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Abstract
Differential evolution (DE) has been proven as a simple yet powerful meta-heuristic algorithm on tackling continuous opti-
mization problems. Nevertheless most existing DEmethods still suffer from certain drawbacks including the use of ineffective
mechanisms to adjust mutation strategies and their control parameters that may possibly mislead the search directions, and
also the lack of intelligent guidance and reset mechanisms to escape from local optima. Therefore, to enhance the adaptability
of DE-based search frameworks and the robustness on optimizing complex problems full of local optima, an adaptive and
guided differential evolution (AdaGuiDE) algorithm is proposed. Essentially, the adaptability of the AdaGuiDE search frame-
work is enhanced by three schemes to iteratively refine the search behaviour at two different levels. At the macroscopic level,
the AdaGuiDE search framework revises the existing adaptive mechanism for selecting appropriate DE search strategies by
counting the actual contributions in terms of solution quality. In addition, the adaption strategy is extended to the microscopic
level where a penalty-based guided DE search is employed to guide the search escaping from local optima through temporar-
ily penalizing the local optima and their neighborhood. Furthermore, a systematic boundary revision scheme is introduced
to dynamically adjust the search boundary for locating any potential regions of interest during the search. For a rigorous
evaluation of the proposed search framework, the AdaGuiDE algorithm is compared against other well-known meta-heuristic
approaches on three sets of benchmark functions involving different dimensions in which the AdaGuiDE algorithm attained
remarkable results especially on the high-dimensional and complex optimization problems. More importantly, the proposed
AdaGuiDE framework shed lights on many possible directions to further enhance the adaptability of the underlying DE-based
search strategies in tackling many challenging real-world applications.

Keywords Differential evolution · Guided search · Self-adaptive mechanism · Continuous optimization

1 Introduction

Optimization involves a very challenging yet ubiquitous task
helping in making wise decisions or solving complex prob-
lems such as machine multilingual translation [1], energy
use planning in building operations [2], multiple objects
detection in autonomous driving [3] and protein structure
prediction in bioinformatics [4] through scientific methods
in real life. In particular, Continuous Optimization Problem
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(COP) is the most general case that can be found every-
where. Given a set of equality constraints and inequality
constraints, solving COP is to search out an optimal solution
that can achieve the maximal or minimal objective value in
the continuous domain with the satisfaction of relevant con-
straints. A practical example of COP is to dynamically adjust
the allocation of asset in a portfolio for promptly respond-
ing to the current financial market, given the expectations
of investors to maximize returns while minimizing risks [5].
During trading, each decision should be constrained to ensure
manageable risk exposure and not deviate from market reg-
ulations.

By exploring the nature of optimization tasks in vari-
ous scenarios, most of them can be simplified to a kind of
mathematical expression in which optimization techniques
can efficiently yield a high-quality solution based on it. In
the past few decades, researchers have proposed numerous
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solvers based on mathematical programming methods such
as quadratic programming [6], integer programming [7] and
second-order cone programming [8]. In general, their effec-
tiveness can be explained with rigorous mathematical proofs
so that the quality of solutions can be guaranteed. However,
before applying such solvers, optimization tasksmust be con-
verted to a specific format and strictly satisfies the constraints
required by solvers. In fact, some problems are difficult to be
completely expressed in such formats. In addition, the com-
plexity and computing time of solvers will dramatically raise
since intensively computational resources are required for
calculating large-scale matrices by the increasing of dimen-
sions. In recent years, gradient-based methods have achieved
amazing performance in real-world cases such as the face
recognition [9], user recommendation system [10], senti-
ment analysis [11] and so on. Yet the major drawback is that
deep learning models have to be redesigned and retrained for
dealing with different tasks, which is typically learnt from
large volume datasets with the extra training time. More-
over, when the objective function or constraints of problems
include non-convex or non-differential functions, deep learn-
ing techniques may not work well any longer.

To tackle the problems involving non-linear, non-differen-
tiable, non-convex, multi-modal or even not well-defined
objective functions, meta-heuristic algorithms are exten-
sively considered as an efficient tool in recent years. Unlike
deterministic methods highly depending on the domain
knowledge of specific problems, meta-heuristic approaches
are the problem-agnostic method, conducting the explo-
ration and exploitation search to seize feasible solutions
within acceptable computing time. The word “meta” means
that the algorithm is a generic method constructed in a
higher level such that different types of problems can
be optimized without any extra modifications, while the
word “heuristic” inspires search paradigms from natural
phenomena and biological behaviors. Recent studies [12,
13] have proven the effectiveness of meta-heuