02) (3.565231E+01) (4.396070E+01) (4.645478E+01) (3.178055E+02)  
 

𝑓27

Mean 4.776061E+02 4.850042E+02 5.082076E+02 4.903099E+02 4.946292E+02 4.939536E+02 4.882202E+02 5.035298E+02 4.901478E+02 5.026493E+02 4.971972E+02 4.992404E+02 4.943492E+02 5.054322E+02 5.032490E+02 5.049213E+02   Rank|WRST 1 2 | > 16 | > 5 | > 8 | > 6 | > 3 | > 13 | > 4 | > 11 | > 9 | > 10 | > 7 | > 15 | > 12 | > 14 | >   Min 4.432225E+02 4.712951E+02 4.761055E+02 4.676310E+02 4.507880E+02 4.765771E+02 4.733150E+02 4.871330E+02 4.652504E+02 4.877648E+02 4.798928E+02 4.869435E+02 4.724599E+02 4.913931E+02 4.946228E+02 4.933244E+02   Rank 1 5 8 4 2 9 7 12 3 13 10 11 6 14 16 15   Median 4.787306E+02 4.854582E+02 5.097970E+02 4.911686E+02 5.000070E+02 4.938451E+02 4.879585E+02 5.039285E+02 4.921040E+02 5.035559E+02 4.988420E+02 4.986174E+02 4.933728E+02 5.047346E+02 5.034455E+02 5.049767E+02   Rank 1 2 16 4 10 7 3 13 5 12 9 8 6 14 11 15   (Std Dev) (1.228166E+01) (6.193821E+00) (9.756631E+00) (8.675832E+00) (1.397335E+01) (7.454801E+00) (8.998244E+00) (6.606996E+00) (1.051074E+01) (5.763241E+00) (6.882253E+00) (5.218895E+00) (8.086447E+00) (5.648921E+00) (5.194052E+00) (4.823895E+00)  
 

𝑓28

Mean 3.020252E+02 3.042600E+02 3.330315E+02 3.020252E+02 3.030182E+02 3.081008E+02 3.000000E+02 3.291913E+02 3.083104E+02 3.176688E+02 3.233253E+02 3.064943E+02 3.087296E+02 3.170401E+02 3.172496E+02 3.020252E+02   Rank|WRST 2 6 | > 16 | > 3 | > 5 | > 8 | > 1 | < 15 | > 9 | > 13 | = 14 | = 7 | > 10 | > 11 | > 12 | = 4 | =   Min 3.000000000000005E+02 3.000000000000000E+02 3.000000000000009E+02 3.000000000000005E+02 3.000000000000005E+02 3.000000000000000E+02 3.000000000000005E+02 3.000000000000000E+02 3.000000000000005E+02 3.000000000000005E+02 3.000000000000000E+02 3.000000000000005E+02 3.000000000000005E+02 3.000000000000000E+02 3.000000000000005E+02 3.000000000000005E+02  Rank 6 1 16 6 6 1 6 1 6 6 1 6 6 1 6 6   Median 3.000000000000005E+02 3.000000000000005E+02 3.000000000002551E+02 3.000000000000009E+02 3.000000000000009E+02 3.000000000000005E+02 3.000000000000005E+02 3.000000000000005E+02 3.000000000000005E+02 3.000000000000005E+02 3.000000000000005E+02 3.000000000000009E+02 3.000000000000005E+02 3.000000000000000E+02 3.000000000000005E+02 3.000000000000009E+02  Rank 2 2 16 12 12 2 2 2 2 2 2 12 2 1 2 12   (Std Dev) (1.446289E+01) (2.132263E+01) (5.550528E+01) (1.446289E+01) (2.155455E+01) (2.804458E+01) (0.000000E+00) (4.799622E+01) (2.879997E+01) (4.139514E+01) (4.499150E+01) (2.626447E+01) (3.024977E+01) (3.995611E+01) (4.044254E+01) (1.446289E+01)  
 

𝑓29

Mean 4.300817E+02 4.352707E+02 5.723534E+02 4.318609E+02 4.456639E+02 4.287237E+02 4.319640E+02 4.488717E+02 4.036245E+02 4.376798E+02 4.403528E+02 4.378749E+02 4.437822E+02 4.417812E+02 4.353170E+02 4.331166E+02   Rank|WRST 3 7 | > 16 | > 4 | > 14 | > 2 | = 5 | = 15 | > 1 | < 9 | > 11 | > 10 | > 13 | > 12 | > 8 | > 6 | >   Min 4.010140E+02 4.062041E+02 4.474554E+02 3.455048E+02 4.294373E+02 4.129209E+02 4.026978E+02 3.850192E+02 3.368283E+02 4.197226E+02 4.121215E+02 3.659440E+02 3.817711E+02 4.236544E+02 4.213222E+02 3.743544E+02   Rank 7 9 16 2 15 11 8 6 1 12 10 3 5 14 13 4   Median 4.292510E+02 4.379595E+02 5.347568E+02 4.347060E+02 4.419992E+02 4.285106E+02 4.334476E+02 4.413899E+02 4.156888E+02 4.385477E+02 4.387878E+02 4.369443E+02 4.440633E+02 4.399838E+02 4.353568E+02 4.341094E+02   Rank 3 9 16 6 14 2 4 13 1 10 11 8 15 12 7 5   (Std Dev) (8.848726E+00) (1.233160E+01) (1.150856E+02) (2.229350E+01) (1.058082E+01) (6.913112E+00) (7.592113E+00) (2.866389E+01) (3.143015E+01) (8.512559E+00) (1.675247E+01) (1.646932E+01) (1.898212E+01) (1.104144E+01) (7.092502E+00) (1.213445E+01)  
 

𝑓30

Mean 9.181738E+02 1.992653E+03 2.131549E+03 1.967720E+03 1.847360E+03 1.996668E+03 1.978369E+03 2.100786E+03 1.980025E+03 1.979802E+03 1.996205E+03 1.976871E+03 1.967723E+03 1.996220E+03 1.973444E+03 1.994859E+03   Rank|WRST 1 10 | > 16 | > 3 | > 2 | > 14 | > 7 | > 15 | > 9 | > 8 | > 12 | > 6 | > 4 | > 13 | > 5 | > 11 | >   Min 6.441869E+02 1.970986E+03 1.970981E+03 1.954988E+03 1.310021E+03 1.955833E+03 1.954900E+03 1.943044E+03 1.941640E+03 1.941372E+03 1.955179E+03 1.861960E+03 1.954916E+03 1.941417E+03 1.941368E+03 1.941616E+03   Rank 1 16 15 12 2 14 10 9 8 5 13 3 11 6 4 7   Median 9.128860E+02 1.988989E+03 2.098880E+03 1.970567E+03 1.854069E+03 1.988008E+03 1.981711E+03 2.048142E+03 1.970745E+03 1.970418E+03 1.988192E+03 1.970145E+03 1.970456E+03 1.970786E+03 1.967683E+03 1.978234E+03   Rank 1 14 16 7 2 12 11 15 8 5 13 4 6 9 3 10   (Std Dev) (1.396964E+02) (1.660439E+01) (1.356304E+02) (8.414510E+00) (2.154212E+02) (2.983358E+01) (1.189444E+01) (1.470032E+02) (2.852494E+01) (3.932187E+01) (3.017242E+01) (4.382788E+01) (1.052000E+01) (6.470304E+01) (5.051201E+01) (4.140183E+01)  
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Table 7
Performance of DE Variants on 50D CEC2017 Benchmarks (51 Runs): Statistical Results and Wilcoxon Tests.
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓1

Mean 1.448950E−14 1.476814E−14 5.632708E−07 1.311606E−11 1.231141E−09 1.532543E−14 1.839052E−14 2.312747E−14 4.794124E−09 1.309628E−14 1.560408E−14 1.421085E−14 1.309628E−14 0.000000E+00 0.000000E+00 7.999597E−12   Rank|WRST 6 7 | = 16 | > 13 | > 14 | > 8 | = 10 | > 11 | > 15 | > 3 | < 9 | = 5 | = 3 | = 1 | < 1 | < 12 | >   Min 1.421085E−14 1.421085E−14 6.706117E−09 7.105427E−14 5.684342E−14 1.421085E−14 1.421085E−14 1.421085E−14 3.647926E−11 0.000000E+00 1.421085E−14 1.421085E−14 0.000000E+00 0.000000E+00 0.000000E+00 7.105427E−14   Rank 5 5 16 13 12 5 5 5 15 1 5 5 1 1 1 13   Median 1.421085E−14 1.421085E−14 1.295577E−07 2.827960E−12 1.738130E−10 1.421085E−14 1.421085E−14 2.842171E−14 9.863612E−10 1.421085E−14 1.421085E−14 1.421085E−14 1.421085E−14 0.000000E+00 0.000000E+00 2.145839E−12   Rank 3 3 16 13 14 3 3 11 15 3 3 3 3 1 1 12   (Std Dev) (1.989918E−15) (2.785885E−15) (1.017658E−06) (3.196416E−11) (2.666271E−09) (3.858594E−15) (6.539537E−15) (8.507916E−15) (1.035301E−08) (3.858594E−15) (4.267898E−15) (0.000000E+00) (4.792356E−15) (0.000000E+00) (0.000000E+00) (1.849956E−11) 
 

𝑓2

Mean 7.356207E−14 4.681223E−14 6.273261E+36 5.294118E−01 3.284610E−08 2.745098E−01 1.839052E−14 1.011765E+01 3.779155E+05 0.000000E+00 3.410605E−13 0.000000E+00 1.839052E−14 3.343731E−14 1.313725E+00 5.828785E−10   Rank|WRST 7 6 | < 16 | > 12 | > 10 | > 11 | > 3 | < 14 | = 15 | > 1 | < 8 | > 1 | < 3 | < 5 | < 13 | > 9 | >   Min 0.000000E+00 0.000000E+00 2.382690E−04 0.000000E+00 3.694822E−13 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 3.410605E−13   Rank 1 1 16 1 15 1 1 1 1 1 1 1 1 1 1 14   Median 5.684342E−14 2.842171E−14 6.930531E+04 0.000000E+00 1.091109E−10 0.000000E+00 2.842171E−14 1.000000E+00 1.360000E+02 0.000000E+00 2.842171E−14 0.000000E+00 0.000000E+00 2.842171E−14 1.000000E+00 3.174705E−11   Rank 10 6 16 1 12 1 6 13 15 1 6 1 1 6 13 11   (Std Dev) (5.689355E−14) (1.106366E−13) (3.420051E+37) (9.241849E−01) (2.029291E−07) (5.321064E−01) (1.589943E−14) (3.780934E+01) (2.665531E+06) (0.000000E+00) (2.121075E−12) (0.000000E+00) (4.646703E−14) (2.458495E−14) (1.618520E+00) (2.298440E−09) 
 

𝑓3

Mean 6.464546E−14 1.415513E−13 9.574107E+04 1.375388E−12 2.835272E−10 1.170306E−13 1.237180E−13 1.237180E−13 9.160552E−05 1.159160E−13 8.916615E−14 5.684342E−14 8.805157E−14 0.000000E+00 0.000000E+00 2.238535E−09   Rank|WRST 4 11 | > 16 | > 12 | > 13 | > 8 | > 9 | > 9 | > 15 | > 7 | > 6 | > 3 | < 5 | > 1 | < 1 | < 14 | >   Min 5.684342E−14 5.684342E−14 7.129423E−05 6.252776E−13 4.376943E−12 5.684342E−14 5.684342E−14 5.684342E−14 9.678081E−08 5.684342E−14 5.684342E−14 0.000000E+00 5.684342E−14 0.000000E+00 0.000000E+00 3.009291E−10   Rank 4 4 16 12 13 4 4 4 15 4 4 1 4 1 1 14   Median 5.684342E−14 1.136868E−13 1.205176E+05 1.193712E−12 7.088374E−11 1.136868E−13 1.136868E−13 1.136868E−13 2.534521E−05 1.136868E−13 1.136868E−13 5.684342E−14 1.136868E−13 0.000000E+00 0.000000E+00 1.672447E−09   Rank 3 5 16 12 13 5 5 5 15 5 5 3 5 1 1 14   (Std Dev) (1.975538E−14) (4.457416E−14) (5.738628E+04) (6.056446E−13) (6.441988E−10) (3.297264E−14) (4.052403E−14) (4.646703E−14) (1.575572E−04) (2.532126E−14) (2.843285E−14) (1.136868E−14) (3.074536E−14) (0.000000E+00) (0.000000E+00) (1.536779E−09) 
 

𝑓4

Mean 3.443187E+01 4.582001E+01 6.939339E+01 4.367013E+01 7.468657E+00 8.850237E+00 3.754761E+01 4.312838E+01 3.782963E+01 4.487229E+01 6.103411E+01 3.483924E+01 5.975933E+01 3.338679E+01 4.883827E+01 4.243879E+01   Rank|WRST 4 12 | > 16 | > 10 | > 1 | < 2 | < 6 | > 9 | > 7 | > 11 | > 15 | > 5 | > 14 | > 3 | = 13 | > 8 | >   Min 5.684342E−14 3.669696E+00 2.108295E−02 8.021118E+00 1.136868E−13 5.684342E−14 1.921845E−03 5.684342E−14 4.738500E−02 7.933753E−04 5.329401E−03 5.684342E−14 3.876969E+00 1.731349E−02 7.854795E+00 3.012701E−12   Rank 1 13 11 16 5 1 8 1 12 7 9 1 14 10 15 6   Median 2.773459E+01 2.851271E+01 7.005018E+01 2.851271E+01 6.309619E−12 1.705303E−13 2.851271E+01 2.851271E+01 2.851271E+01 2.604938E+01 2.851271E+01 2.096550E+01 2.851271E+01 2.851271E+01 2.598851E+01 2.851271E+01   Rank 6 10 16 14 2 1 10 7 15 5 10 3 7 7 4 10   (Std Dev) (2.903400E+01) (3.482037E+01) (4.374866E+01) (3.837108E+01) (2.463650E+01) (2.891167E+01) (2.955812E+01) (4.636969E+01) (2.691863E+01) (4.433107E+01) (5.079180E+01) (3.012148E+01) (4.681470E+01) (4.106428E+01) (4.184977E+01) (3.054338E+01) 
 

𝑓5

Mean 2.809296E+00 2.549969E+01 9.049979E+01 1.205930E+01 2.610732E+01 1.786566E+01 1.474088E+01 3.494167E+01 6.763222E+01 1.517257E+01 1.262917E+01 7.628019E+00 1.616774E+01 5.755155E+00 2.670136E+01 8.174027E+00   Rank|WRST 1 11 | > 16 | > 5 | > 12 | > 10 | > 7 | > 14 | > 15 | > 8 | > 6 | > 3 | > 9 | > 2 | > 13 | > 4 | >   Min 3.410605E−12 1.469895E+01 3.283363E+01 4.974796E+00 1.392943E+01 1.216091E+01 9.537815E+00 2.487397E+01 3.880345E+01 8.954669E+00 7.572697E+00 2.984877E+00 6.266906E+00 1.989918E+00 1.169461E+01 1.989918E+00   Rank 1 13 15 5 12 11 9 14 16 8 7 4 6 2 10 3   Median 1.989918E+00 2.607243E+01 8.656130E+01 1.193951E+01 2.586894E+01 1.720241E+01 1.497207E+01 3.482356E+01 7.064200E+01 1.493335E+01 1.267136E+01 7.959672E+00 1.584392E+01 4.974795E+00 2.964200E+01 7.959672E+00   Rank 1 12 16 5 11 10 8 14 15 7 6 4 9 2 13 3   (Std Dev) (1.524671E+00) (4.370052E+00) (4.297009E+01) (3.871220E+00) (4.769827E+00) (3.479312E+00) (2.535869E+00) (4.716193E+00) (1.141786E+01) (3.081175E+00) (1.899110E+00) (2.203934E+00) (3.733742E+00) (2.227586E+00) (7.515235E+00) (2.708895E+00) 
 

𝑓6

Mean 7.141879E−08 9.401924E−10 4.384436E−02 9.764362E−07 1.153634E−02 2.721366E−08 4.500837E−04 4.605081E−05 1.248963E−06 6.815564E−09 8.460599E−09 8.754123E−09 2.870899E−07 1.114577E−13 6.360357E−07 9.560784E−08   Rank|WRST 7 2 | < 16 | > 11 | > 15 | > 6 | < 14 | > 13 | > 12 | > 3 | < 4 | < 5 | = 9 | > 1 | < 10 | > 8 | =   Min 2.273737E−13 0.000000E+00 5.218935E−03 0.000000E+00 4.794276E−08 0.000000E+00 1.559215E−09 1.917712E−07 5.286867E−07 1.136868E−13 0.000000E+00 2.273737E−13 1.136868E−13 0.000000E+00 0.000000E+00 0.000000E+00   Rank 10 1 16 1 13 1 12 14 15 8 1 10 8 1 1 1   Median 4.547474E−13 1.136868E−13 2.677538E−02 4.314852E−07 8.521000E−03 1.136868E−13 2.560456E−04 1.732869E−05 9.071276E−07 2.273737E−13 1.136868E−13 2.842171E−12 1.145344E−07 1.136868E−13 4.314863E−07 4.794276E−08   Rank 6 1 16 10 15 1 14 13 12 5 1 7 9 1 11 8   (Std Dev) (2.084932E−07) (6.713310E−09) (3.777404E−02) (1.731010E−06) (1.055734E−02) (7.610750E−08) (5.466297E−04) (1.395129E−04) (8.893173E−07) (1.665183E−08) (2.987241E−08) (2.081758E−08) (3.823991E−07) (1.591934E−14) (5.585771E−07) (1.415608E−07) 
 

𝑓7

Mean 5.609122E+01 7.053408E+01 1.384259E+02 6.138387E+01 7.589846E+01 6.438778E+01 6.494145E+01 8.038458E+01 1.160587E+02 6.745198E+01 6.342505E+01 5.683821E+01 6.966940E+01 5.698617E+01 7.643652E+01 5.813618E+01   Rank|WRST 1 11 | > 16 | > 5 | > 12 | > 7 | > 8 | > 14 | > 15 | > 9 | > 6 | > 2 | > 10 | > 3 | > 13 | > 4 | >   Min 5.441172E+01 6.269300E+01 8.708190E+01 5.637814E+01 6.732059E+01 5.945870E+01 6.046826E+01 7.079543E+01 8.317245E+01 6.216204E+01 6.020725E+01 5.511462E+01 6.284519E+01 5.476247E+01 6.759472E+01 5.526783E+01   Rank 1 10 16 5 12 6 8 14 15 9 7 3 11 2 13 4   Median 5.610064E+01 7.127219E+01 1.200007E+02 6.110144E+01 7.362103E+01 6.406764E+01 6.517517E+01 8.148310E+01 1.164602E+02 6.682700E+01 6.327910E+01 5.690197E+01 6.945423E+01 5.686179E+01 7.399000E+01 5.816135E+01   Rank 1 11 16 5 12 7 8 14 15 9 6 3 10 2 13 4   (Std Dev) (1.002291E+00) (4.023517E+00) (6.986882E+01) (2.794988E+00) (7.359875E+00) (2.726755E+00) (1.910989E+00) (5.866352E+00) (1.265784E+01) (3.338305E+00) (2.036277E+00) (8.374368E−01) (3.466146E+00) (1.243754E+00) (6.055426E+00) (1.448207E+00) 
 

𝑓8

Mean 2.633715E+00 2.629378E+01 8.217181E+01 1.188185E+01 2.713874E+01 1.882975E+01 1.557636E+01 3.597633E+01 6.680457E+01 1.529724E+01 1.348616E+01 7.784091E+00 1.622751E+01 5.521047E+00 2.458794E+01 8.837578E+00   Rank|WRST 1 12 | > 16 | > 5 | > 13 | > 10 | > 8 | > 14 | > 15 | > 7 | > 6 | > 3 | > 9 | > 2 | > 11 | > 4 | >   Min 1.136868E−13 1.643009E+01 3.283363E+01 3.979846E+00 1.691430E+01 1.001470E+01 1.050641E+01 2.487397E+01 4.079328E+01 1.098732E+01 9.593695E+00 2.984877E+00 6.134792E+00 1.989918E+00 1.187568E+01 2.984877E+00   Rank 1 12 15 5 13 8 9 14 16 10 7 3 6 2 11 4   Median 2.984877E+00 2.706994E+01 8.059156E+01 1.193951E+01 2.686389E+01 1.796468E+01 1.560439E+01 3.581851E+01 6.566734E+01 1.492567E+01 1.335366E+01 7.959672E+00 1.663841E+01 4.974795E+00 2.309600E+01 7.959672E+00   Rank 1 13 16 5 12 10 8 14 15 7 6 3 9 2 11 4   (Std Dev) (1.564632E+00) (4.579596E+00) (2.259243E+01) (3.897139E+00) (4.816390E+00) (4.335421E+00) (2.331206E+00) (6.272244E+00) (1.255763E+01) (2.757981E+00) (2.028183E+00) (2.084252E+00) (3.415666E+00) (1.973069E+00) (6.767616E+00) (2.955863E+00) 
 

𝑓9

Mean 4.012477E−14 0.000000E+00 6.420787E+00 1.136868E−13 3.531011E−01 1.755456E−03 7.356207E−14 6.532134E−01 1.136868E−13 1.337492E−14 6.687461E−15 8.024953E−14 0.000000E+00 0.000000E+00 0.000000E+00 1.114577E−13   Rank|WRST 7 1 | < 16 | > 11 | > 14 | > 13 | = 8 | > 15 | > 11 | > 6 | < 5 | < 9 | > 1 | < 1 | < 1 | < 10 | >   Min 0.000000E+00 0.000000E+00 1.790565E−01 1.136868E−13 1.136868E−13 0.000000E+00 0.000000E+00 0.000000E+00 1.136868E−13 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00   Rank 1 1 16 13 13 1 1 1 13 1 1 1 1 1 1 1   Median 0.000000E+00 0.000000E+00 4.513095E+00 1.136868E−13 2.685848E−01 0.000000E+00 1.136868E−13 4.543240E−01 1.136868E−13 0.000000E+00 0.000000E+00 1.136868E−13 0.000000E+00 0.000000E+00 0.000000E+00 1.136868E−13   Rank 1 1 16 9 14 1 9 15 9 1 1 9 1 1 1 9   (Std Dev) (5.486979E−14) (0.000000E+00) (5.246661E+00) (0.000000E+00) (3.531925E−01) (1.253646E−02) (5.486979E−14) (7.812470E−01) (0.000000E+00) (3.699321E−14) (2.701602E−14) (5.231629E−14) (0.000000E+00) (0.000000E+00) (0.000000E+00) (1.591934E−14) 
 

𝑓10

Mean 2.019131E+03 3.100711E+03 8.957255E+03 2.984795E+03 3.087087E+03 2.920666E+03 3.120672E+03 3.170741E+03 3.274600E+03 3.182560E+03 3.301775E+03 4.109661E+03 3.822513E+03 3.453324E+03 3.106914E+03 3.143263E+03   Rank|WRST 1 5 | > 16 | > 3 | > 4 | > 2 | > 7 | > 9 | > 11 | > 10 | > 12 | > 15 | > 14 | > 13 | > 6 | > 8 | >   Min 7.820731E+02 2.594022E+03 4.700330E+03 2.315106E+03 1.938184E+03 2.210720E+03 2.206016E+03 2.396611E+03 1.811599E+03 2.271160E+03 2.679354E+03 2.240056E+03 2.742651E+03 1.714146E+03 2.039568E+03 2.307228E+03   Rank 1 13 16 11 4 7 6 12 3 9 14 8 15 2 5 10   Median 2.128545E+03 3.101619E+03 8.205687E+03 3.018752E+03 3.132413E+03 2.929733E+03 3.201418E+03 3.114910E+03 3.305941E+03 3.212400E+03 3.329197E+03 4.245208E+03 3.880546E+03 3.389238E+03 3.127162E+03 3.200051E+03   Rank 1 4 16 3 7 2 9 5 11 10 12 15 14 13 6 8   (Std Dev) (4.886631E+02) (2.788994E+02) (3.203331E+03) (2.943227E+02) (4.521990E+02) (2.830819E+02) (3.152669E+02) (3.515761E+02) (5.484851E+02) (3.856675E+02) (2.686676E+02) (8.008467E+02) (4.583595E+02) (6.384064E+02) (3.063989E+02) (4.227969E+02) 
 

𝑓11

Mean 2.065810E+01 2.529966E+01 1.341239E+02 2.407797E+01 9.915709E+01 8.311254E+01 2.309713E+01 9.745765E+01 4.054469E+01 2.056611E+01 3.459664E+01 2.431189E+01 2.408576E+01 3.173047E+01 2.175959E+01 2.686271E+01   Rank|WRST 2 8 | > 16 | > 5 | > 15 | > 13 | > 4 | > 14 | > 12 | > 1 | = 11 | > 7 | > 6 | > 10 | > 3 | > 9 | >   Min 1.632218E+01 2.124972E+01 6.403283E+01 1.826484E+01 6.041706E+01 2.522956E+01 1.925980E+01 5.905808E+01 2.821448E+01 1.660270E+01 2.522956E+01 1.773724E+01 1.925980E+01 2.323964E+01 1.863376E+01 2.124972E+01   Rank 1 8 16 4 15 11 7 14 13 2 12 3 6 10 5 9   Median 1.971287E+01 2.493659E+01 1.346176E+02 2.323964E+01 9.591397E+01 9.388143E+01 2.289451E+01 9.680951E+01 4.109197E+01 2.012937E+01 3.412727E+01 2.323017E+01 2.224468E+01 3.213735E+01 2.173112E+01 2.716256E+01   Rank 1 8 16 7 14 13 5 15 12 2 11 6 4 10 3 9   (Std Dev) (3.114023E+00) (2.672110E+00) (4.195912E+01) (3.523609E+00) (1.535824E+01) (3.239440E+01) (1.859068E+00) (2.289345E+01) (6.478572E+00) (2.972262E+00) (4.723792E+00) (4.854084E+00) (3.654555E+00) (4.139479E+00) (1.735772E+00) (2.846343E+00) 
 (continued on next page)
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Table 7 (continued).
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓12

Mean 1.621733E+03 1.130232E+03 3.874637E+04 1.167988E+03 2.798873E+03 1.542897E+03 3.840425E+02 4.561945E+03 5.952050E+03 7.853336E+02 1.992997E+03 1.839664E+03 1.437609E+03 1.607862E+03 1.292722E+03 2.152114E+03   Rank|WRST 9 3 | < 16 | > 4 | < 13 | > 7 | = 1 | < 14 | > 15 | > 2 | < 11 | > 10 | > 6 | < 8 | = 5 | < 12 | >   Min 8.895511E+02 3.849683E+02 4.299258E+03 4.848846E+02 5.137516E+02 3.816676E+02 1.404602E+02 1.650239E+03 8.899793E+02 2.628315E+02 8.688446E+02 5.988183E+02 5.429034E+02 8.031624E+02 5.957674E+02 9.258913E+02   Rank 12 4 16 5 6 3 1 15 13 2 11 9 7 10 8 14   Median 1.586410E+03 1.159506E+03 2.872502E+04 1.225216E+03 2.076088E+03 1.514398E+03 3.768603E+02 4.085983E+03 3.868220E+03 8.132541E+02 2.043569E+03 1.781051E+03 1.360770E+03 1.600239E+03 1.282923E+03 1.960613E+03   Rank 8 3 16 4 13 7 1 15 14 2 12 10 6 9 5 11   (Std Dev) (3.759362E+02) (3.331556E+02) (2.979651E+04) (3.381837E+02) (2.667592E+03) (5.449356E+02) (1.932313E+02) (3.223107E+03) (5.518341E+03) (2.676749E+02) (5.035735E+02) (5.440466E+02) (4.457496E+02) (4.230204E+02) (3.613247E+02) (8.089452E+02) 
 

𝑓13

Mean 2.713304E+01 1.017292E+01 7.107987E+02 2.228348E+01 3.931731E+02 3.328818E+01 7.705859E+00 2.398066E+02 2.491003E+01 3.330444E+01 4.644927E+01 3.716403E+01 3.367727E+01 3.299988E+01 7.016506E+01 4.163187E+01   Rank|WRST 5 2 | < 16 | > 3 | = 15 | > 7 | > 1 | < 14 | > 4 | = 8 | = 12 | > 10 | > 9 | = 6 | = 13 | > 11 | >   Min 9.958176E−01 2.305019E+00 8.532670E+01 6.420564E+00 3.880568E+01 4.974807E+00 2.147809E+00 4.895068E+01 1.065689E+01 2.801690E+00 1.243741E+01 6.003927E+00 3.170392E+00 4.974795E+00 5.442976E+00 6.998542E+00   Rank 1 3 16 10 14 7 2 15 12 4 13 9 5 6 8 11   Median 3.378421E+01 9.718285E+00 2.077540E+02 1.177811E+01 2.746465E+02 4.104888E+01 6.846637E+00 1.878201E+02 2.184466E+01 3.854246E+01 4.609290E+01 4.276589E+01 3.847822E+01 3.871260E+01 6.536676E+01 4.614034E+01   Rank 5 2 15 3 16 9 1 14 4 7 11 10 6 8 13 12   (Std Dev) (1.887756E+01) (6.266817E+00) (1.221373E+03) (1.780004E+01) (4.156057E+02) (1.890092E+01) (5.777284E+00) (1.933834E+02) (1.051376E+01) (2.189795E+01) (2.811936E+01) (2.204075E+01) (2.553690E+01) (1.856441E+01) (3.589566E+01) (1.935700E+01) 
 

𝑓14

Mean 2.326610E+01 2.928532E+01 2.137036E+02 2.530002E+01 1.678260E+02 5.240401E+01 2.486795E+01 1.968546E+02 3.482372E+01 2.360157E+01 2.633436E+01 2.864161E+01 2.381225E+01 2.878860E+01 2.627415E+01 3.149620E+01   Rank|WRST 1 10 | > 16 | > 5 | > 14 | > 13 | > 4 | > 15 | > 12 | > 2 | = 7 | > 8 | > 3 | = 9 | > 6 | > 11 | >   Min 1.999804E+01 2.435188E+01 7.679912E+01 2.217035E+01 1.274845E+02 2.313498E+01 2.146527E+01 9.365710E+01 1.013200E+01 2.122616E+01 2.141335E+01 2.036871E+01 2.023396E+01 2.300257E+01 2.273820E+01 2.497658E+01   Rank 2 12 14 8 16 11 7 15 1 5 6 4 3 10 9 13   Median 2.299670E+01 2.810531E+01 2.061982E+02 2.468106E+01 1.702379E+02 2.799092E+01 2.477627E+01 1.951197E+02 3.612485E+01 2.331726E+01 2.639058E+01 2.798029E+01 2.364155E+01 2.800824E+01 2.594526E+01 2.997524E+01   Rank 1 11 16 4 14 9 5 15 13 2 7 8 3 10 6 12   (Std Dev) (1.691083E+00) (2.945567E+00) (7.592421E+01) (2.497090E+00) (1.876258E+01) (5.137079E+01) (1.934293E+00) (5.942514E+01) (7.747161E+00) (1.527593E+00) (2.292603E+00) (3.730212E+00) (1.935615E+00) (3.417551E+00) (2.437742E+00) (5.048594E+00) 
 

𝑓15

Mean 2.183355E+01 2.241432E+01 1.666798E+02 2.087485E+01 3.319586E+02 2.697331E+01 1.847100E+01 2.724744E+02 2.943910E+01 1.882971E+01 2.724628E+01 2.953373E+01 2.186512E+01 3.060424E+01 2.538360E+01 3.038722E+01   Rank|WRST 4 6 | = 14 | > 3 | < 16 | > 8 | > 1 | < 15 | > 10 | > 2 | < 9 | > 11 | > 5 | = 13 | > 7 | > 12 | >   Min 1.825554E+01 1.911322E+01 3.795535E+01 1.718526E+01 1.925862E+02 2.106583E+01 1.706971E+01 7.227934E+01 2.321578E+01 1.708378E+01 2.193674E+01 2.064611E+01 1.810632E+01 2.105020E+01 1.973860E+01 2.228478E+01   Rank 5 6 14 3 16 10 1 15 13 2 11 8 4 9 7 12   Median 2.139899E+01 2.203748E+01 1.516245E+02 2.063274E+01 3.300895E+02 2.626900E+01 1.816875E+01 2.906140E+02 2.919551E+01 1.905146E+01 2.631938E+01 2.850289E+01 2.143694E+01 3.033283E+01 2.486716E+01 2.871655E+01   Rank 4 6 14 3 16 8 1 15 12 2 9 10 5 13 7 11   (Std Dev) (1.964073E+00) (2.670037E+00) (9.904818E+01) (1.732783E+00) (6.432027E+01) (4.449842E+00) (9.042724E−01) (1.219809E+02) (4.231524E+00) (1.105538E+00) (3.786926E+00) (8.285713E+00) (2.022046E+00) (5.229939E+00) (3.224762E+00) (5.200239E+00) 
 

𝑓16

Mean 1.372411E+02 3.248465E+02 1.607310E+03 3.365006E+02 3.655754E+02 2.958167E+02 3.278314E+02 6.909015E+02 6.527276E+02 3.195345E+02 3.597437E+02 3.513056E+02 2.989799E+02 4.224256E+02 2.760698E+02 4.066641E+02   Rank|WRST 1 6 | > 16 | > 8 | > 11 | > 3 | > 7 | > 15 | > 14 | > 5 | > 10 | > 9 | > 4 | > 13 | > 2 | > 12 | >   Min 1.229585E+02 1.334058E+02 4.417087E+02 1.300386E+02 1.308124E+02 1.274496E+02 1.397177E+02 1.351101E+02 1.306874E+02 1.284736E+02 1.390989E+02 1.280192E+02 1.270775E+02 1.263405E+02 1.370992E+02 1.262478E+02   Rank 1 11 16 8 10 5 15 12 9 7 14 6 4 3 13 2   Median 1.280524E+02 3.144886E+02 1.266792E+03 3.475290E+02 3.656551E+02 2.642546E+02 3.287713E+02 7.077558E+02 6.167489E+02 3.473457E+02 3.648177E+02 3.579950E+02 2.688094E+02 4.014131E+02 2.676409E+02 3.671384E+02   Rank 1 5 16 8 11 2 6 15 14 7 10 9 4 13 3 12   (Std Dev) (3.200835E+01) (1.274563E+02) (8.137284E+02) (1.392574E+02) (7.614750E+01) (8.756523E+01) (1.249754E+02) (1.923550E+02) (2.200424E+02) (1.178038E+02) (1.181329E+02) (1.192786E+02) (1.439348E+02) (1.978343E+02) (1.161709E+02) (1.434911E+02) 
 

𝑓17

Mean 1.676398E+02 3.224481E+02 1.226173E+03 2.273537E+02 3.911579E+02 3.067458E+02 2.542680E+02 5.101464E+02 4.598982E+02 2.367753E+02 2.918878E+02 2.985298E+02 2.923675E+02 2.662556E+02 2.214926E+02 3.024849E+02   Rank|WRST 1 12 | > 16 | > 3 | > 13 | > 11 | > 5 | > 15 | > 14 | > 4 | > 7 | > 9 | > 8 | > 6 | > 2 | > 10 | >   Min 4.822723E+01 1.825800E+02 4.846511E+02 5.322207E+01 2.047227E+02 1.892275E+02 8.283990E+01 2.150971E+02 1.103636E+02 9.512665E+01 1.048756E+02 8.135234E+01 9.010528E+01 6.729880E+01 9.332247E+01 1.066808E+02   Rank 1 12 16 2 14 13 5 15 11 8 9 4 6 3 7 10   Median 1.842699E+02 3.035339E+02 1.108677E+03 2.286304E+02 3.867978E+02 2.803287E+02 2.529566E+02 4.975129E+02 4.663729E+02 2.303298E+02 2.759335E+02 2.738261E+02 2.588349E+02 2.377314E+02 2.377009E+02 2.788738E+02   Rank 1 12 16 2 13 11 6 15 14 3 9 8 7 5 4 10   (Std Dev) (4.907653E+01) (7.549502E+01) (5.138626E+02) (9.110394E+01) (1.211219E+02) (8.564217E+01) (8.075967E+01) (1.372272E+02) (1.362805E+02) (7.665456E+01) (7.122462E+01) (8.136036E+01) (1.018548E+02) (9.917010E+01) (6.684888E+01) (8.967798E+01) 
 

𝑓18

Mean 2.599503E+01 2.229665E+01 1.076140E+02 2.228778E+01 1.390370E+02 2.482885E+01 2.085299E+01 1.101569E+02 3.145475E+01 2.189212E+01 2.770555E+01 2.799834E+01 2.325427E+01 3.244030E+01 2.438381E+01 3.322346E+01   Rank|WRST 8 4 | < 14 | > 3 | < 16 | > 7 | = 1 | < 15 | > 11 | > 2 | < 9 | > 10 | > 5 | < 12 | > 6 | < 13 | >   Min 2.042563E+01 2.052929E+01 3.874445E+01 2.052333E+01 2.735812E+01 2.055708E+01 2.052235E+01 3.587992E+01 2.209102E+01 2.054878E+01 2.199464E+01 2.038696E+01 2.060482E+01 2.214715E+01 2.142464E+01 2.429981E+01   Rank 2 5 16 4 14 7 3 15 11 6 10 1 8 12 9 13   Median 2.550539E+01 2.204027E+01 9.130162E+01 2.219768E+01 1.261213E+02 2.449451E+01 2.069438E+01 8.071581E+01 2.860031E+01 2.177547E+01 2.650125E+01 2.826534E+01 2.293994E+01 3.053550E+01 2.445331E+01 3.223799E+01   Rank 8 3 15 4 16 7 1 14 11 2 9 10 5 12 6 13   (Std Dev) (3.113726E+00) (1.193692E+00) (7.209280E+01) (1.217522E+00) (7.188513E+01) (2.417605E+00) (4.147527E−01) (6.830674E+01) (8.041789E+00) (1.030270E+00) (4.505157E+00) (4.054860E+00) (1.327631E+00) (6.790928E+00) (1.711169E+00) (6.188162E+00) 
 

𝑓19

Mean 1.120802E+01 1.083530E+01 1.165455E+02 1.079553E+01 1.036324E+02 1.373694E+01 9.612931E+00 1.199293E+02 1.167839E+01 1.165132E+01 1.580759E+01 1.756726E+01 1.011394E+01 2.099256E+01 1.738863E+01 2.541982E+01   Rank|WRST 5 4 | = 15 | > 3 | = 14 | > 8 | > 1 | < 16 | > 7 | = 6 | = 9 | > 11 | > 2 | < 12 | > 10 | > 13 | >   Min 5.893108E+00 5.601398E+00 4.236983E+01 6.486767E+00 6.134323E+01 7.061366E+00 4.746700E+00 4.983732E+01 7.674629E+00 6.872676E+00 8.848522E+00 1.044677E+01 6.538726E+00 1.353238E+01 8.749368E+00 1.773197E+01   Rank 3 2 14 4 16 7 1 15 8 6 10 11 5 12 9 13   Median 1.079062E+01 1.077286E+01 1.066961E+02 1.080930E+01 1.003981E+02 1.343639E+01 9.534234E+00 1.135250E+02 1.157255E+01 1.193523E+01 1.591658E+01 1.764372E+01 9.879910E+00 2.089922E+01 1.720525E+01 2.427240E+01   Rank 4 3 15 5 14 8 1 16 6 7 9 11 2 12 10 13   (Std Dev) (2.236191E+00) (1.965168E+00) (4.969683E+01) (1.968682E+00) (2.852130E+01) (3.401825E+00) (2.371387E+00) (4.769729E+01) (1.978650E+00) (2.471334E+00) (2.864801E+00) (3.360015E+00) (2.039028E+00) (3.068024E+00) (3.149280E+00) (3.938342E+00) 
 

𝑓20

Mean 6.989713E+01 1.647001E+02 7.780841E+02 1.139434E+02 1.096167E+02 1.419864E+02 1.388076E+02 2.951780E+02 2.412222E+02 1.107771E+02 2.575596E+02 1.577110E+02 1.282434E+02 1.559907E+02 1.057135E+02 1.463891E+02   Rank|WRST 1 12 | > 16 | > 5 | > 3 | > 8 | > 7 | > 15 | > 13 | > 4 | > 14 | > 11 | > 6 | > 10 | > 2 | > 9 | >   Min 5.427894E+01 4.455894E+01 6.117452E+01 5.552825E+01 6.871601E+01 4.985385E+01 8.464026E+01 7.439242E+01 3.860087E+01 6.597696E+01 1.207761E+02 8.312751E+01 6.204642E+01 7.931327E+01 7.372544E+01 5.094703E+01   Rank 5 2 7 6 10 3 15 12 1 9 16 14 8 13 11 4   Median 7.028106E+01 1.552350E+02 6.770707E+02 8.727768E+01 1.042255E+02 1.267135E+02 1.266964E+02 3.287403E+02 2.707065E+02 9.404332E+01 2.441781E+02 1.400026E+02 1.139768E+02 1.201024E+02 1.039097E+02 1.182860E+02   Rank 1 12 16 2 5 10 9 15 14 3 13 11 6 8 4 7   (Std Dev) (9.041067E+00) (6.876720E+01) (4.163580E+02) (7.008519E+01) (4.464465E+01) (6.615329E+01) (4.857981E+01) (1.116689E+02) (1.198846E+02) (5.204588E+01) (9.177804E+01) (6.075295E+01) (5.448751E+01) (9.516086E+01) (2.281738E+01) (7.524980E+01) 
 (continued on next page)
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Table 7 (continued).
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓21

Mean 2.046774E+02 2.268524E+02 2.844048E+02 2.125284E+02 2.269897E+02 2.195756E+02 2.167081E+02 2.350285E+02 2.715684E+02 2.169707E+02 2.142213E+02 2.104749E+02 2.167069E+02 2.154260E+02 2.264910E+02 2.127808E+02   Rank|WRST 1 12 | > 16 | > 3 | > 13 | > 10 | > 8 | > 14 | > 15 | > 9 | > 5 | > 2 | > 7 | > 6 | > 11 | > 4 | >   Min 2.000000E+02 2.113465E+02 2.421472E+02 2.030282E+02 2.184955E+02 2.115858E+02 2.110125E+02 2.216560E+02 2.482397E+02 2.060945E+02 2.068735E+02 2.042276E+02 2.078448E+02 2.029405E+02 2.122795E+02 2.050593E+02   Rank 1 10 15 3 13 11 9 14 16 6 7 4 8 2 12 5   Median 2.049388E+02 2.268872E+02 2.818574E+02 2.127265E+02 2.266337E+02 2.185908E+02 2.168819E+02 2.349100E+02 2.715756E+02 2.170091E+02 2.141001E+02 2.097585E+02 2.169035E+02 2.093168E+02 2.268953E+02 2.124934E+02   Rank 1 12 16 5 11 10 7 14 15 9 6 3 8 2 13 4   (Std Dev) (2.287828E+00) (6.161506E+00) (2.398044E+01) (3.754868E+00) (3.484461E+00) (4.308225E+00) (2.645351E+00) (5.159209E+00) (1.247529E+01) (3.333881E+00) (2.379667E+00) (3.365461E+00) (3.949484E+00) (1.050258E+01) (7.070330E+00) (4.486508E+00)  
 

𝑓22

Mean 6.975856E+02 1.000000E+02 7.884433E+03 1.951154E+03 1.006014E+02 1.000000E+02 3.117769E+02 2.830672E+03 2.851409E+03 1.864626E+03 1.761143E+02 2.491535E+02 1.033541E+03 1.779710E+03 1.103159E+03 3.540778E+02   Rank|WRST 8 1 | < 16 | > 13 | > 3 | < 2 | < 6 | < 14 | > 15 | > 12 | > 4 | < 5 | < 9 | > 11 | = 10 | = 7 | <   Min 1.000000000000009E+02 1.000000000000005E+02 1.000000000000177E+02 1.000000000000009E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000023E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02 1.000000000000005E+02  Rank 13 1 16 13 1 1 1 1 15 1 1 1 1 1 1 1   Median 1.000000000000014E+02 1.000000000000005E+02 6.895571249542762E+03 2.653142705831165E+03 1.000000000000009E+02 1.000000000000005E+02 1.000000000000009E+02 3.817738419767047E+03 3.605610320662439E+03 1.029569954258386E+02 1.000000000000009E+02 1.000000000000009E+02 1.000000000000009E+02 1.000000000000005E+02 1.000000000000009E+02 1.000000000000009E+02   Rank 11 1 16 13 4 1 4 15 14 12 4 4 4 1 4 4   (Std Dev) (9.698635E+02) (1.889028E−13) (3.594740E+03) (1.730637E+03) (1.339659E+00) (8.532874E−07) (7.807495E+02) (1.816065E+03) (1.785674E+03) (1.842300E+03) (4.839708E+02) (7.526256E+02) (1.801499E+03) (1.998491E+03) (1.568920E+03) (8.834092E+02)  
 

𝑓23

Mean 4.255519E+02 4.286330E+02 5.086686E+02 4.388129E+02 4.413818E+02 4.271783E+02 4.198069E+02 4.580789E+02 4.980553E+02 4.305474E+02 4.278042E+02 4.310076E+02 4.334032E+02 4.408116E+02 4.389088E+02 4.373202E+02   Rank|WRST 2 5 | > 16 | > 10 | > 13 | > 3 | = 1 | < 14 | > 15 | > 6 | > 4 | = 7 | > 8 | > 12 | > 11 | > 9 | >   Min 4.079194E+02 4.126502E+02 4.645363E+02 4.203732E+02 4.211247E+02 4.033141E+02 4.055305E+02 4.383527E+02 4.665681E+02 4.129632E+02 4.117725E+02 4.145031E+02 4.180668E+02 4.286995E+02 4.208912E+02 4.186025E+02   Rank 3 5 15 10 12 1 2 14 16 6 4 7 8 13 11 9   Median 4.267748E+02 4.299420E+02 5.069153E+02 4.371741E+02 4.427929E+02 4.252610E+02 4.197648E+02 4.575259E+02 4.953737E+02 4.308107E+02 4.260357E+02 4.316541E+02 4.335902E+02 4.405018E+02 4.392888E+02 4.372129E+02   Rank 4 5 16 9 13 2 1 14 15 6 3 7 8 12 11 10   (Std Dev) (7.692094E+00) (6.548956E+00) (2.178750E+01) (1.003456E+01) (7.272816E+00) (1.200295E+01) (6.351109E+00) (8.857756E+00) (1.585837E+01) (5.972821E+00) (1.146078E+01) (5.866892E+00) (7.190833E+00) (6.285960E+00) (7.021152E+00) (6.367471E+00)  
 

𝑓24

Mean 5.016679E+02 4.993677E+02 6.044515E+02 5.070478E+02 5.191083E+02 4.911719E+02 4.998639E+02 5.297335E+02 5.743433E+02 5.059047E+02 5.024317E+02 5.034319E+02 5.071026E+02 5.134371E+02 5.127178E+02 5.067829E+02   Rank|WRST 4 2 | < 16 | > 9 | > 13 | > 1 | < 3 | < 14 | > 15 | > 7 | > 5 | = 6 | > 10 | > 12 | > 11 | > 8 | >   Min 4.949300E+02 4.860206E+02 5.380769E+02 4.982487E+02 5.003596E+02 4.686892E+02 4.926638E+02 5.130278E+02 5.495746E+02 4.998662E+02 4.889231E+02 4.960667E+02 4.984998E+02 5.002507E+02 5.021655E+02 5.002071E+02   Rank 5 2 15 7 12 1 4 14 16 9 3 6 8 11 13 10   Median 5.010489E+02 4.989126E+02 5.756822E+02 5.071077E+02 5.184315E+02 4.906110E+02 4.997997E+02 5.282046E+02 5.743299E+02 5.054972E+02 5.027508E+02 5.029114E+02 5.067393E+02 5.115523E+02 5.117156E+02 5.066416E+02   Rank 4 2 16 10 13 1 3 14 15 7 5 6 9 11 12 8   (Std Dev) (3.144555E+00) (6.527942E+00) (9.057137E+01) (4.695180E+00) (9.558283E+00) (6.746069E+00) (3.672399E+00) (9.172782E+00) (1.535097E+01) (3.509706E+00) (6.211120E+00) (2.964911E+00) (4.589569E+00) (7.529829E+00) (6.023637E+00) (2.521152E+00)  
 

𝑓25

Mean 4.790390E+02 4.809905E+02 5.199838E+02 4.802383E+02 5.159662E+02 5.202280E+02 4.804707E+02 5.299156E+02 4.883455E+02 4.814529E+02 4.814263E+02 4.801808E+02 4.811566E+02 4.811107E+02 4.802628E+02 4.882382E+02   Rank|WRST 1 6 | > 14 | > 3 | > 13 | > 15 | > 5 | > 16 | > 12 | > 10 | > 9 | > 2 | > 8 | > 7 | > 4 | > 11 | >   Min 4.586002E+02 4.801000E+02 4.563287E+02 4.802307E+02 4.603753E+02 4.281261E+02 4.802307E+02 4.607012E+02 4.552095E+02 4.801724E+02 4.802350E+02 4.598740E+02 4.802307E+02 4.773573E+02 4.773218E+02 4.591265E+02   Rank 4 11 3 15 7 1 13 8 2 12 16 6 13 10 9 5   Median 4.801561E+02 4.802350E+02 5.234920E+02 4.802350E+02 5.200319E+02 5.282569E+02 4.802350E+02 5.298268E+02 4.802734E+02 4.802088E+02 4.802812E+02 4.794621E+02 4.802435E+02 4.802561E+02 4.801840E+02 4.803123E+02   Rank 2 5 14 5 13 15 5 16 10 4 11 1 8 9 3 12   (Std Dev) (4.360133E+00) (5.356607E+00) (3.566669E+01) (8.014665E−03) (2.363566E+01) (4.529643E+01) (1.622630E+00) (3.590317E+01) (2.235061E+01) (3.163818E+00) (3.482478E+00) (8.416542E+00) (3.146722E+00) (3.185721E+00) (1.459008E+00) (2.300136E+01)  
 

𝑓26

Mean 8.291530E+02 1.083869E+03 1.967994E+03 1.112467E+03 1.465357E+03 1.103252E+03 9.982821E+02 1.439676E+03 1.835366E+03 1.073517E+03 1.054248E+03 8.200560E+02 1.086494E+03 1.130146E+03 1.223522E+03 6.600555E+02   Rank|WRST 3 7 | > 16 | > 10 | > 14 | > 9 | > 4 | = 13 | > 15 | > 6 | > 5 | > 2 | = 8 | > 11 | > 12 | > 1 | =   Min 3.000000E+02 9.291791E+02 1.483757E+03 9.750998E+02 1.255006E+03 8.581916E+02 8.479637E+02 1.191152E+03 1.504274E+03 9.768223E+02 9.088995E+02 3.000000E+02 9.380870E+02 1.026326E+03 9.590511E+02 3.000000E+02   Rank 1 7 15 10 14 5 4 13 16 11 6 1 8 12 9 3   Median 9.848215E+02 1.095643E+03 1.992254E+03 1.112632E+03 1.475721E+03 1.095245E+03 1.009088E+03 1.441368E+03 1.834273E+03 1.073475E+03 1.064333E+03 1.007266E+03 1.082523E+03 1.117920E+03 1.247281E+03 3.000001E+02   Rank 2 9 16 10 14 8 4 13 15 6 5 3 7 11 12 1   (Std Dev) (3.168878E+02) (6.847803E+01) (2.457680E+02) (5.589796E+01) (1.171455E+02) (9.525082E+01) (6.940263E+01) (1.146736E+02) (1.529247E+02) (4.200221E+01) (7.604514E+01) (3.427873E+02) (6.185527E+01) (4.334966E+01) (9.639175E+01) (4.024750E+02)  
 

𝑓27

Mean 5.008677E+02 4.950380E+02 5.675918E+02 4.977280E+02 6.463989E+02 5.175462E+02 5.013062E+02 5.388483E+02 5.043118E+02 5.190105E+02 5.285309E+02 5.173002E+02 5.098991E+02 5.336866E+02 5.271882E+02 5.254333E+02   Rank|WRST 3 1 | < 15 | > 2 | = 16 | > 8 | > 4 | = 14 | > 5 | = 9 | > 12 | > 7 | > 6 | > 13 | > 11 | > 10 | >   Min 4.774977E+02 4.752474E+02 5.182440E+02 4.786020E+02 5.041126E+02 4.923447E+02 4.785627E+02 5.168317E+02 4.637130E+02 5.022323E+02 5.123438E+02 4.993083E+02 4.938966E+02 5.147655E+02 5.076118E+02 5.090525E+02   Rank 3 2 16 5 10 6 4 15 1 9 13 8 7 14 11 12   Median 5.012338E+02 4.941437E+02 5.547540E+02 4.974608E+02 6.565132E+02 5.172336E+02 5.025742E+02 5.362724E+02 5.012117E+02 5.190515E+02 5.278036E+02 5.167451E+02 5.103958E+02 5.326703E+02 5.266047E+02 5.240995E+02   Rank 4 1 15 2 16 8 5 14 3 9 12 7 6 13 11 10   (Std Dev) (8.998809E+00) (1.382155E+01) (4.202499E+01) (1.013175E+01) (4.658387E+01) (1.106274E+01) (8.631690E+00) (1.413660E+01) (2.132007E+01) (1.013189E+01) (8.242749E+00) (8.669795E+00) (7.455022E+00) (1.165728E+01) (1.385349E+01) (9.591251E+00)  
 

𝑓28

Mean 4.584167E+02 4.588152E+02 4.884526E+02 4.588487E+02 4.872866E+02 4.880454E+02 4.588487E+02 4.919525E+02 4.596444E+02 4.607163E+02 4.703419E+02 4.573225E+02 4.617220E+02 4.626798E+02 4.575119E+02 4.625177E+02   Rank|WRST 3 4 | > 15 | > 6 | > 13 | > 14 | > 5 | > 16 | > 7 | > 8 | > 12 | > 1 | < 9 | > 11 | > 2 | < 10 | >   Min 4.558656E+02 4.581340E+02 4.588487E+02 4.588487E+02 4.511153E+02 4.588487E+02 4.588487E+02 4.588487E+02 4.588487E+02 4.527868E+02 4.588487E+02 4.468378E+02 4.588487E+02 4.588487E+02 4.548771E+02 4.588487E+02   Rank 5 6 14 9 2 9 9 14 14 3 9 1 7 7 4 9   Median 4.585128E+02 4.588487E+02 4.966693E+02 4.588487E+02 4.941916E+02 5.076947E+02 4.588487E+02 5.076947E+02 4.588487E+02 4.562270E+02 4.588487E+02 4.515130E+02 4.588487E+02 4.588487E+02 4.566779E+02 4.588487E+02   Rank 4 7 14 10 13 15 7 15 10 2 7 1 5 5 3 10   (Std Dev) (4.866012E−01) (1.381782E−01) (2.185783E+01) (1.286220E−13) (1.751158E+01) (2.356467E+01) (2.506273E−13) (2.004836E+01) (5.682218E+00) (1.476111E+01) (2.092578E+01) (1.603369E+01) (1.160753E+01) (1.326287E+01) (6.916436E+00) (1.274200E+01)  
 

𝑓29

Mean 3.598263E+02 3.536670E+02 8.544092E+02 3.653663E+02 4.019208E+02 3.532367E+02 3.594950E+02 4.406390E+02 3.891535E+02 3.562489E+02 3.668163E+02 3.669417E+02 3.793413E+02 3.836002E+02 3.557241E+02 3.576328E+02   Rank|WRST 7 2 | = 16 | > 8 | = 14 | > 1 | < 6 | = 15 | > 13 | = 4 | = 9 | = 10 | = 11 | > 12 | > 3 | = 5 | =   Min 3.336797E+02 3.202839E+02 4.200227E+02 3.071401E+02 3.449262E+02 3.211732E+02 3.304332E+02 3.387306E+02 3.092258E+02 3.317717E+02 3.316070E+02 3.323059E+02 3.413998E+02 3.328027E+02 3.411403E+02 3.265252E+02   Rank 11 3 16 1 15 4 6 12 2 8 7 9 14 10 13 5   Median 3.582159E+02 3.555835E+02 7.863396E+02 3.541170E+02 3.787487E+02 3.529163E+02 3.587850E+02 4.146764E+02 3.538689E+02 3.562373E+02 3.641679E+02 3.675748E+02 3.795600E+02 3.764391E+02 3.547923E+02 3.563545E+02   Rank 8 5 16 3 13 1 9 15 2 6 10 11 14 12 4 7   (Std Dev) (1.416799E+01) (1.633329E+01) (3.119064E+02) (3.145881E+01) (5.738852E+01) (1.513720E+01) (1.179440E+01) (7.689280E+01) (7.906218E+01) (1.389462E+01) (1.893595E+01) (1.900325E+01) (1.489140E+01) (4.369321E+01) (8.970860E+00) (1.703038E+01)  
 

𝑓30

Mean 3.232140E+05 5.843140E+05 6.959266E+05 5.926495E+05 3.731420E+05 6.024955E+05 5.874649E+05 6.404948E+05 5.818760E+05 6.118749E+05 6.168262E+05 5.765873E+05 5.822174E+05 6.501674E+05 6.502001E+05 6.213293E+05   Rank|WRST 1 6 | > 16 | > 8 | > 2 | > 9 | > 7 | > 13 | > 4 | > 10 | > 11 | > 3 | > 5 | > 14 | > 15 | > 12 | >   Min 1.874519E+05 5.794123E+05 5.794119E+05 5.794112E+05 5.034821E+04 5.794113E+05 5.794124E+05 5.794112E+05 5.794114E+05 5.585172E+05 5.794156E+05 2.874344E+05 5.794111E+05 5.794113E+05 5.735928E+05 5.794113E+05   Rank 2 14 13 7 1 10 15 8 12 4 16 3 6 9 5 11   Median 3.006158E+05 5.795107E+05 6.696754E+05 5.904782E+05 3.795024E+05 5.840799E+05 5.799266E+05 6.377953E+05 5.794122E+05 5.963203E+05 6.075282E+05 5.788783E+05 5.794114E+05 6.493636E+05 6.363574E+05 5.982552E+05   Rank 1 6 16 9 2 8 7 14 5 10 12 3 4 15 13 11   (Std Dev) (8.310948E+04) (1.103382E+04) (1.097329E+05) (1.871435E+04) (1.098163E+05) (2.778091E+04) (1.729488E+04) (6.146172E+04) (8.774953E+03) (3.812792E+04) (4.081959E+04) (8.383975E+04) (1.383470E+04) (6.317939E+04) (8.789746E+04) (4.480336E+04)  
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ong et al.Table 8
Performance of DE Variants on 100D CEC2017 Benchmarks (51 Runs): Statistical Results and Wilcoxon Tests.
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓1

Mean 2.814307E−14 4.389716E−10 3.325676E−03 1.275901E−04 9.296022E−06 1.312414E−13 4.182188E−10 5.684342E−14 8.038377E+00 2.786442E−14 6.264193E−07 3.789561E−14 3.870981E−11 6.687461E−15 4.161691E−11 1.851389E−08   Rank|WRST 3 10 | > 15 | > 14 | > 13 | > 6 | > 9 | > 5 | > 16 | > 2 | = 12 | > 4 | = 7 | > 1 | < 8 | > 11 | >   Min 1.421085E−14 8.810730E−13 6.439516E−05 4.870415E−08 1.789289E−10 5.684342E−14 1.705303E−13 2.842171E−14 1.009754E+00 1.421085E−14 8.364935E−10 1.421085E−14 3.126388E−13 0.000000E+00 2.273737E−13 1.570299E−11   Rank 2 10 15 14 12 6 7 5 16 2 13 2 9 1 8 11   Median 2.842171E−14 1.859775E−10 2.362072E−03 5.734701E−05 1.867499E−07 1.136868E−13 1.047624E−10 4.263256E−14 6.697588E+00 2.842171E−14 2.460428E−07 2.842171E−14 8.952838E−12 0.000000E+00 6.792789E−12 6.100521E−09   Rank 2 10 15 14 12 6 9 5 16 2 13 2 8 1 7 11   (Std Dev) (4.485047E−15) (6.387677E−10) (3.561628E−03) (2.409909E−04) (3.516356E−05) (6.735335E−14) (8.615208E−10) (6.405928E−14) (5.575286E+00) (6.939080E−15) (1.251486E−06) (5.183879E−14) (8.205119E−11) (7.163704E−15) (1.002913E−10) (3.988414E−08) 
 

𝑓2

Mean 5.438922E−08 1.434679E+05 9.694334E+103 5.602825E+20 3.108494E−09 7.407948E+09 2.236360E+03 7.478906E+43 9.607846E+29 4.386226E+06 7.196427E+06 1.009412E+02 2.444955E+02 2.158083E+00 4.767853E+04 9.328640E−08   Rank|WRST 2 9 | > 16 | > 13 | > 1 | < 12 | > 7 | > 15 | > 14 | > 10 | > 11 | > 5 | > 6 | > 4 | = 8 | > 3 | >   Min 1.330136E−11 3.349373E−08 1.697933E+31 2.000000E+01 3.467449E−12 0.000000E+00 9.089263E−11 0.000000E+00 1.137877E+24 0.000000E+00 2.621684E−06 0.000000E+00 7.389644E−13 4.263256E−12 8.526513E−14 6.558309E−10   Rank 9 12 16 14 7 1 10 1 15 1 13 1 6 8 5 11   Median 1.805347E−09 1.073078E+02 7.167848E+67 2.239510E+05 3.976766E−10 2.000000E+00 8.756948E−05 1.170000E+02 1.000000E+30 1.280000E+02 6.975333E+03 5.000000E+01 5.409598E−07 5.605045E−10 4.278098E−06 3.423071E−08   Rank 3 10 16 14 1 8 7 11 15 12 13 9 5 2 6 4   (Std Dev) (3.134435E−07) (9.127717E+05) (6.923139E+104) (4.001022E+21) (8.700121E−09) (5.290285E+10) (1.406971E+04) (5.341007E+44) (1.960378E+29) (3.002198E+07) (2.945635E+07) (2.978643E+02) (1.133343E+03) (1.161706E+01) (3.389353E+05) (1.563371E−07) 
 

𝑓3

Mean 1.312191E−11 8.429026E−05 1.594732E+05 3.091648E−05 1.338969E−06 5.580045E−08 3.754106E−08 2.909049E−05 3.212309E+02 1.057024E−07 1.563489E−03 1.702697E−09 4.237930E−06 1.114577E−15 8.218332E−11 2.074227E−05   Rank|WRST 2 13 | > 16 | > 12 | > 8 | > 6 | > 5 | > 11 | > 15 | > 7 | > 14 | > 4 | = 9 | > 1 | < 3 | > 10 | >   Min 1.136868E−13 6.479333E−06 4.286623E+01 1.817182E−06 1.791037E−07 3.555215E−09 1.619526E−09 2.270056E−07 1.894791E+01 8.504514E−09 2.179689E−04 1.705303E−13 3.317101E−07 0.000000E+00 1.404032E−11 6.777905E−06   Rank 2 12 16 11 8 6 5 9 15 7 14 3 10 1 4 13   Median 1.273293E−11 6.150527E−05 6.871515E+03 1.945637E−05 1.131313E−06 5.044882E−08 3.004146E−08 6.040388E−06 2.904033E+02 6.978985E−08 1.452170E−03 2.330580E−11 2.246121E−06 0.000000E+00 5.650236E−11 1.946996E−05   Rank 2 13 16 11 8 6 5 10 15 7 14 3 9 1 4 12   (Std Dev) (9.797790E−12) (1.020255E−04) (1.782203E+05) (3.342698E−05) (8.045989E−07) (4.251754E−08) (3.368340E−08) (6.628735E−05) (2.062827E+02) (1.318052E−07) (1.143928E−03) (4.077513E−09) (4.550453E−06) (7.959671E−15) (7.895539E−11) (8.442298E−06) 
 

𝑓4

Mean 1.617375E+02 1.885868E+02 1.965894E+02 2.007251E+02 4.806387E+00 6.028297E+00 1.966773E+02 2.240887E+01 2.009818E+02 1.959679E+02 1.966247E+02 1.712605E+02 1.877716E+02 2.011424E+02 1.988094E+02 1.971684E+02   Rank|WRST 4 7 | = 9 | = 14 | > 1 | < 2 | < 11 | > 3 | < 15 | > 8 | = 10 | = 5 | > 6 | = 16 | > 13 | = 12 | >   Min 1.136868E−13 8.313389E+01 9.769146E+01 1.855078E+02 7.958079E−13 7.125734E−07 8.416857E+01 2.183356E−10 1.760351E+02 1.737824E+02 1.698434E+02 1.136868E−13 8.359111E+01 1.846718E+02 1.767945E+02 3.041123E−11   Rank 1 7 10 16 3 6 9 5 13 12 11 1 8 15 14 4   Median 1.918186E+02 1.973568E+02 1.954889E+02 1.973568E+02 3.986624E+00 3.986864E+00 1.973568E+02 3.986873E+00 1.973570E+02 1.907267E+02 1.973568E+02 1.890382E+02 1.920683E+02 1.920867E+02 2.057087E+02 1.973568E+02   Rank 6 10 9 13 1 2 13 3 15 5 10 4 7 8 16 10   (Std Dev) (8.113121E+01) (2.326721E+01) (3.209618E+01) (1.008912E+01) (1.394132E+01) (1.657950E+01) (1.923887E+01) (4.378647E+01) (1.102787E+01) (1.087679E+01) (6.192320E+00) (4.853727E+01) (2.229091E+01) (1.027255E+01) (8.559973E+00) (3.111328E+01) 
 

𝑓5

Mean 9.695974E+00 6.358906E+01 2.275665E+02 2.265168E+01 7.649475E+01 4.151804E+01 4.386812E+01 1.179916E+02 2.154514E+02 3.123857E+01 2.795818E+01 2.110874E+01 4.856367E+01 1.227116E+01 5.452456E+01 2.850265E+01   Rank|WRST 1 12 | > 16 | > 4 | > 13 | > 8 | > 9 | > 14 | > 15 | > 7 | > 5 | > 3 | > 10 | > 2 | > 11 | > 6 | >   Min 4.974795E+00 4.240159E+01 1.253647E+02 1.591934E+01 5.074290E+01 3.013518E+01 2.288406E+01 8.755637E+01 1.314081E+02 2.268399E+01 1.691430E+01 9.949591E+00 1.890422E+01 5.969754E+00 4.235993E+01 1.691430E+01   Rank 1 12 15 4 13 10 9 14 16 8 6 3 7 2 11 5   Median 8.954632E+00 6.059391E+01 2.019762E+02 2.188910E+01 7.561684E+01 4.091180E+01 4.416042E+01 1.184000E+02 2.093023E+02 3.033789E+01 2.832866E+01 2.089414E+01 5.139966E+01 1.193951E+01 5.450131E+01 2.885381E+01   Rank 1 12 15 4 13 8 9 14 16 7 5 3 10 2 11 6   (Std Dev) (2.741780E+00) (1.125915E+01) (1.303314E+02) (4.355950E+00) (1.200671E+01) (5.123543E+00) (5.829739E+00) (1.589293E+01) (4.412649E+01) (5.204420E+00) (5.519707E+00) (4.806028E+00) (1.341549E+01) (3.496070E+00) (5.092670E+00) (5.157779E+00) 
 

𝑓6

Mean 1.950896E−07 6.726142E−07 1.787272E+00 2.716906E−05 7.449722E−01 1.635873E−03 1.091325E−01 1.076323E−01 1.711505E−03 5.171166E−07 2.187610E−04 4.482183E−06 1.265943E−04 1.136868E−13 6.193563E−05 1.592274E−05   Rank|WRST 2 4 | > 16 | > 7 | > 15 | > 11 | > 14 | > 13 | > 12 | > 3 | > 10 | > 5 | > 9 | > 1 | < 8 | > 6 | >   Min 3.706191E−11 1.136868E−13 4.504528E−01 2.892603E−06 3.721192E−01 5.032091E−07 2.440553E−02 1.540502E−02 1.121137E−03 2.643151E−08 3.983590E−07 7.841550E−09 4.104207E−06 1.136868E−13 2.823879E−05 3.761982E−06   Rank 3 1 16 8 15 7 14 13 12 5 6 4 10 1 11 9   Median 1.128043E−07 2.407206E−07 1.668518E+00 2.044507E−05 7.320374E−01 2.801816E−04 1.038383E−01 9.898157E−02 1.702163E−03 4.697221E−07 2.851981E−06 3.994774E−06 2.231162E−05 1.136868E−13 5.826945E−05 1.567854E−05   Rank 2 3 16 8 15 11 14 13 12 4 5 6 9 1 10 7   (Std Dev) (2.536444E−07) (9.279064E−07) (8.409866E−01) (2.487359E−05) (2.116822E−01) (2.956374E−03) (5.469856E−02) (7.682275E−02) (3.385695E−04) (4.072876E−07) (3.759847E−04) (3.049714E−06) (4.097478E−04) (0.000000E+00) (2.434043E−05) (7.336332E−06) 
 

𝑓7

Mean 1.120176E+02 1.404465E+02 3.347820E+02 1.201505E+02 1.637345E+02 1.393985E+02 1.340501E+02 2.231876E+02 3.499320E+02 1.316360E+02 1.318391E+02 1.140675E+02 1.638926E+02 1.119167E+02 1.609305E+02 1.213521E+02   Rank|WRST 2 10 | > 15 | > 4 | > 12 | > 9 | > 8 | > 14 | > 16 | > 6 | > 7 | > 3 | > 13 | > 1 | = 11 | > 5 | >   Min 1.091491E+02 1.251780E+02 2.394643E+02 1.111532E+02 1.326497E+02 1.283122E+02 1.225801E+02 1.938157E+02 2.246788E+02 1.200909E+02 1.216295E+02 1.102820E+02 1.426896E+02 1.094624E+02 1.456284E+02 1.153402E+02   Rank 1 9 16 4 11 10 8 14 15 6 7 3 12 2 13 5   Median 1.120276E+02 1.366030E+02 3.034805E+02 1.203375E+02 1.635639E+02 1.409404E+02 1.338547E+02 2.212489E+02 3.382901E+02 1.318960E+02 1.324422E+02 1.145026E+02 1.650256E+02 1.119449E+02 1.610027E+02 1.211337E+02   Rank 2 9 15 4 12 10 8 14 16 6 7 3 13 1 11 5   (Std Dev) (1.672084E+00) (1.143821E+01) (1.466346E+02) (3.689183E+00) (1.427572E+01) (5.194161E+00) (4.881607E+00) (1.609278E+01) (7.812158E+01) (4.963156E+00) (4.317746E+00) (2.074716E+00) (1.061005E+01) (1.308837E+00) (5.700088E+00) (3.269801E+00) 
 

𝑓8

Mean 1.022272E+01 6.405562E+01 2.274736E+02 2.247536E+01 8.066724E+01 3.955194E+01 4.603852E+01 1.169582E+02 2.358661E+02 3.133866E+01 2.843264E+01 2.081307E+01 4.890689E+01 1.096406E+01 5.661094E+01 2.900988E+01   Rank|WRST 1 12 | > 15 | > 4 | > 13 | > 8 | > 9 | > 14 | > 16 | > 7 | > 5 | > 3 | > 10 | > 2 | = 11 | > 6 | >   Min 9.949591E−01 4.740458E+01 9.452106E+01 1.492439E+01 5.173785E+01 3.084373E+01 3.430243E+01 8.457147E+01 1.530701E+02 2.096563E+01 1.691430E+01 7.959672E+00 2.387902E+01 5.969754E+00 4.118721E+01 1.989918E+01   Rank 1 12 15 4 13 9 10 14 16 7 5 3 8 2 11 6   Median 8.954632E+00 6.008733E+01 2.149106E+02 2.288406E+01 8.059163E+01 3.810808E+01 4.675769E+01 1.144204E+02 2.266108E+02 3.111972E+01 2.885381E+01 2.089414E+01 4.803179E+01 1.094455E+01 5.501819E+01 2.885381E+01   Rank 1 12 15 4 13 8 9 14 16 7 6 3 10 2 11 5   (Std Dev) (3.576755E+00) (1.068381E+01) (1.056361E+02) (4.235785E+00) (1.172733E+01) (5.782518E+00) (4.023977E+00) (1.562233E+01) (5.182067E+01) (5.621072E+00) (4.742500E+00) (4.830297E+00) (1.159377E+01) (3.155700E+00) (1.185797E+01) (5.109760E+00) 
 

𝑓9

Mean 1.159160E−13 8.470784E−14 2.883310E+02 2.808734E−13 8.177251E+01 7.899855E−01 9.482353E−01 5.327730E+01 3.576371E−02 1.136868E−13 2.295196E−02 1.203743E−13 7.978172E−02 0.000000E+00 1.515825E−13 1.359784E−13   Rank|WRST 4 2 | < 16 | > 8 | > 15 | > 12 | > 13 | > 14 | > 10 | > 3 | = 9 | > 5 | = 11 | > 1 | < 7 | > 6 | >   Min 1.136868E−13 0.000000E+00 3.420895E+01 2.273737E−13 2.443958E+01 1.136868E−13 1.790565E−01 1.774828E+01 5.709356E−04 1.136868E−13 1.136868E−13 1.136868E−13 0.000000E+00 0.000000E+00 1.136868E−13 1.136868E−13   Rank 4 1 16 11 15 4 13 14 12 4 4 4 1 1 4 4   Median 1.136868E−13 1.136868E−13 2.329838E+02 2.273737E−13 7.208170E+01 6.333805E−01 8.952825E−01 4.215764E+01 5.778004E−03 1.136868E−13 1.136868E−13 1.136868E−13 1.136868E−13 0.000000E+00 1.136868E−13 1.136868E−13   Rank 2 2 16 10 15 12 13 14 11 2 2 2 2 1 2 2   (Std Dev) (1.591934E−14) (5.003842E−14) (2.331276E+02) (5.730963E−14) (3.405159E+01) (7.131380E−01) (5.473220E−01) (3.282045E+01) (7.678411E−02) (0.000000E+00) (7.206899E−02) (2.701602E−14) (1.493600E−01) (0.000000E+00) (5.412576E−14) (4.558606E−14) 
 

𝑓10

Mean 4.968848E+03 9.626518E+03 1.908340E+04 8.643399E+03 9.057914E+03 8.773373E+03 1.024868E+04 9.296564E+03 1.191811E+04 9.260573E+03 9.978096E+03 1.101280E+04 1.158313E+04 9.973742E+03 1.038677E+04 9.964136E+03   Rank|WRST 1 7 | > 16 | > 2 | > 4 | > 3 | > 11 | > 6 | > 15 | > 5 | > 10 | > 13 | > 14 | > 9 | > 12 | > 8 | >   Min 3.056044E+03 8.434026E+03 1.118340E+04 7.540498E+03 6.902133E+03 7.463370E+03 9.022276E+03 7.705642E+03 8.633190E+03 7.436982E+03 7.808164E+03 8.706185E+03 9.474505E+03 8.112709E+03 9.041186E+03 7.490705E+03   Rank 1 10 16 6 2 4 13 7 11 3 8 12 15 9 14 5   Median 4.971403E+03 9.665166E+03 1.410073E+04 8.663235E+03 8.940910E+03 8.808883E+03 1.034450E+04 9.357897E+03 1.169933E+04 9.327041E+03 1.004496E+04 1.103720E+04 1.165146E+04 1.016559E+04 1.043273E+04 9.484907E+03   Rank 1 8 16 2 4 3 11 6 15 5 9 13 14 10 12 7   (Std Dev) (1.163176E+03) (5.511024E+02) (7.663052E+03) (4.731401E+02) (9.899656E+02) (4.688140E+02) (5.221897E+02) (5.204375E+02) (2.007713E+03) (6.693055E+02) (4.876078E+02) (9.587435E+02) (6.622435E+02) (9.613914E+02) (4.523528E+02) (1.620138E+03) 
 (continued on next page)
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Table 8 (continued).
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓11

Mean 4.305039E+01 5.598269E+01 6.401219E+03 6.500599E+01 7.252624E+02 2.098260E+02 2.407442E+01 1.025625E+03 2.116976E+02 2.939836E+01 2.390883E+02 5.599950E+01 9.020279E+01 5.114896E+01 6.940422E+01 6.625294E+01   Rank|WRST 3 5 | > 16 | > 7 | > 14 | > 11 | > 1 | < 15 | > 12 | > 2 | < 13 | > 6 | > 10 | > 4 | = 9 | = 8 | >   Min 1.492438E+01 2.840113E+01 7.112399E+02 2.663430E+01 5.740880E+02 6.566720E+01 1.460052E+01 5.241032E+02 1.152548E+02 1.293480E+01 1.131971E+02 1.691430E+01 5.551191E+01 2.089414E+01 1.951782E+01 3.084371E+01   Rank 3 8 16 7 15 11 2 14 13 1 12 4 10 6 5 9   Median 4.254642E+01 5.251452E+01 1.060977E+03 5.150743E+01 7.093921E+02 1.741239E+02 2.265335E+01 1.004601E+03 2.118954E+02 2.462119E+01 2.218832E+02 4.974787E+01 8.036094E+01 4.155755E+01 3.762578E+01 5.870249E+01   Rank 5 8 16 7 14 11 1 15 12 2 13 6 10 4 3 9   (Std Dev) (1.291916E+01) (2.109295E+01) (1.854864E+04) (3.086372E+01) (9.836025E+01) (1.112704E+02) (1.076031E+01) (1.875412E+02) (5.161572E+01) (1.818409E+01) (7.236303E+01) (2.365673E+01) (3.057071E+01) (2.598564E+01) (5.672195E+01) (2.726219E+01) 
 

𝑓12

Mean 9.002845E+03 1.223139E+04 2.461931E+05 1.802876E+04 4.379632E+03 1.761364E+04 5.181336E+03 2.588750E+04 1.132909E+05 5.955109E+03 3.670182E+04 1.011929E+04 1.553826E+04 4.768739E+03 4.838626E+03 4.169111E+03   Rank|WRST 7 9 | > 16 | > 12 | > 2 | < 11 | > 5 | = 13 | > 15 | > 6 | = 14 | > 8 | = 10 | > 3 | = 4 | = 1 | <   Min 2.780469E+03 4.641700E+03 7.151881E+04 7.835024E+03 2.857831E+03 7.993429E+03 3.226345E+03 6.764096E+03 2.863838E+04 3.116980E+03 1.376321E+04 3.000222E+03 4.270660E+03 3.319193E+03 3.165452E+03 2.851503E+03   Rank 1 10 16 12 3 13 7 11 15 5 14 4 9 8 6 2   Median 5.473092E+03 1.069512E+04 2.525648E+05 1.625454E+04 4.112914E+03 1.490507E+04 4.938883E+03 2.431167E+04 9.007186E+04 5.498213E+03 3.193324E+04 9.477827E+03 1.416337E+04 4.850904E+03 4.753293E+03 4.215346E+03   Rank 6 9 16 12 1 11 5 13 15 7 14 8 10 4 3 2   (Std Dev) (6.525932E+03) (6.312973E+03) (9.969436E+04) (8.886248E+03) (1.829116E+03) (7.974992E+03) (9.567864E+02) (1.155145E+04) (6.271740E+04) (1.799279E+03) (1.539153E+04) (6.282793E+03) (6.279341E+03) (6.292139E+02) (7.043895E+02) (6.002374E+02) 
 

𝑓13

Mean 2.335343E+02 2.282813E+02 5.228997E+03 1.410298E+02 1.962748E+03 1.131762E+02 7.540281E+01 3.711889E+02 1.559835E+02 3.471703E+01 4.363536E+02 2.040927E+02 1.366100E+02 1.339031E+02 1.107339E+02 2.603490E+02   Rank|WRST 11 10 | = 16 | > 7 | < 15 | > 4 | < 2 | < 13 | = 8 | < 1 | < 14 | > 9 | < 6 | < 5 | < 3 | < 12 | =   Min 1.199829E+02 1.389391E+02 2.626195E+02 7.202824E+01 4.610804E+02 6.454848E+01 3.048645E+01 6.237746E+01 5.894558E+01 1.138200E+01 2.222866E+02 7.172084E+01 6.250509E+01 8.687298E+01 5.552979E+01 1.070847E+02   Rank 12 13 15 9 16 7 2 5 4 1 14 8 6 10 3 11   Median 2.236891E+02 2.275282E+02 3.018409E+03 1.406129E+02 1.898498E+03 1.021343E+02 7.725290E+01 2.405784E+02 1.475882E+02 2.906704E+01 3.937837E+02 1.911024E+02 1.334954E+02 1.309568E+02 1.042582E+02 2.497340E+02   Rank 10 11 16 7 15 3 2 12 8 1 14 9 6 5 4 13   (Std Dev) (7.447691E+01) (4.686030E+01) (6.418516E+03) (3.468946E+01) (8.607837E+02) (3.302375E+01) (1.768871E+01) (5.566217E+02) (5.313179E+01) (1.738494E+01) (1.515513E+02) (7.526611E+01) (3.906125E+01) (2.870670E+01) (3.249828E+01) (9.848342E+01) 
 

𝑓14

Mean 6.611462E+01 4.336303E+01 4.782271E+02 3.786166E+01 2.755944E+02 8.218382E+01 2.896023E+01 4.303884E+02 9.187893E+01 3.020342E+01 2.134518E+02 6.942426E+01 4.826414E+01 7.614839E+01 5.020042E+01 1.462153E+02   Rank|WRST 7 4 | < 16 | > 3 | < 14 | > 10 | > 1 | < 15 | > 11 | > 2 | < 13 | > 8 | = 5 | < 9 | > 6 | < 12 | >   Min 4.289837E+01 3.634918E+01 2.206733E+02 2.614782E+01 2.000865E+02 4.488664E+01 2.403554E+01 1.560266E+02 5.919131E+01 2.355402E+01 1.035885E+02 4.885994E+01 3.510356E+01 5.780842E+01 3.944372E+01 8.268757E+01   Rank 7 5 16 3 15 8 2 14 11 1 13 9 4 10 6 12   Median 6.182623E+01 4.413166E+01 4.667823E+02 3.724164E+01 2.657569E+02 7.274596E+01 2.911953E+01 4.372319E+02 9.197180E+01 2.920720E+01 2.199866E+02 6.882378E+01 4.791478E+01 7.572102E+01 4.999058E+01 1.443702E+02   Rank 7 4 16 3 14 9 1 15 11 2 13 8 5 10 6 12   (Std Dev) (1.806423E+01) (4.170405E+00) (1.454414E+02) (4.503743E+00) (4.533373E+01) (4.029354E+01) (2.182306E+00) (1.451531E+02) (1.572790E+01) (3.388159E+00) (3.410945E+01) (1.208788E+01) (6.776670E+00) (1.134622E+01) (6.189197E+00) (3.208822E+01) 
 

𝑓15

Mean 1.410858E+02 7.778516E+01 3.578622E+03 9.551662E+01 2.417617E+02 1.930548E+02 7.758593E+01 5.562315E+02 1.228876E+02 4.010742E+01 2.660155E+02 1.611414E+02 1.238459E+02 1.106344E+02 8.426847E+01 1.681060E+02   Rank|WRST 9 3 | < 16 | > 5 | < 13 | > 12 | > 2 | < 15 | > 7 | < 1 | < 14 | > 10 | = 8 | < 6 | < 4 | < 11 | >   Min 6.792431E+01 3.995434E+01 1.358962E+02 4.392939E+01 1.493237E+02 1.008199E+02 2.239316E+01 1.869043E+02 4.446919E+01 1.474237E+01 1.460208E+02 6.419993E+01 7.643582E+01 6.423317E+01 4.534939E+01 9.298777E+01   Rank 9 3 13 4 15 12 2 16 5 1 14 7 10 8 6 11   Median 1.395397E+02 6.741237E+01 2.130822E+03 8.288678E+01 2.233835E+02 1.954260E+02 9.205531E+01 3.772642E+02 1.249849E+02 2.618594E+01 2.575768E+02 1.620533E+02 1.193008E+02 1.013594E+02 7.957593E+01 1.674711E+02   Rank 9 2 16 4 13 12 5 15 8 1 14 10 7 6 3 11   (Std Dev) (4.465361E+01) (3.138346E+01) (3.871860E+03) (3.295972E+01) (7.278183E+01) (3.864410E+01) (3.060304E+01) (4.603000E+02) (4.601840E+01) (2.762556E+01) (5.812766E+01) (4.176154E+01) (2.801491E+01) (3.405745E+01) (2.839768E+01) (4.038366E+01) 
 

𝑓16

Mean 2.236204E+02 1.855821E+03 3.683448E+03 1.522158E+03 7.570314E+02 9.245804E+02 1.786059E+03 2.321121E+03 2.507391E+03 1.403213E+03 1.477478E+03 1.208735E+03 1.685990E+03 1.415007E+03 1.197982E+03 1.591029E+03   Rank|WRST 1 13 | > 16 | > 9 | > 2 | > 3 | > 12 | > 14 | > 15 | > 6 | > 8 | > 5 | > 11 | > 7 | > 4 | > 10 | >   Min 1.310423E+02 9.614283E+02 1.882440E+03 9.040935E+02 4.746573E+02 1.401874E+02 9.138417E+02 1.200400E+03 1.556371E+03 6.217663E+02 1.006250E+03 6.414987E+02 7.311041E+02 3.580367E+02 6.498033E+02 6.898568E+02   Rank 1 12 16 10 4 2 11 14 15 5 13 6 9 3 7 8   Median 1.382111E+02 1.900240E+03 3.119396E+03 1.488738E+03 7.689363E+02 8.878433E+02 1.826374E+03 2.350617E+03 2.488182E+03 1.380733E+03 1.448440E+03 1.181168E+03 1.660174E+03 1.307461E+03 1.210912E+03 1.625346E+03   Rank 1 13 16 9 2 3 12 14 15 7 8 4 11 6 5 10   (Std Dev) (1.583722E+02) (2.915356E+02) (1.500545E+03) (3.407182E+02) (2.035891E+02) (3.880293E+02) (2.328800E+02) (3.418447E+02) (4.577957E+02) (2.860535E+02) (2.461792E+02) (2.736739E+02) (3.550065E+02) (4.851539E+02) (2.482592E+02) (3.988278E+02) 
 

𝑓17

Mean 2.432501E+02 1.401862E+03 4.230578E+03 1.086292E+03 1.112034E+03 1.114659E+03 1.227828E+03 1.799156E+03 1.548468E+03 1.012909E+03 1.071784E+03 1.059038E+03 1.203915E+03 1.024176E+03 9.328193E+02 1.208486E+03   Rank|WRST 1 13 | > 16 | > 7 | > 8 | > 9 | > 12 | > 15 | > 14 | > 3 | > 6 | > 5 | > 10 | > 4 | > 2 | > 11 | >   Min 8.287858E+01 9.459984E+02 1.805145E+03 2.035771E+02 7.792613E+02 3.764325E+02 7.250632E+02 1.075126E+03 6.668947E+02 5.267677E+02 5.100685E+02 4.137348E+02 6.519398E+02 2.495323E+02 5.482437E+02 5.548261E+02   Rank 1 14 16 2 13 4 12 15 11 7 6 5 10 3 8 9   Median 2.377913E+02 1.401665E+03 4.719895E+03 1.109236E+03 1.066401E+03 1.151211E+03 1.212433E+03 1.832196E+03 1.549872E+03 1.025398E+03 1.046958E+03 1.100377E+03 1.242566E+03 1.083148E+03 9.383654E+02 1.163499E+03   Rank 1 13 16 8 5 9 11 15 14 3 4 7 12 6 2 10   (Std Dev) (1.368244E+02) (1.629855E+02) (1.173448E+03) (2.448965E+02) (1.972771E+02) (2.311991E+02) (1.933355E+02) (3.085592E+02) (3.386262E+02) (2.174067E+02) (2.068971E+02) (2.724227E+02) (2.004362E+02) (3.444235E+02) (1.420176E+02) (2.697131E+02) 
 

𝑓18

Mean 1.679318E+02 7.041202E+01 3.748108E+03 8.359431E+01 2.350786E+02 1.898375E+02 2.896718E+01 4.129671E+03 9.733776E+01 4.532873E+01 2.082107E+02 1.534502E+02 1.475919E+02 1.352647E+02 7.133085E+01 2.437302E+02   Rank|WRST 10 3 | < 15 | > 5 | < 13 | > 11 | > 1 | < 16 | > 6 | < 2 | < 12 | > 9 | < 8 | < 7 | < 4 | < 14 | >   Min 9.446556E+01 4.740437E+01 7.454690E+02 5.248820E+01 1.216583E+02 1.062108E+02 2.594426E+01 4.608180E+02 5.075557E+01 2.857211E+01 1.100491E+02 8.095432E+01 7.317106E+01 7.508701E+01 3.366806E+01 1.168649E+02   Rank 10 4 16 6 14 11 1 15 5 2 12 9 7 8 3 13   Median 1.637795E+02 6.896249E+01 2.968808E+03 7.858648E+01 2.244742E+02 1.879018E+02 2.889040E+01 3.433138E+03 8.539927E+01 4.155430E+01 2.013387E+02 1.506502E+02 1.455384E+02 1.297587E+02 6.920135E+01 2.434091E+02   Rank 10 3 15 5 13 11 1 16 6 2 12 9 8 7 4 14   (Std Dev) (3.419622E+01) (1.287967E+01) (3.518890E+03) (1.901440E+01) (7.695868E+01) (4.192206E+01) (1.861336E+00) (3.594765E+03) (4.734832E+01) (1.299861E+01) (4.413497E+01) (3.719130E+01) (3.120493E+01) (3.561292E+01) (1.638021E+01) (6.052659E+01) 
 

𝑓19

Mean 7.716632E+01 4.804037E+01 2.436752E+03 5.089097E+01 1.745555E+02 1.704212E+02 3.950656E+01 2.896499E+02 6.219880E+01 3.667451E+01 1.865570E+02 8.908059E+01 8.134604E+01 7.225771E+01 5.407888E+01 1.177925E+02   Rank|WRST 8 3 | < 16 | > 4 | < 13 | > 12 | > 2 | < 15 | > 6 | < 1 | < 14 | > 10 | > 9 | = 7 | = 5 | < 11 | >   Min 4.849366E+01 3.459744E+01 2.750142E+02 3.756109E+01 1.362734E+02 1.045852E+02 3.139581E+01 1.643544E+02 4.580439E+01 2.793559E+01 1.367299E+02 5.788645E+01 5.498154E+01 5.116589E+01 4.231370E+01 8.174684E+01   Rank 7 3 16 4 13 12 2 15 6 1 14 10 9 8 5 11   Median 7.481223E+01 4.801085E+01 1.116305E+03 5.067787E+01 1.688896E+02 1.689112E+02 3.914945E+01 2.470020E+02 6.131955E+01 3.642705E+01 1.861576E+02 8.788686E+01 8.294900E+01 7.358315E+01 5.426924E+01 1.155390E+02   Rank 8 3 16 4 12 13 2 15 6 1 14 10 9 7 5 11   (Std Dev) (1.444472E+01) (5.172645E+00) (2.829532E+03) (5.903243E+00) (2.593673E+01) (2.616939E+01) (3.861767E+00) (3.511014E+02) (8.901004E+00) (4.586852E+00) (2.973499E+01) (1.894238E+01) (1.568767E+01) (1.118514E+01) (6.219296E+00) (1.934022E+01) 
 

𝑓20

Mean 3.367547E+02 1.568758E+03 3.538992E+03 1.260473E+03 1.092529E+03 1.342384E+03 1.575706E+03 1.647237E+03 1.444657E+03 1.176908E+03 2.028714E+03 1.167780E+03 1.620493E+03 1.315682E+03 1.140247E+03 1.478192E+03   Rank|WRST 1 11 | > 16 | > 6 | > 2 | > 8 | > 12 | > 14 | > 9 | > 5 | > 15 | > 4 | > 13 | > 7 | > 3 | > 10 | >   Min 2.613063E+02 1.169963E+03 1.520742E+03 7.633517E+02 6.122271E+02 7.885360E+02 1.227951E+03 8.618647E+02 6.678729E+02 5.822908E+02 1.574953E+03 6.908490E+02 1.031596E+03 5.985395E+02 7.547921E+02 6.542000E+02   Rank 1 13 15 9 4 10 14 11 6 2 16 7 12 3 8 5   Median 3.027112E+02 1.575868E+03 3.161366E+03 1.284091E+03 1.126246E+03 1.341455E+03 1.569055E+03 1.657350E+03 1.507839E+03 1.203287E+03 2.031555E+03 1.177778E+03 1.603519E+03 1.343356E+03 1.143326E+03 1.489575E+03   Rank 1 12 16 6 2 7 11 14 10 5 15 4 13 8 3 9   (Std Dev) (7.224612E+01) (1.620626E+02) (1.245950E+03) (1.974999E+02) (1.955115E+02) (1.996055E+02) (1.240946E+02) (2.669246E+02) (3.545555E+02) (1.854575E+02) (1.957222E+02) (1.665906E+02) (2.749351E+02) (3.085256E+02) (1.615288E+02) (3.503250E+02) 
 (continued on next page)
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Table 8 (continued).
 𝑓𝑛 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR  
 

𝑓21

Mean 2.359039E+02 2.825730E+02 4.251395E+02 2.487491E+02 2.914253E+02 2.718547E+02 2.599989E+02 3.421467E+02 4.354508E+02 2.539126E+02 2.556246E+02 2.474558E+02 2.585297E+02 2.448651E+02 2.764041E+02 2.572425E+02   Rank|WRST 1 12 | > 15 | > 4 | > 13 | > 10 | > 9 | > 14 | > 16 | > 5 | > 6 | > 3 | > 8 | > 2 | > 11 | > 7 | >   Min 2.274113E+02 2.610023E+02 3.699727E+02 2.358445E+02 2.691428E+02 2.564874E+02 2.435240E+02 3.063903E+02 3.563420E+02 2.424046E+02 2.475972E+02 2.366270E+02 2.367831E+02 2.340411E+02 2.611363E+02 2.446252E+02   Rank 1 11 16 3 13 10 7 14 15 6 9 4 5 2 12 8   Median 2.349475E+02 2.796636E+02 4.190974E+02 2.491459E+02 2.905707E+02 2.701998E+02 2.612321E+02 3.403100E+02 4.253811E+02 2.531151E+02 2.550333E+02 2.465702E+02 2.560207E+02 2.403467E+02 2.748882E+02 2.571369E+02   Rank 1 12 15 4 13 10 9 14 16 5 6 3 7 2 11 8   (Std Dev) (3.633819E+00) (1.290270E+01) (3.233567E+01) (5.913290E+00) (1.045576E+01) (9.940541E+00) (7.980295E+00) (1.851272E+01) (4.849951E+01) (5.366437E+00) (4.822927E+00) (4.950050E+00) (1.342225E+01) (1.871421E+01) (9.854002E+00) (5.838701E+00) 
 

𝑓22

Mean 4.527688E+03 1.045601E+04 1.930035E+04 9.605856E+03 9.871038E+03 9.846059E+03 1.131962E+04 1.058770E+04 1.307354E+04 1.017874E+04 1.103212E+04 1.091607E+04 1.224949E+04 1.012234E+04 1.069780E+04 1.139312E+04   Rank|WRST 1 7 | > 16 | > 2 | > 4 | > 3 | > 12 | > 8 | > 15 | > 6 | > 11 | > 10 | > 14 | > 5 | > 9 | > 13 | >   Min 1.924752E+03 1.000000E+02 1.049995E+04 8.254360E+03 7.671469E+03 1.504167E+02 9.902438E+03 9.474468E+03 9.278235E+03 8.664987E+03 9.021476E+03 9.049994E+03 1.075989E+04 8.078475E+03 9.616064E+03 8.907499E+03   Rank 3 1 15 6 4 2 14 12 11 7 9 10 16 5 13 8   Median 4.388845E+03 1.105222E+04 1.558409E+04 9.593732E+03 1.001641E+04 1.003542E+04 1.140667E+04 1.061174E+04 1.267126E+04 1.026333E+04 1.111522E+04 1.094467E+04 1.215938E+04 9.922662E+03 1.074403E+04 1.165342E+04   Rank 1 10 16 2 4 5 12 7 15 6 11 9 14 3 8 13   (Std Dev) (1.089900E+03) (2.570906E+03) (7.305513E+03) (6.046198E+02) (8.935293E+02) (1.468306E+03) (5.435173E+02) (5.116385E+02) (1.866280E+03) (6.046244E+02) (6.117338E+02) (8.352682E+02) (7.131995E+02) (1.072519E+03) (5.333189E+02) (1.584084E+03) 
 

𝑓23

Mean 5.410045E+02 5.703060E+02 7.751372E+02 5.666108E+02 6.738093E+02 5.783833E+02 5.859268E+02 6.162435E+02 7.761976E+02 5.552027E+02 5.946729E+02 5.639707E+02 5.702609E+02 5.824964E+02 5.951021E+02 5.769403E+02   Rank|WRST 1 6 | > 15 | > 4 | > 14 | > 8 | > 10 | > 13 | > 16 | > 2 | > 11 | > 3 | > 5 | > 9 | > 12 | > 7 | >   Min 5.228861E+02 5.549089E+02 6.742568E+02 5.490412E+02 6.299892E+02 5.426718E+02 5.613801E+02 5.819029E+02 7.070127E+02 5.370801E+02 5.721888E+02 5.437765E+02 5.513025E+02 5.680884E+02 5.628932E+02 5.548366E+02   Rank 1 8 15 5 14 3 9 13 16 2 12 4 6 11 10 7   Median 5.400027E+02 5.701857E+02 7.716237E+02 5.666129E+02 6.742596E+02 5.807083E+02 5.857026E+02 6.156300E+02 7.766913E+02 5.551671E+02 5.950075E+02 5.627107E+02 5.709562E+02 5.839469E+02 5.966122E+02 5.733500E+02   Rank 1 5 15 4 14 8 10 13 16 2 11 3 6 9 12 7   (Std Dev) (7.001515E+00) (5.836861E+00) (4.302756E+01) (9.740947E+00) (1.959666E+01) (1.873183E+01) (1.165664E+01) (1.548756E+01) (2.638408E+01) (7.839734E+00) (1.045193E+01) (6.756875E+00) (9.805242E+00) (6.094491E+00) (1.006302E+01) (1.290683E+01) 
 

𝑓24

Mean 8.821582E+02 8.643471E+02 1.079726E+03 8.903021E+02 1.060212E+03 8.575044E+02 8.706181E+02 9.867363E+02 1.094763E+03 8.967417E+02 9.242605E+02 8.947177E+02 8.992425E+02 9.191691E+02 9.187769E+02 9.182576E+02   Rank|WRST 4 2 | < 15 | > 5 | > 14 | > 1 | < 3 | < 13 | > 16 | > 7 | > 12 | > 6 | > 8 | > 11 | > 10 | > 9 | >   Min 8.679581E+02 8.394871E+02 1.020705E+03 8.719115E+02 1.002172E+03 8.120675E+02 8.465063E+02 9.314625E+02 1.002739E+03 8.740704E+02 9.011541E+02 8.799956E+02 8.850175E+02 8.905262E+02 8.895299E+02 8.991953E+02   Rank 4 2 16 5 14 1 3 13 15 6 12 7 8 10 9 11   Median 8.813911E+02 8.658629E+02 1.073957E+03 8.895608E+02 1.064414E+03 8.502801E+02 8.714042E+02 9.870646E+02 1.082386E+03 8.960940E+02 9.228441E+02 8.936221E+02 8.988420E+02 9.106022E+02 9.153318E+02 9.165888E+02   Rank 4 2 15 5 14 1 3 13 16 7 12 6 8 9 10 11   (Std Dev) (5.760918E+00) (1.104475E+01) (3.203697E+01) (8.015644E+00) (3.091993E+01) (5.884796E+01) (1.125759E+01) (2.275967E+01) (5.062514E+01) (6.538981E+00) (1.457066E+01) (7.739245E+00) (6.960525E+00) (2.228488E+01) (1.626022E+01) (1.284910E+01) 
 

𝑓25

Mean 6.610242E+02 6.877144E+02 7.325483E+02 7.086190E+02 7.259378E+02 7.629677E+02 6.503927E+02 7.526727E+02 7.206824E+02 7.253560E+02 7.063184E+02 6.914401E+02 7.208105E+02 7.067774E+02 6.809072E+02 7.257916E+02   Rank|WRST 2 4 | > 14 | > 8 | > 13 | > 16 | > 1 | = 15 | > 9 | > 11 | > 6 | > 5 | > 10 | > 7 | > 3 | = 12 | >   Min 5.767385E+02 6.368725E+02 6.285740E+02 5.770334E+02 6.352693E+02 6.979114E+02 5.770196E+02 6.348604E+02 6.281274E+02 6.361678E+02 6.029519E+02 5.681267E+02 6.372073E+02 6.371201E+02 5.761996E+02 6.010814E+02   Rank 3 13 9 5 11 16 4 10 8 12 7 1 15 14 2 6   Median 6.391427E+02 6.980499E+02 7.351036E+02 7.029908E+02 7.144526E+02 7.609839E+02 6.374194E+02 7.514426E+02 7.145252E+02 7.135197E+02 7.033934E+02 6.839564E+02 7.075793E+02 7.044641E+02 6.964442E+02 7.170390E+02   Rank 2 5 14 6 11 16 1 15 12 10 7 3 9 8 4 13   (Std Dev) (4.290941E+01) (3.580646E+01) (5.756692E+01) (5.233776E+01) (4.306376E+01) (4.133265E+01) (3.903338E+01) (5.950951E+01) (4.104118E+01) (3.521563E+01) (4.854485E+01) (4.137665E+01) (3.829038E+01) (4.308859E+01) (5.205857E+01) (4.205450E+01) 
 

𝑓26

Mean 2.863931E+03 2.977784E+03 5.077999E+03 3.020813E+03 5.088407E+03 3.091337E+03 2.902978E+03 4.497386E+03 5.151034E+03 3.074307E+03 3.148030E+03 3.028270E+03 3.111084E+03 3.156681E+03 3.099755E+03 3.200585E+03   Rank|WRST 1 3 | > 14 | > 4 | > 15 | > 7 | > 2 | > 13 | > 16 | > 6 | > 10 | > 5 | > 9 | > 11 | > 8 | > 12 | >   Min 2.763831E+03 2.765633E+03 4.369814E+03 2.710304E+03 4.401793E+03 2.808822E+03 2.748786E+03 3.941386E+03 4.377434E+03 2.889784E+03 2.887241E+03 2.812153E+03 2.898688E+03 2.982097E+03 2.894285E+03 3.000000E+02   Rank 4 5 14 2 16 6 3 13 15 9 8 7 11 12 10 1   Median 2.858175E+03 2.968425E+03 5.058840E+03 3.005433E+03 5.070592E+03 3.099284E+03 2.908487E+03 4.448906E+03 5.031789E+03 3.087027E+03 3.147453E+03 3.023971E+03 3.119936E+03 3.145804E+03 3.063468E+03 3.260560E+03   Rank 1 3 15 4 16 8 2 13 14 7 11 5 9 10 6 12   (Std Dev) (4.791381E+01) (1.231003E+02) (3.828570E+02) (1.125059E+02) (3.972903E+02) (1.252442E+02) (8.531245E+01) (2.874009E+02) (4.685191E+02) (8.044188E+01) (1.304890E+02) (8.183054E+01) (8.421011E+01) (8.668272E+01) (1.664900E+02) (4.296696E+02) 
 

𝑓27

Mean 5.594870E+02 5.930881E+02 7.179268E+02 5.664116E+02 8.720357E+02 6.094514E+02 5.713180E+02 7.029996E+02 5.573153E+02 5.776926E+02 6.502271E+02 5.703061E+02 5.793280E+02 5.966989E+02 5.835148E+02 5.882708E+02   Rank|WRST 2 10 | > 15 | > 3 | = 16 | > 12 | > 5 | > 14 | > 1 | = 6 | > 13 | > 4 | > 7 | > 11 | > 8 | > 9 | >   Min 5.000238E+02 5.000250E+02 6.517461E+02 5.283797E+02 7.479500E+02 5.716907E+02 5.483952E+02 6.292292E+02 5.341181E+02 5.482473E+02 6.217209E+02 5.307465E+02 5.415212E+02 5.609405E+02 5.412096E+02 5.551991E+02   Rank 1 2 15 3 16 12 9 14 5 8 13 4 7 11 6 10   Median 5.626146E+02 5.929923E+02 7.053983E+02 5.656280E+02 8.659649E+02 6.101854E+02 5.705971E+02 7.015862E+02 5.535324E+02 5.779095E+02 6.464829E+02 5.716326E+02 5.807901E+02 5.944597E+02 5.823759E+02 5.878729E+02   Rank 2 10 15 3 16 12 4 14 1 6 13 5 7 11 8 9   (Std Dev) (2.237463E+01) (2.368490E+01) (4.257561E+01) (2.271754E+01) (5.068006E+01) (1.783997E+01) (1.166882E+01) (3.554332E+01) (1.442270E+01) (1.376745E+01) (1.722240E+01) (1.524662E+01) (1.691417E+01) (2.119928E+01) (1.656970E+01) (1.661155E+01) 
 

𝑓28

Mean 5.072117E+02 5.235189E+02 5.599961E+02 5.219095E+02 4.616512E+02 5.248598E+02 5.100450E+02 5.222642E+02 5.449984E+02 5.204552E+02 5.274905E+02 5.008185E+02 5.287672E+02 5.170807E+02 5.125388E+02 5.278431E+02   Rank|WRST 3 10 | > 16 | > 8 | > 1 | = 11 | > 4 | = 9 | = 15 | > 7 | > 12 | > 2 | = 14 | > 6 | > 5 | = 13 | >   Min 4.780482E+02 4.781864E+02 5.067636E+02 4.781864E+02 3.000000E+02 3.514885E+02 4.781864E+02 4.076331E+02 5.068802E+02 4.773737E+02 4.781864E+02 3.000000E+02 4.781864E+02 4.781864E+02 4.771447E+02 4.781864E+02   Rank 7 13 15 12 2 3 11 4 16 6 14 1 10 8 5 9   Median 5.176106E+02 5.216694E+02 5.597096E+02 5.216694E+02 4.933289E+02 5.346436E+02 4.976684E+02 5.200708E+02 5.466817E+02 5.193910E+02 5.216696E+02 5.132189E+02 5.236686E+02 5.187419E+02 5.165351E+02 5.216694E+02   Rank 5 10 16 11 1 14 2 8 15 7 12 3 13 6 4 9   (Std Dev) (1.884877E+01) (2.550767E+01) (2.763993E+01) (2.501451E+01) (1.007823E+02) (5.534238E+01) (2.422532E+01) (5.215325E+01) (1.966357E+01) (1.967213E+01) (3.369598E+01) (4.404945E+01) (2.950069E+01) (2.034158E+01) (1.234097E+01) (2.201477E+01) 
 

𝑓29

Mean 9.057196E+02 1.165043E+03 2.932330E+03 1.072825E+03 1.561000E+03 1.007550E+03 1.250113E+03 2.028712E+03 2.087454E+03 1.105304E+03 1.353541E+03 1.073788E+03 1.158012E+03 1.474517E+03 1.150075E+03 1.285164E+03   Rank|WRST 1 8 | > 16 | > 3 | > 13 | > 2 | > 9 | > 14 | > 15 | > 5 | > 11 | > 4 | > 7 | > 12 | > 6 | > 10 | >   Min 7.774026E+02 8.627122E+02 1.973043E+03 7.539701E+02 1.129047E+03 7.883125E+02 9.124312E+02 1.401795E+03 1.183626E+03 8.523923E+02 9.423670E+02 8.156110E+02 8.782760E+02 8.858215E+02 8.885386E+02 8.446877E+02   Rank 2 7 16 1 13 3 11 15 14 6 12 4 8 9 10 5   Median 8.959286E+02 1.148733E+03 2.835670E+03 1.052138E+03 1.505410E+03 9.812549E+02 1.227758E+03 2.008186E+03 2.125424E+03 1.123602E+03 1.350762E+03 1.050424E+03 1.160022E+03 1.456724E+03 1.152171E+03 1.255141E+03   Rank 1 6 16 4 13 2 9 14 15 5 11 3 8 12 7 10   (Std Dev) (6.274871E+01) (1.921110E+02) (6.075198E+02) (1.805326E+02) (2.391378E+02) (1.583144E+02) (1.707841E+02) (2.908516E+02) (3.289431E+02) (1.488804E+02) (2.052087E+02) (1.776594E+02) (1.889618E+02) (2.594059E+02) (1.355839E+02) (2.947963E+02) 
 

𝑓30

Mean 2.156680E+03 2.262278E+03 4.976486E+03 2.252740E+03 2.412405E+03 2.457444E+03 2.299553E+03 2.632158E+03 2.157415E+03 2.280906E+03 2.585161E+03 2.263685E+03 2.178626E+03 2.348427E+03 2.388726E+03 2.351103E+03   Rank|WRST 1 5 | > 16 | > 4 | > 12 | > 13 | > 8 | > 15 | > 2 | = 7 | > 14 | > 6 | > 3 | = 9 | > 11 | > 10 | >   Min 2.074254E+03 2.129639E+03 2.637350E+03 2.054825E+03 1.737018E+03 2.160864E+03 2.157289E+03 2.282521E+03 2.075018E+03 2.114986E+03 2.285406E+03 2.027567E+03 2.044630E+03 2.120886E+03 2.094182E+03 2.108985E+03   Rank 5 11 16 4 1 13 12 14 6 9 15 2 3 10 7 8   Median 2.153654E+03 2.259777E+03 3.873680E+03 2.225482E+03 2.404951E+03 2.413230E+03 2.294814E+03 2.594852E+03 2.150451E+03 2.250591E+03 2.563153E+03 2.242777E+03 2.156517E+03 2.319640E+03 2.343498E+03 2.342607E+03   Rank 2 7 16 4 12 13 8 15 1 6 14 5 3 9 11 10   (Std Dev) (5.906484E+01) (7.108984E+01) (2.661915E+03) (1.126162E+02) (2.684638E+02) (1.766900E+02) (7.838052E+01) (2.081961E+02) (5.541688E+01) (1.521275E+02) (1.662160E+02) (1.448189E+02) (1.034847E+02) (1.361619E+02) (1.737833E+02) (1.239443E+02) 
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Fig. 3. The proposed UMOEAs-IV and all compared DE-based variants were subjected to evolutionary processes in 50-dimensional experiments. These processes 
were averaged over 51 runs and evaluated on the 𝑓1 − 𝑓15 functions of the CEC2017 benchmark. The fitness values and function evaluations (FEs) are depicted 
on the 𝑌 - and 𝑋-axes, respectively.
𝑓18; EBOwithCMAR achieves the best mean value on 𝑓12; and CELDE 
achieves the best mean values on 𝑓13, 𝑓15, and 𝑓19. For composition 
functions, UMOEAs-IV achieves the best mean values on 𝑓21–𝑓23, 𝑓26, 
and 𝑓29–𝑓30. HAPI-DE, FDHD-DE, DACDE, and mLSHADE achieve the 
best mean values on 𝑓24, 𝑓25, 𝑓27, and 𝑓28, respectively. In summary, 
UMOEAs-IV attains a top-three performance on 21 functions overall: 3, 
5, 4, and 9 on unimodal, simple multimodal, hybrid, and composition 
functions, respectively.
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From Tables  5 to Table  8, it is evident that as the dimensional-
ity increases, UMOEAs-IV shows progressively better performance on 
composition functions and demonstrates stable performance on both 
simple multimodal and hybrid functions. For unimodal functions, it also 
achieves excellent results in both the 10- and 100-dimensional tests. In 
Figs.  3 and 4, it can be observed that UMOEAs-IV exhibits an excellent 
convergence rate in both the early and later stages of evolution across 
various benchmark functions.
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Fig. 4. The proposed UMOEAs-IV and all compared DE-based variants were subjected to evolutionary processes in 50-dimensional experiments. These processes 
were averaged over 51 runs and evaluated on the 𝑓16 − 𝑓30 functions of the CEC2017 benchmark. The fitness values and Function Evaluations (FEs) are depicted 
on the 𝑌 - and 𝑋-axes, respectively.
4.4. Ablation test

To better evaluate the performance and effectiveness of the in-
tegrated mechanisms, ablation tests are conducted. Table  9 presents 
the results of these experiments, highlighting the contribution of each 
integrated mechanism in UMOEAs-IV. These mechanisms include the 
following:

• UMOEAs-IV vs. UMOEAs-IV using ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with sort’.
• UMOEAs-IV vs. UMOEAs-IV using ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with archive’.
23 
• UMOEAs-IV vs. UMOEAs-IV using scaling factor 𝐹  from UMOEAs-III.
• UMOEAs-IV vs. UMOEAs-IV using mutation strategy from UMOEAs-
III.

• UMOEAs-IV vs. UMOEAs-IV without using EDA.
• UMOEAs-IV vs. UMOEAs-IV using Gaussian learning.
• UMOEAs-IV vs. UMOEAs-IV using individual learning.
• UMOEAs-IV vs. UMOEAs-IV without using stagnation strategy.
• UMOEAs-IV vs. UMOEAs-IV using original stagnation strategy from
[17].
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In the table, UMOEAs-IV achieves the best average Friedman rank of 
4.57 among all variants. The average Friedman ranks of UMOEAs-IV 
using ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with sort’, using ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with an archive’, 
using the scaling factor 𝐹  from UMOEAs-III, using the mutation strategy 
from UMOEAs-III, without using EDA, using Gaussian learning, using 
individual learning, without using the stagnation strategy, and using 
the original stagnation strategy are 5.43, 6.00, 5.63, 6.73, 5.07, 6.00, 
5.57, 5.23, and 4.77, respectively, all worse than 4.57. These results 
demonstrate that the proposed UMOEAs-IV is well-tuned and highlight 
the effectiveness of its integrated mechanisms.

Figs.  5 and 6 present scatter plots of the 2-dimensional individuals 
on 𝑓10 and 𝑓28 at generations 0, 5, 10, and 20. The results are shown for 
UMOEAs-IV under different settings: using ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with sort’, 
using ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with an archive’, adopting the scaling factor 𝐹
from UMOEAs-III, applying the mutation strategy from UMOEAs-III, 
without EDA, with Gaussian learning, with individual learning, with-
out the stagnation strategy, and with the original stagnation strategy 
from [17]. The orange star represents the global optimum. The results 
show that the extent of scattering and clustering is strongly influenced 
by the specified mechanisms.

4.5. Search pattern of UMOEAs-IV

To better analyze the sources of the best fitness values (𝐺𝑏𝑒𝑠𝑡) 
and the contributions of individual mechanisms, the portions of 𝐺𝑏𝑒𝑠𝑡
contributed by 𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with sort’, 𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with archive’, 
Gaussian learning, individual learning, EDA, CMA-ES, and the SQP 
method are recorded and traced. Figs.  7 and 8 show the evolution of 
𝐺𝑏𝑒𝑠𝑡 by source for different functions in single 50-dimensional runs. 
The search patterns can be summarized as follows:

• Both mutation operators and EDA alternately contribute to the 𝐺𝑏𝑒𝑠𝑡
in the very early stage of evolution. Then, CMA-ES contributes to the 
𝐺𝑏𝑒𝑠𝑡, followed by another alternating contribution from the mutation 
operators and EDA. Finally, CMA-ES contributes to the 𝐺𝑏𝑒𝑠𝑡 until the 
end of the evolution.

• Both mutation operators and CMA-ES contribute to the 𝐺𝑏𝑒𝑠𝑡 in the 
early stage of evolution, and then CMA-ES contributes to the 𝐺𝑏𝑒𝑠𝑡
until the end of the evolution.

• Both the mutation operators and CMA-ES alternately contribute to the 
𝐺𝑏𝑒𝑠𝑡 in the early stage of evolution. Then, CMA-ES contributes to the 
𝐺𝑏𝑒𝑠𝑡, followed by alternating contributions from both the mutation 
operators and CMA-ES until the end.

• Both the mutation operators and EDA alternately contribute to the 
𝐺𝑏𝑒𝑠𝑡 in the early stage of evolution, after which the mutation opera-
tors continue to contribute alternately to the 𝐺𝑏𝑒𝑠𝑡 until the end.

• Both the mutation operators and EDA alternately contribute to the 
𝐺𝑏𝑒𝑠𝑡 in the early stage of evolution, CMA-ES contributes in the 
middle stage, and finally, the mutation operators contribute to the 
𝐺𝑏𝑒𝑠𝑡.

• EDA initially contributes to the 𝐺𝑏𝑒𝑠𝑡, followed by CMA-ES near the 
middle stage of evolution. Then, the mutation operators, CMA-ES, and 
SQP alternately contribute to the 𝐺𝑏𝑒𝑠𝑡. Finally, CMA-ES contributes 
to the 𝐺𝑏𝑒𝑠𝑡 until the end of the evolution.

• EDA, the mutation operators, and CMA-ES alternately contribute 
to the 𝐺𝑏𝑒𝑠𝑡, and individual learning contributes to the 𝐺𝑏𝑒𝑠𝑡 sud-
denly, followed by the mutation operators and SQP. Finally, CMA-ES 
contributes to the 𝐺𝑏𝑒𝑠𝑡 until the end of the evolution.

• Both the mutation operators and EDA alternately contribute to the 
𝐺𝑏𝑒𝑠𝑡 in the early stage of evolution, and then the mutation operator 
‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with archive’ contributes to the 𝐺𝑏𝑒𝑠𝑡 until the end.

• Both the mutation operators and EDA alternately contribute to the 
𝐺𝑏𝑒𝑠𝑡 in the early stage of evolution, and then the mutation operator 
‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡 with sort’ contributes to the 𝐺𝑏𝑒𝑠𝑡 until the end.

• Both the mutation operators, CMA-ES, and EDA alternately contribute 
to the 𝐺𝑏𝑒𝑠𝑡 in the early stage of evolution, and then the mutation 
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operator ‘𝑐𝑢𝑟𝑟𝑒𝑛𝑡-𝑡𝑜-𝑝𝑏𝑒𝑠𝑡’ with archive contributes to the 𝐺𝑏𝑒𝑠𝑡 until 
the end.

• Both the mutation operators and CMA-ES alternately contribute to 
the 𝐺𝑏𝑒𝑠𝑡 throughout the evolution, while EDA makes a sudden, short 
contribution in the middle and then contributes to the 𝐺𝑏𝑒𝑠𝑡 in the late 
stage until the end.

From the above search pattern, it is evident that when UMOEAs-
IV optimizes a particular problem, an appropriate search pattern is 
automatically generated to better fit the problem landscape and guide 
individuals to evolve more efficiently and effectively. It is worth noting 
that in the stagnation strategy, Gaussian learning does not contribute 
to 𝐺𝑏𝑒𝑠𝑡 directly, and individual learning rarely contributes to 𝐺𝑏𝑒𝑠𝑡
(only for 𝑓20 and 𝑓30), but their disturbances can help individuals find 
better solutions under other mechanisms.

Figs.  9 and 10 show the box plots of all compared algorithms in 
50-dimensional tests. From the figures, it can be observed that the 
proposed UMOEAs-IV demonstrates stable and robust performance in 
most cases. The boxes in the plots are generally narrow, and UMOEAs-
IV exhibits smaller minimum, median, and maximum values across the 
tests.

5. Real-world applications: Livestock feed ration optimization

In livestock production, feed represents a major expense, accounting 
for a large share of product cost depending on the animal’s stage and 
breed [55]. Thus, it is essential to provide an optimal diet at the 
lowest cost to reduce operational expenses and increase profit. Feed 
mix formulation aims to identify the appropriate ingredients and their 
costs while satisfying nutrient requirements [56]. In this work, two 
Livestock Feed Ration Optimization (LFRO) problems are considered 
as applications of UMOEAs-IV: the beef cattle case and the dairy cattle 
case [57,58].

5.1. Beef cattle case

For beef cattle, the objective is to allocate the selected ingredients 
(𝑌𝑖) with quantities (𝑥𝑖) and their respective costs (𝐶𝑖). The aim is to 
determine the 𝑥𝑖 values that minimize the total cost in Eq. (29) while 
satisfying the constraints [57].

Minimize: 

𝑓 (𝑥̄) =
𝑛
∑

𝑖=1
𝑥𝑖𝐶𝑖 (29)

Subject to:
ℎ1(𝑥̄) =

∑𝑛
𝑖=1 𝑥𝑖𝐷𝑀𝐼𝑖 − 𝑎 = 0, 𝑔1(𝑥̄) = 𝑏 −

∑𝑛
𝑖=1 𝑥𝑖𝐶𝑃𝑖 ≤ 0,

𝑔2(𝑥̄) =
∑𝑛

𝑖=1 𝑥𝑖𝐶𝑃𝑖 − 𝑐 ≤ 0, 𝑔3(𝑥̄) = 𝑑 −
∑𝑛

𝑖=1 𝑥𝑖𝑇𝐷𝑁𝑖 ≤ 0,
𝑔4(𝑥̄) =

∑𝑛
𝑖=1 𝑥𝑖𝑇𝐷𝑁𝑖 − 𝑒 ≤ 0, 𝑔5(𝑥̄) = 𝑓 −

∑𝑛
𝑖=0 𝑥𝑖𝐶𝑎𝑖 ≤ 0,

𝑔6(𝑥̄) =
∑𝑛

𝑖=0 𝑥𝑖𝐶𝑎𝑖 − g ≤ 0, 𝑔7(𝑥̄) = ℎ −
∑𝑛

𝑖=0 𝑥𝑖𝑃𝑖 ≤ 0,
𝑔8(𝑥̄) =

∑𝑛
𝑖=0 𝑥𝑖𝑃𝑖 − 𝑗 ≤ 0, 𝑔9(𝑥̄) = 𝑘 −

∑𝑛
𝑖=0 𝑥𝑖𝑅ℎ𝑎𝑔𝑒𝑖 ≤ 0,

𝑔10(𝑥̄) =
∑𝑛

𝑖=0 𝑥𝑖𝑅ℎ𝑎𝑔𝑒𝑖 − 𝑙 ≤ 0, 𝑔11(𝑥̄) = 𝑚 −
∑𝑛

𝑖=0 𝑥𝑖𝑀𝐶𝑖 ≤ 0,
𝑔12(𝑥̄) =

∑𝑛
𝑖=0 𝑥𝑖𝑀𝐶𝑖 − 𝑜 ≤ 0, 𝑔13(𝑥̄) = 𝑝 −

∑𝑛
𝑖=1 𝑥𝑖𝐶𝑜𝑛𝑐𝑖 ≤ 0,

𝑔14(𝑥̄) =
∑𝑛

𝑖=1 𝑥𝑖𝐶𝑜𝑛𝑐𝑖 − 𝑞 ≤ 0.
where DMI, CP, TDN, Ca, P, and Rhage denote dry matter intake, crude 
protein, total digestible nutrients, calcium, phosphorus, and roughages, 
respectively, measured in kilograms. Based on this formulation, four 
different cases are defined in this paper.

5.2. Dairy cattle case

For dairy cattle, 𝑛 denotes the number of ingredients under consid-
eration (64 variables). Let 𝑥𝑖 be the weight in kilograms of ingredient 
𝑌𝑖, and 𝐶𝑖 be its cost. The objective function is the total cost, formulated 
as the sum of the weight 𝑥𝑖 of each selected ingredient multiplied by 
its respective cost 𝐶𝑖. The goal is to find the values of 𝑥𝑖 that minimize 
the overall cost in Eq. (30) while satisfying the constraints [57].
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The mean best values and standard deviations of UMOEAs-IV, employing various mechanisms, were computed over 51 runs for a 50-dimensional test on CEC2017 benchmark functions.
 𝑓𝑛 Criteria UMOEAs-IV UMOEAs-IV

 using current-to- using current-to- scaling factor 𝐹 mutation strategy without using using without using original   pbest with sort pbest with archive from UMOEAs-III from UMOEAs-III EDA Gaussian learning individual learning stagnation strategy stagnation strategy 
 

𝑓1

Mean 1.448950E−14 1.476814E−14 1.393221E−14 1.393221E−14 1.393221E−14 1.421085E−14 2.925764E−14 3.037222E−14 1.365357E−14 2.786442E−14   (Std Dev) (1.989918e−15) (3.979835e−15) (1.989918e−15) (1.989918e−15) (1.989918e−15) (2.842171e−15) (1.284075e−14) (1.557230e−14) (3.979835e−15) (2.107059e−14)   Friedman Rank 6 7 2 2 2 5 9 10 1 8  
 

𝑓2

Mean 7.356207E−14 1.597746E−12 1.148014E−13 8.582242E−14 5.898786E−11 8.972344E−14 7.244749E−14 8.526513E−14 9.139530E−14 6.520275E−14   (Std Dev) (5.689355e−14) (9.364170e−12) (1.701472e−13) (7.088130e−14) (3.845734e−10) (9.364038e−14) (7.821161e−14) (7.054083e−14) (7.174750e−14) (4.071121e−14)   Friedman Rank 3 9 8 5 10 6 2 4 7 1  
 

𝑓3

Mean 6.464546E−14 7.467665E−14 5.907257E−14 6.353088E−14 7.021834E−14 6.576003E−14 1.281763E−13 1.214889E−13 5.572884E−14 1.315201E−13   (Std Dev) (1.975538e−14) (2.663815e−14) (1.114354e−14) (1.849660e−14) (2.435191e−14) (2.087802e−14) (2.973978e−14) (4.256750e−14) (1.387816e−14) (3.853665e−14)   Friedman Rank 4 7 2 3 6 5 9 8 1 10  
 

𝑓4

Mean 3.443187E+01 3.416024E+01 3.836632E+01 3.941797E+01 3.489317E+01 3.533800E+01 3.678705E+01 2.777987E+01 3.448959E+01 3.139311E+01   (Std Dev) (2.903400e+01) (2.681410e+01) (3.520487e+01) (3.130820e+01) (3.264763e+01) (2.947841e+01) (3.074407e+01) (2.124156e+01) (3.250834e+01) (2.387040e+01)   Friedman Rank 4 3 9 10 6 7 8 1 5 2  
 

𝑓5

Mean 2.809296E+00 4.350507E+00 1.950900E+00 3.121440E+00 4.077381E+00 2.419116E+00 3.609165E+00 3.258003E+00 3.394566E+00 2.823238E+00   (Std Dev) (1.524671e+00) (1.616137e+00) (1.193300e+00) (1.435221e+00) (1.982491e+00) (1.544655e+00) (1.578957e+00) (1.653889e+00) (1.702241e+00) (1.474937e+00)   Friedman Rank 3 10 1 5 9 2 8 6 7 4  
 

𝑓6

Mean 7.141879E−08 6.996741E−08 1.216999E−07 3.297340E−09 5.099010E−08 3.078689E−07 1.113592E−07 7.908898E−08 1.091528E−07 6.089934E−08   (Std Dev) (2.084932e−07) (1.547436e−07) (3.100690e−07) (1.151387e−08) (2.243521e−07) (6.096300e−07) (4.232900e−07) (1.454846e−07) (3.226581e−07) (1.162426e−07)   Friedman Rank 5 4 9 1 2 10 8 6 7 3  
 

𝑓7

Mean 5.609122E+01 5.564142E+01 5.614292E+01 5.643532E+01 5.610700E+01 5.629956E+01 5.644750E+01 5.640323E+01 5.608678E+01 5.606272E+01   (Std Dev) (1.002291e+00) (7.978347e−01) (1.058725e+00) (9.622206e−01) (9.779172e−01) (9.746058e−01) (8.840162e−01) (9.908219e−01) (8.392312e−01) (7.189460e−01)   Friedman Rank 4 1 6 9 5 7 10 8 3 2  
 

𝑓8

Mean 2.633715E+00 3.940818E+00 2.614206E+00 3.804255E+00 4.739380E+00 2.204517E+00 4.194435E+00 3.238494E+00 3.667692E+00 3.511620E+00   (Std Dev) (1.564632e+00) (1.834191e+00) (1.527977e+00) (1.986990e+00) (2.005524e+00) (1.397395e+00) (2.146104e+00) (1.686661e+00) (1.785281e+00) (2.155670e+00)   Friedman Rank 3 8 2 7 10 1 9 4 6 5  
 

𝑓9

Mean 4.012477E−14 3.566646E−14 7.133292E−14 2.897900E−14 8.024953E−14 8.693699E−14 7.802038E−14 8.247869E−14 3.120815E−14 8.470784E−14   (Std Dev) (5.486979e−14) (5.327631e−14) (5.551264e−14) (5.003842e−14) (5.231629e−14) (4.870382e−14) (5.327631e−14) (5.123951e−14) (5.123951e−14) (5.003842e−14)   Friedman Rank 4 3 5 1 7 10 6 8 2 9  
 

𝑓10

Mean 2.019131E+03 1.728997E+03 2.061105E+03 3.022315E+03 3.167882E+03 2.050933E+03 1.116758E+03 1.327783E+03 3.208277E+03 2.186613E+03   (Std Dev) (4.886631e+02) (4.333905e+02) (4.065454e+02) (5.428571e+02) (6.815924e+02) (4.607043e+02) (4.128706e+02) (5.643743e+02) (4.201830e+02) (8.338417e+02)   Friedman Rank 4 3 6 8 9 5 1 2 10 7  
 

𝑓11

Mean 2.065810E+01 2.191035E+01 2.081637E+01 1.665581E+01 1.805107E+01 2.214292E+01 2.135594E+01 2.098124E+01 1.853180E+01 1.993827E+01   (Std Dev) (3.114023e+00) (3.918405e+00) (3.631847e+00) (3.132300e+00) (3.120524e+00) (4.273109e+00) (3.373744e+00) (3.971627e+00) (2.784804e+00) (3.920927e+00)   Friedman Rank 5 9 6 1 2 10 8 7 3 4  
 

𝑓12

Mean 1.621733E+03 1.823518E+03 1.911947E+03 1.735607E+03 1.785504E+03 1.655629E+03 1.664077E+03 1.782942E+03 1.607554E+03 1.704114E+03   (Std Dev) (3.759362e+02) (8.955142e+02) (4.333244e+02) (4.729802e+02) (5.107745e+02) (4.940058e+02) (4.855236e+02) (4.424135e+02) (4.011786e+02) (4.410761e+02)   Friedman Rank 2 9 10 6 8 3 4 7 1 5  
 

𝑓13

Mean 2.713304E+01 3.872510E+01 3.025734E+01 4.185798E+01 3.606561E+01 3.312846E+01 3.251424E+01 3.263486E+01 2.208113E+01 3.151117E+01   (Std Dev) (1.887756e+01) (3.103016e+01) (1.407312e+01) (3.303228e+01) (2.348023e+01) (1.776211e+01) (2.353679e+01) (2.567232e+01) (1.602996e+01) (2.128601e+01)   Friedman Rank 2 9 3 10 8 7 5 6 1 4  
 

𝑓14

Mean 2.326610E+01 2.478779E+01 2.311252E+01 2.580453E+01 2.708244E+01 2.272232E+01 2.359671E+01 2.314862E+01 2.359484E+01 2.306986E+01   (Std Dev) (1.691083e+00) (1.665045e+00) (1.752190e+00) (2.368774e+00) (2.963567e+00) (1.352414e+00) (1.581329e+00) (1.713715e+00) (1.337408e+00) (1.663873e+00)   Friedman Rank 5 8 3 9 10 1 7 4 6 2  
 

𝑓15

Mean 2.183355E+01 2.251267E+01 2.209219E+01 2.733319E+01 3.056387E+01 2.136581E+01 2.201718E+01 2.178557E+01 2.052958E+01 2.125317E+01   (Std Dev) (1.964073e+00) (2.358852e+00) (2.744982e+00) (4.951572e+00) (5.230862e+00) (1.920273e+00) (2.204506e+00) (2.114652e+00) (1.887061e+00) (2.059338e+00)   Friedman Rank 5 8 7 9 10 3 6 4 1 2  
 

𝑓16

Mean 1.372411E+02 1.394486E+02 1.620927E+02 1.447649E+02 1.376704E+02 1.488264E+02 1.701243E+02 1.584380E+02 1.959519E+02 1.465105E+02   (Std Dev) (3.200835e+01) (3.591421e+01) (5.955576e+01) (3.990879e+01) (3.163238e+01) (4.619791e+01) (6.704907e+01) (6.244972e+01) (7.967974e+01) (4.362669e+01)   Friedman Rank 1 3 8 4 2 6 9 7 10 5  
 

𝑓17

Mean 1.676398E+02 1.494006E+02 1.638421E+02 1.497353E+02 1.772065E+02 1.423005E+02 1.511569E+02 1.655699E+02 2.238980E+02 1.533305E+02   (Std Dev) (4.907653e+01) (6.132295e+01) (5.340386e+01) (6.507931e+01) (6.860733e+01) (6.243032e+01) (5.893086e+01) (5.284752e+01) (5.748754e+01) (5.640785e+01)   Friedman Rank 8 2 6 3 9 1 4 7 10 5  
 

𝑓18

Mean 2.599503E+01 2.593029E+01 2.677661E+01 2.572336E+01 2.772945E+01 2.501876E+01 2.602469E+01 2.560993E+01 2.621103E+01 2.556194E+01   (Std Dev) (3.113726e+00) (3.109348e+00) (3.641331e+00) (2.764685e+00) (3.849118e+00) (2.722951e+00) (3.815691e+00) (2.708187e+00) (3.462653e+00) (2.981660e+00)   Friedman Rank 6 5 9 4 10 1 7 3 8 2  
 (continued on next page)
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Table 9 (continued).
 𝑓𝑛 Criteria UMOEAs-IV UMOEAs-IV

 using current-to- using current-to- scaling factor 𝐹 mutation strategy without using using without using original   pbest with sort pbest with archive from UMOEAs-III from UMOEAs-III EDA Gaussian learning individual learning stagnation strategy stagnation strategy 
 

𝑓19

Mean 1.120802E+01 1.165126E+01 1.251695E+01 1.712903E+01 1.862630E+01 1.365525E+01 1.100103E+01 1.109556E+01 1.272045E+01 1.213238E+01   (Std Dev) (2.236191e+00) (2.180867e+00) (3.091705e+00) (2.976231e+00) (3.313307e+00) (2.740439e+00) (2.102226e+00) (2.274835e+00) (1.986084e+00) (2.461526e+00)   Friedman Rank 3 4 6 9 10 8 1 2 7 5  
 

𝑓20

Mean 6.989713E+01 7.385810E+01 6.849791E+01 9.205398E+01 9.252620E+01 6.843042E+01 7.209463E+01 7.577876E+01 1.032486E+02 7.526815E+01   (Std Dev) (9.041067e+00) (1.075287e+01) (1.006633e+01) (2.072067e+01) (2.109537e+01) (9.670723e+00) (1.287242e+01) (1.163572e+01) (3.251624e+01) (1.063093e+01)   Friedman Rank 3 5 2 8 9 1 4 7 10 6  
 

𝑓21

Mean 2.046774E+02 2.060299E+02 2.043456E+02 2.059506E+02 2.059774E+02 2.042560E+02 2.059783E+02 2.038619E+02 2.059471E+02 2.049720E+02   (Std Dev) (2.287828e+00) (2.290488e+00) (2.352379e+00) (3.070512e+00) (2.468304e+00) (2.139199e+00) (2.435832e+00) (2.112273e+00) (3.115966e+00) (2.825106e+00)   Friedman Rank 4 10 3 7 8 2 9 1 6 5  
 

𝑓22

Mean 6.975856E+02 8.676381E+02 7.617402E+02 1.140800E+03 4.325960E+02 7.050247E+02 2.721165E+02 6.058402E+02 1.228352E+03 7.163312E+02   (Std Dev) (9.698635e+02) (9.846531e+02) (1.067122e+03) (1.334981e+03) (9.452114e+02) (1.018463e+03) (4.225431e+02) (8.135206e+02) (1.696720e+03) (8.422053e+02)   Friedman Rank 4 8 7 9 2 5 1 3 10 6  
 

𝑓23

Mean 4.255519E+02 4.235606E+02 4.248245E+02 4.239534E+02 4.272946E+02 4.244066E+02 4.270519E+02 4.233183E+02 4.224198E+02 4.206598E+02   (Std Dev) (7.692094e+00) (6.835103e+00) (8.476232e+00) (7.163899e+00) (6.818000e+00) (7.368647e+00) (6.288384e+00) (6.101282e+00) (5.989968e+00) (6.727662e+00)   Friedman Rank 8 4 7 5 10 6 9 3 2 1  
 

𝑓24

Mean 5.016679E+02 5.006477E+02 5.036591E+02 5.029719E+02 5.044565E+02 5.023520E+02 5.023602E+02 5.019030E+02 4.988714E+02 5.006869E+02   (Std Dev) (3.144555e+00) (3.547731e+00) (3.152068e+00) (3.224802e+00) (4.135057e+00) (3.945674e+00) (3.449783e+00) (3.773782e+00) (2.592453e+00) (3.465960e+00)   Friedman Rank 4 2 9 8 10 6 7 5 1 3  
 

𝑓25

Mean 4.790390E+02 4.775467E+02 4.801516E+02 4.785415E+02 4.801856E+02 4.791407E+02 4.779232E+02 4.789974E+02 4.784577E+02 4.786543E+02   (Std Dev) (4.360133e+00) (6.110328e+00) (2.493140e+00) (3.527422e+00) (1.284968e+01) (4.086055e+00) (6.011270e+00) (4.067884e+00) (4.415563e+00) (4.435111e+00)   Friedman Rank 7 1 9 4 10 8 2 6 3 5  
 

𝑓26

Mean 8.291530E+02 7.699261E+02 8.423802E+02 8.317140E+02 7.823515E+02 8.564815E+02 7.701549E+02 8.800326E+02 7.997438E+02 7.981450E+02   (Std Dev) (3.168878e+02) (3.392248e+02) (3.247736e+02) (3.024086e+02) (3.343687e+02) (3.007991e+02) (3.533188e+02) (2.925101e+02) (2.986429e+02) (3.001590e+02)   Friedman Rank 6 1 8 7 3 9 2 10 5 4  
 

𝑓27

Mean 5.008677E+02 4.979298E+02 5.057891E+02 5.191118E+02 5.174209E+02 5.007956E+02 4.996483E+02 5.025404E+02 5.006618E+02 5.032726E+02   (Std Dev) (8.998809e+00) (1.181852e+01) (7.587776e+00) (9.234550e+00) (1.075468e+01) (1.067850e+01) (1.014020e+01) (9.770209e+00) (1.160485e+01) (1.041639e+01)   Friedman Rank 5 1 8 10 9 4 2 6 3 7  
 

𝑓28

Mean 4.584167E+02 4.582553E+02 4.585316E+02 4.537711E+02 4.555000E+02 4.582665E+02 4.582394E+02 4.583858E+02 4.585074E+02 4.583084E+02   (Std Dev) (4.866012e−01) (7.832090e−01) (4.383190e−01) (1.211870e+01) (1.257275e+01) (5.934354e−01) (8.412778e−01) (4.519639e−01) (3.703203e−01) (4.330883e−01)   Friedman Rank 8 4 10 1 2 5 3 7 9 6  
 

𝑓29

Mean 3.598263E+02 3.661430E+02 3.530522E+02 3.519417E+02 3.488063E+02 3.531349E+02 3.674324E+02 3.660998E+02 3.522415E+02 3.647400E+02   (Std Dev) (1.416799e+01) (1.431566e+01) (1.422747e+01) (1.972600e+01) (1.614215e+01) (1.360649e+01) (1.528255e+01) (2.194246e+01) (1.400938e+01) (1.801316e+01)   Friedman Rank 6 9 4 2 1 5 10 8 3 7  
 

𝑓30

Mean 3.232140E+05 3.235478E+05 3.138635E+05 2.797790E+04 4.129904E+04 2.997036E+05 5.881748E+05 4.920970E+05 5.880007E+05 5.166813E+05   (Std Dev) (8.310948e+04) (7.311665e+04) (7.032627e+04) (3.936646e+04) (3.413686e+04) (9.206153e+04) (2.946856e+04) (8.133048e+04) (2.341229e+04) (7.367036e+04)   Friedman Rank 5 6 4 1 2 3 10 7 9 8  
 Averaged

4.57 5.43 6.00 5.63 6.73 5.07 6.00 5.57 5.23 4.77
  Friedman ranks  
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Fig. 5. Plots illustrating the 2-dimensional evolution of individuals across different generations (0, 5, 10, and 20) with and without various mechanisms on 
functions 10 and 28.
Minimize: 

𝑓 (𝑥̄) =
𝑛
∑

𝑖=1
𝑥𝑖𝐶𝑖 (30)

Subject to:
ℎ (𝑥̄) =

∑𝑛 𝑥 𝑀𝑃 − 𝑟 = 0, ℎ (𝑥̄) =
∑𝑛 𝑥 𝐿𝑦𝑠 − 𝑠 = 0,
1 𝑖=1 𝑖 𝑖 2 𝑖=1 𝑖 𝑖

27 
ℎ3(𝑥̄) =
∑𝑛

𝑖=1 𝑥𝑖𝐶𝑎𝑖 − 𝑡 = 0, ℎ4(𝑥̄) =
∑𝑛

𝑖=1 𝑥𝑖𝑃𝑖 − 𝑢 = 0,
ℎ5(𝑥̄) =

∑𝑛
𝑖=1 𝑥𝑖𝑀𝐸𝑖 − 𝑣 = 0, ℎ6(𝑥̄) =

∑𝑛
𝑖=1 𝑥𝑖𝑀𝑒𝑡𝑖 − 𝑧 = 0.

where MP, Lys, Ca, P, ME, and Met denote metabolizable protein, ly-
sine, calcium, phosphorous, metabolizable energy, and methionine, re-
spectively. All nutrients are measured in kilograms. This paper defines 
three different cases based on the aforementioned problem.
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Fig. 6. Plots illustrating the 2-dimensional evolution of individuals across different generations (0, 5, 10, and 20) with and without various mechanisms on 
functions 10 and 28.
Tables  10 and 11 present the experimental results of all compared 
DE-based variants applied to beef cattle and dairy cattle under different 
cases. In Table  10, the best, median, mean, worst, standard deviation 
(Std Dev), mean constraint violation (MCV), feasibility rate (FR), and 
success rate (SR) are reported; for detailed definitions of MCV, FR, 
28 
and SR, please refer to [58]. UMOEAs-IV achieves an FR of 100% in 
cases 2, 3, and 4 for beef cattle, and in cases 1 and 3 for dairy cattle, 
indicating that it consistently finds feasible solutions in these scenarios. 
The SRs show that the two LFRO problems are difficult to solve, as 
all algorithms yield an SR of 0. Table  11 reports the performance 
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Fig. 7. Sources of the best particles in 50-dimensional experiments over the evolutionary process of an individual run on the 𝑓1 − 𝑓15 functions.
measure (PM), which follows the guidelines from [58,59]. A smaller 
weighted value indicates better performance, and UMOEAs-IV achieves 
the smallest weighted value (3.36E−02), ranking first.

6. Computational complexity of algorithms

The computational complexity of UMOEAs-IV was evaluated accord-
ing to the criteria defined in the CEC2017 benchmark competition [60]. 
All experiments were performed under the following system configura-
tion: ∙ CPU: AMD Ryzen 5 3600, 6-Core Processor @ 3.60 GHz; ∙ RAM: 
29 
32 GB; ∙ OS: Windows 10 Professional; ∙ Software: MATLAB 2021a. The 
computational complexity of UMOEAs-IV across different dimensions is 
summarized in Table  12, where 𝑇0 denotes the time required to execute 
the following specified statements:

𝑥 = 0.55;
𝑓𝑜𝑟 𝑖 = 1 ∶ 1000000
𝑥 = 𝑥 + 𝑥; 𝑥 = 𝑥∕2; 𝑥 = 𝑥 ∗ 𝑥; 𝑥 = 𝑠𝑞𝑟𝑡(𝑥); 𝑥 = 𝑙𝑜𝑔(𝑥); 𝑥 =

𝑒𝑥𝑝(𝑥); 𝑥 = 𝑥∕(𝑥 + 2);
𝑒𝑛𝑑
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Table 10
Results of DE-based variants on livestock feed ration optimization problems at different levels over 25 runs.
 Problem Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR 
 

Beef Cattle
(case 1)

Best 4.550831E+03 4.550771E+03 4.546211E+03 4.524769E+03 4.550861E+03 4.550896E+03 4.550868E+03 4.118247E+03 4.463232E+03 4.550894E+03 4.550889E+03 4.550809E+03 4.524958E+03 4.382407E+03 4.293639E+03 4.550896E+03  
 Median 4.550913E+03 4.550909E+03 4.550199E+03 4.544147E+03 4.550920E+03 4.550932E+03 4.550922E+03 4.217576E+03 4.534468E+03 4.550938E+03 4.550913E+03 4.550937E+03 4.546437E+03 4.540452E+03 4.546859E+03 4.550917E+03  
 Mean 4.550967E+03 4.551471E+03 4.554170E+03 4.545134E+03 4.550915E+03 4.550983E+03 4.550946E+03 4.241115E+03 4.524656E+03 4.550955E+03 4.550949E+03 4.550970E+03 4.545220E+03 4.528102E+03 4.529762E+03 4.550919E+03  
 Worst 4.551547E+03 4.557974E+03 4.573583E+03 4.563126E+03 4.550978E+03 4.551400E+03 4.551263E+03 4.401812E+03 4.556942E+03 4.551180E+03 4.551529E+03 4.551285E+03 4.566133E+03 4.549962E+03 4.558526E+03 4.550956E+03  
 Std Dev 1.478222E−01 1.756311E+00 7.201766E+00 1.062831E+01 2.073793E−02 1.236940E−01 8.580048E−02 8.217831E+01 2.704626E+01 6.507345E−02 1.265264E−01 1.048794E−01 9.283202E+00 3.447095E+01 5.992975E+01 1.256085E−02 
 MCV 2.839013E−06 3.073976E−06 3.682774E−05 1.762279E−04 2.832802E−06 2.822464E−06 2.822464E−06 1.129002E−02 4.927245E−04 2.822464E−06 2.822465E−06 2.866496E−06 1.331834E−04 4.151456E−04 3.893109E−04 2.827701E−06  
 FR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
 SR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
 

Beef Cattle
(case 2)

Best 3.348982E+03 3.372057E+03 3.827448E+03 3.961078E+03 3.348986E+03 3.356480E+03 3.348986E+03 4.677554E+03 4.227744E+03 3.358891E+03 3.362736E+03 3.348986E+03 3.946058E+03 4.734989E+03 4.764363E+03 3.348986E+03  
 Median 3.348986E+03 3.506310E+03 4.278604E+03 4.344295E+03 3.976117E+03 3.392035E+03 3.364865E+03 5.278894E+03 4.563378E+03 3.389421E+03 3.394347E+03 3.348986E+03 4.234628E+03 5.080124E+03 5.112884E+03 3.348986E+03 
 Mean 3.367648E+03 3.518984E+03 4.297580E+03 4.311338E+03 3.972962E+03 3.396615E+03 3.364401E+03 5.269793E+03 4.529527E+03 3.386203E+03 3.420392E+03 3.378106E+03 4.238573E+03 5.087517E+03 5.067325E+03 3.768979E+03  
 Worst 3.549444E+03 3.709091E+03 4.794420E+03 4.601544E+03 5.217725E+03 3.449373E+03 3.405550E+03 6.488643E+03 4.856375E+03 3.427255E+03 3.835132E+03 3.545080E+03 4.585676E+03 5.377662E+03 5.412808E+03 4.465451E+03  
 Std Dev 5.164652E+01 8.552707E+01 2.601232E+02 1.859526E+02 5.990468E+02 2.797286E+01 1.422571E+01 3.492772E+02 1.538456E+02 1.803158E+01 9.729462E+01 5.534445E+01 1.942990E+02 1.553471E+02 1.730944E+02 4.580456E+02  
 MCV 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 7.828552E−07 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 
 FR 100 100 100 100 100 100 100 96 100 100 100 100 100 100 100 100  
 SR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
 

Beef Cattle
(case 3)

Best 4.997619E+03 4.997947E+03 5.297181E+03 5.293939E+03 4.997643E+03 4.998557E+03 5.001261E+03 5.137963E+03 5.301620E+03 5.000700E+03 5.000954E+03 4.997614E+03 5.388252E+03 5.489092E+03 5.471837E+03 4.997676E+03  
 Median 4.997686E+03 5.064997E+03 5.487403E+03 5.511747E+03 4.997766E+03 5.049616E+03 5.043833E+03 5.319419E+03 5.448569E+03 5.065296E+03 5.051591E+03 4.997716E+03 5.538593E+03 5.642098E+03 5.593626E+03 4.997738E+03  
 Mean 5.015522E+03 5.067573E+03 5.534893E+03 5.551193E+03 5.080418E+03 5.058270E+03 5.049425E+03 5.317244E+03 5.456464E+03 5.058865E+03 5.056477E+03 5.017077E+03 5.598159E+03 5.695783E+03 5.651440E+03 5.008047E+03 
 Worst 5.351969E+03 5.202389E+03 5.901705E+03 5.942668E+03 5.540180E+03 5.231035E+03 5.113209E+03 5.527286E+03 5.678657E+03 5.119343E+03 5.210223E+03 5.245224E+03 5.994730E+03 6.135084E+03 6.181296E+03 5.235836E+03  
 Std Dev 7.244519E+01 5.061916E+01 1.501190E+02 1.292968E+02 1.792418E+02 4.687649E+01 2.974603E+01 7.723739E+01 8.925231E+01 3.070119E+01 4.409356E+01 6.695323E+01 1.609311E+02 1.840694E+02 1.770846E+02 4.758822E+01  
 MCV 0.000000E+00 0.000000E+00 6.484509E−08 9.411473E−05 0.000000E+00 0.000000E+00 0.000000E+00 4.420380E−03 0.000000E+00 0.000000E+00 0.000000E+00 0.000000E+00 3.504800E−05 3.202012E−05 5.314213E−05 0.000000E+00 
 FR 100 100 96 60 100 100 100 0 100 100 100 100 88 80 84 100  
 SR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
 

Beef Cattle
(case 4)

Best 4.240574E+03 4.240546E+03 4.245131E+03 4.143501E+03 4.240590E+03 4.240546E+03 4.240544E+03 3.564215E+03 4.116920E+03 4.240544E+03 4.240548E+03 4.240561E+03 4.197673E+03 4.195181E+03 4.125590E+03 4.240603E+03  
 Median 4.240688E+03 4.240773E+03 4.254229E+03 4.264655E+03 4.240761E+03 4.240658E+03 4.240684E+03 4.124495E+03 4.268444E+03 4.240555E+03 4.240758E+03 4.240679E+03 4.268106E+03 4.272384E+03 4.271761E+03 4.240824E+03  
 Mean 4.240774E+03 4.241078E+03 4.253825E+03 4.255925E+03 4.240872E+03 4.240761E+03 4.241021E+03 4.125192E+03 4.259213E+03 4.240589E+03 4.240741E+03 4.240760E+03 4.266245E+03 4.266458E+03 4.251150E+03 4.240893E+03  
 Worst 4.241340E+03 4.245883E+03 4.265070E+03 4.332565E+03 4.241340E+03 4.241661E+03 4.246905E+03 5.373427E+03 4.332010E+03 4.240790E+03 4.241027E+03 4.241340E+03 4.301898E+03 4.274972E+03 4.274563E+03 4.241753E+03  
 Std Dev 2.061609E−01 1.076477E+00 4.608097E+00 3.718117E+01 2.526693E−01 2.719671E−01 1.283271E+00 3.241618E+02 4.345352E+01 6.813245E−02 1.677377E−01 2.406317E−01 1.684721E+01 1.645210E+01 4.681444E+01 2.774223E−01  
 MCV 0.000000E+00 0.000000E+00 0.000000E+00 1.636988E−04 0.000000E+00 0.000000E+00 0.000000E+00 1.023351E−02 1.733269E−04 0.000000E+00 0.000000E+00 0.000000E+00 3.382804E−05 2.227081E−05 2.004181E−04 0.000000E+00 
 FR 100 100 100 40 100 100 100 0 0 100 100 100 52 72 64 100  
 SR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
 

Dairy Cattle
(case 1)

Best 6.698649E+03 6.239281E+03 2.203906E+03 2.272121E+03 6.699065E+03 6.128410E+03 6.501052E+03 2.314832E+03 5.009040E+03 6.336138E+03 2.506698E+03 6.697554E+03 3.436106E+03 2.784451E+03 5.531040E+03 6.709294E+03  
 Median 6.704673E+03 6.572878E+03 6.624272E+03 6.399468E+03 6.708299E+03 6.575411E+03 6.707352E+03 5.662595E+03 6.358670E+03 6.663610E+03 6.601090E+03 6.706086E+03 6.572166E+03 6.357430E+03 6.462832E+03 6.712014E+03  
 Mean 6.704892E+03 6.610045E+03 5.946003E+03 5.953822E+03 6.708476E+03 6.551216E+03 6.690994E+03 5.076988E+03 6.174512E+03 6.632264E+03 6.347835E+03 6.705278E+03 6.237052E+03 6.166618E+03 6.752831E+03 6.711811E+03  
 Worst 6.709313E+03 7.068234E+03 7.131733E+03 6.873409E+03 6.716152E+03 6.973461E+03 7.168815E+03 6.559450E+03 6.798930E+03 7.019598E+03 7.193884E+03 6.709770E+03 6.938613E+03 1.109536E+04 1.118492E+04 6.715851E+03  
 Std Dev 2.515979E+00 1.927371E+02 1.618227E+03 1.187115E+03 3.538513E+00 1.791253E+02 1.488607E+02 1.361826E+03 5.158166E+02 1.734441E+02 1.123262E+03 3.230018E+00 1.033992E+03 1.474908E+03 1.091402E+03 1.493259E+00 
 MCV 0.000000E+00 1.289021E−03 4.536016E−03 5.930682E−03 0.000000E+00 6.016715E−04 3.126466E−04 1.251684E−02 4.793612E−03 6.843773E−04 1.227039E−03 0.000000E+00 5.487954E−03 3.816664E−03 2.866106E−03 0.000000E+00 
 FR 100 0 0 0 100 0 20 0 0 0 4 100 0 0 0 100  
 SR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
 

Dairy Cattle
(case 2)

Best 1.375752E+04 1.392290E+04 1.110389E+04 1.114776E+04 1.375593E+04 1.112119E+04 1.163242E+04 8.613510E+03 1.111039E+04 1.074871E+04 1.052305E+04 1.375849E+04 1.104043E+04 1.223291E+04 1.184524E+04 1.375429E+04  
 Median 1.377266E+04 1.428842E+04 1.421626E+04 1.388547E+04 1.375799E+04 1.400061E+04 1.364354E+04 1.319125E+04 1.401999E+04 1.426818E+04 1.349248E+04 1.376456E+04 1.416824E+04 1.456263E+04 1.445032E+04 1.375860E+04  
 Mean 1.392102E+04 1.430813E+04 1.448060E+04 1.327270E+04 1.376408E+04 1.371018E+04 1.327783E+04 1.282461E+04 1.357388E+04 1.375925E+04 1.312111E+04 1.377452E+04 1.380011E+04 1.455695E+04 1.533320E+04 1.379926E+04  
 Worst 1.476493E+04 1.497291E+04 1.924873E+04 1.450737E+04 1.386479E+04 1.524906E+04 1.472851E+04 1.465831E+04 1.482398E+04 1.478614E+04 1.526538E+04 1.387275E+04 1.949934E+04 1.873466E+04 1.970430E+04 1.476157E+04  
 Std Dev 3.230904E+02 2.212023E+02 1.574163E+03 1.037879E+03 2.147019E+01 1.108612E+03 1.136807E+03 1.372184E+03 1.012971E+03 1.147111E+03 1.461403E+03 2.441516E+01 1.771968E+03 1.142666E+03 2.270343E+03 2.004984E+02  
 MCV 6.831042E−04 4.157228E−03 8.579411E−03 1.417895E−02 7.965000E−04 3.236398E−03 3.544181E−03 3.692798E−02 1.129008E−02 2.868040E−03 4.317599E−03 7.861490E−04 1.275036E−02 6.498498E−03 6.179337E−03 7.737357E−04  
 FR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4  
 SR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
 

Dairy Cattle
(case 3)

Best 3.214563E+03 4.310242E+03 2.535523E+03 3.125345E+03 3.215318E+03 3.845208E+03 3.515977E+03 2.861172E+03 4.302241E+03 4.404076E+03 3.063028E+03 3.214238E+03 2.838164E+03 3.262187E+03 3.744000E+03 3.222146E+03  
 Median 3.219935E+03 7.617009E+03 8.283528E+03 8.909288E+03 3.226140E+03 5.523895E+03 4.082617E+03 6.277201E+03 6.519494E+03 6.102674E+03 4.565817E+03 3.218143E+03 9.284404E+03 6.894733E+03 7.523294E+03 3.231389E+03  
 Mean 3.220333E+03 8.241872E+03 7.278669E+03 8.170186E+03 3.225701E+03 5.726759E+03 4.110904E+03 5.952209E+03 6.561360E+03 6.590723E+03 4.880276E+03 3.219653E+03 8.285657E+03 6.640667E+03 7.743913E+03 3.231310E+03  
 Worst 3.227423E+03 1.362457E+04 1.310868E+04 1.193575E+04 3.236949E+03 1.363673E+04 5.347766E+03 8.669545E+03 9.370447E+03 1.289962E+04 1.097484E+04 3.228300E+03 1.345717E+04 1.167123E+04 1.232323E+04 3.237635E+03  
 Std Dev 3.463962E+00 2.810347E+03 3.857854E+03 2.417657E+03 5.116674E+00 1.984934E+03 3.805783E+02 1.650153E+03 1.352381E+03 2.066346E+03 1.936234E+03 3.790927E+00 3.373429E+03 2.212757E+03 2.365751E+03 3.425108E+00 
 MCV 0.000000E+00 1.184327E−03 3.203832E−03 4.099837E−03 0.000000E+00 3.907534E−04 0.000000E+00 6.675338E−03 3.059106E−03 9.699325E−05 2.532885E−04 0.000000E+00 3.659526E−03 2.486623E−03 1.929370E−03 0.000000E+00 
 FR 100 0 0 0 100 32 100 0 0 56 52 100 0 0 0 100  
 SR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
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Table 11
Performance measure value of all DE-based variants on livestock feed ration optimization problems.
 Criteria UMOEAs-IV TSMS-DE AuDE NLPSR-jSO mLSHADE HAPI-DE FDHD-DE DDPSA-DE DACDE CELDE ACD-DE UMOEAs-III IDE-EDA LSHADE-SPACMA LSHADE-cnEpSin EBOwithCMAR 
 Best 6.65E−02 1.01E−01 1.35E−01 1.18E−01 6.80E−02 8.31E−02 7.36E−02 2.22E−01 1.52E−01 9.72E−02 3.37E−02 6.79E−02 1.35E−01 1.56E−01 1.34E−01 6.66E−02  
 Mean 1.06E−03 7.53E−02 1.52E−01 1.58E−01 3.40E−02 7.08E−02 7.05E−02 2.24E−01 1.60E−01 6.99E−02 7.20E−02 3.19E−03 1.55E−01 1.66E−01 1.66E−01 4.07E−02  
 Median 1.53E−04 7.47E−02 1.28E−01 1.57E−01 2.65E−02 7.00E−02 4.72E−02 2.24E−01 1.54E−01 6.99E−02 5.43E−02 6.29E−03 1.50E−01 1.65E−01 1.61E−01 3.24E−02  
 Weighted 3.36E−02 8.79E−02 1.39E−01 1.38E−01 4.95E−02 7.68E−02 6.74E−02 2.23E−01 1.55E−01 8.36E−02 4.93E−02 3.62E−02 1.44E−01 1.61E−01 1.49E−01 5.20E−02  
 Rank 1 9 11 10 4 7 6 16 14 8 3 2 12 15 13 5  
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Fig. 8. Sources of the best particles in 50-dimensional experiments over the evolutionary process of an individual run on the 𝑓16 − 𝑓30 functions.
Table 12
Computational complexity for UMOEAs-IV.
 Dimension 𝑇0 𝑇1 𝑇̂2 (𝑇̂2 − 𝑇1)∕𝑇0 
 10𝐷 0.0601 0.5106 2.4882 32.9051  
 30𝐷 0.0601 0.6686 3.2046 42.1968  
 50𝐷 0.0601 0.9271 3.7560 47.0703  
 100𝐷 0.0601 2.1813 7.8991 95.1382  
32 
Here, 𝑇1 denotes the time required to execute the benchmark func-
tion 𝑓18 independently (without using UMOEAs-IV) with 2 × 105 eval-
uations in 𝐷 dimensions. The term 𝑇2 represents the runtime of the 
UMOEAs-IV algorithm on function 𝑓18 under the same number of 
evaluations and dimensionality. The averaged runtime over five runs 
is denoted as 𝑇̂2. The units of 𝑇0, 𝑇1, and 𝑇̂2 are seconds (s). As shown 
in Table  12, 𝑇1, 𝑇̂2, and 

(

𝑇̂2−𝑇1
𝑇0

)

 scale linearly with the number of 
dimensions.
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Fig. 9. Box plots of all compared DE-based variants in 50-dimensional experiments on the 𝑓1–𝑓15 of the CEC2017 benchmark.
To ensure a fair comparison, Table  13 reports the computational 
complexity of UMOEAs-IV and the compared DE-based variants, all 
evaluated in 30 dimensions. The same system configuration and pro-
cedure were applied consistently for each algorithm. As shown in 
Table  13, UMOEAs-IV ranks 10th, outperforming UMOEAs-III, TSMS-
DE, ACD-DE, mLSHADE, AuDE, and CELDE. Considering its notable 
performance improvements and adaptive evolutionary behavior, the 
computational cost is regarded as acceptable.
33 
7. Conclusions

This study introduces the fourth generation of the UMOEAs algo-
rithm, named UMOEAs-IV. UMOEAs-IV employs a novel calculation 
method for the scaling factor 𝐹 , which provides a flexible adaptive 
mechanism to control the mutation extent, uses a mutation strat-
egy that better balances exploration and exploitation, integrates an 
Estimation-of-Distribution Algorithm (EDA) to learn the probabilistic 
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Fig. 10. Box plots of all compared DE-based variants in 50-dimensional experiments on the 𝑓16–𝑓30 of the CEC2017 benchmark.
distribution of promising individuals, and introduces a stagnation strat-
egy to help individuals escape local optima. The search pattern of 
UMOEAs-IV demonstrates its intelligent adaptability when addressing 
different problems. Ablation tests confirm that the integrated mecha-
nisms are well-tuned. Comparisons with recently proposed DE-based 
variants highlight the advantages of UMOEAs-IV: it achieves the best 
average Friedman ranking in the 30-, 50-, and 100-dimensional tests, 
and the second-best ranking in the 10-dimensional tests, second only 
34 
to UMOEAs-III. When applied to livestock feed ration optimization 
problems, UMOEAs-IV achieves the best weighted value among all com-
pared DE-based algorithms, demonstrating its competitive performance 
on real-world problems. Future work will focus on further improving 
performance on low-dimensional problems for both hybrid and com-
position functions. This may include integrating more effective local 
search methods, designing self-adaptive parameters for the current 
local search strategies, and considering the gradient in the later stages 
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Table 13
Computational complexities of UMOEAs-IV, TSMS-DE, AuDE, NLPSR-jSO, mLSHADE, HAPI-DE, FDHD-DE, DDPSA-
DE, DACDE, CELDE, ACD-DE, UMOEAs-III, IDE-EDA, LSHADE-SPACMA, LSHADE-cnEpSin, and EBOwithCMAR on 
30 dimensions.
 Algorithm 𝑇0 (𝑠) 𝑇1 (𝑠) 𝑇̂2 (𝑠) (𝑇̂2 − 𝑇1)∕𝑇0 Rank 
 UMOEAs-IV 0.0601 0.6686 3.2046 42.1968 10  
 TSMS-DE 0.0601 0.6686 3.8274 52.5598 12  
 AuDE 0.0601 0.6686 12.1596 191.1987 15  
 NLPSR-jSO 0.0601 0.6686 1.5921 15.3667 6  
 mLSHADE 0.0601 0.6686 5.2336 75.9561 14  
 HAPI-DE 0.0601 0.6686 1.9943 22.0577 8  
 FDHD-DE 0.0601 0.6686 0.8757 3.4459 3  
 DDPSA-DE 0.0601 0.6686 0.8668 3.2975 2  
 DACDE 0.0601 0.6686 0.6769 0.1388 1  
 CELDE 0.0601 0.6686 28.7374 467.0349 16  
 ACD-DE 0.0601 0.6686 4.2905 60.2651 13  
 UMOEAs-III 0.0601 0.6686 3.2581 43.0858 11  
 IDE-EDA 0.0601 0.6686 1.0957 7.1071 4  
 LSHADE-SPACMA 0.0601 0.6686 1.6601 16.4974 7  
 LSHADE-cnEpSin 0.0601 0.6686 1.5826 15.2072 5  
 EBOwithCMAR 0.0601 0.6686 2.1335 24.3737 9  
of evolution to guide the search direction of individuals. Moreover, 
observations indicate that once a local mechanism produces the best 
solution, it seldom does so again, particularly when individuals are 
extremely close to an optimum. Therefore, the use of local mechanisms 
can be further optimized to save computational resources, which can 
then be allocated to more intelligent integrated mechanisms to enhance 
both exploration and exploitation.
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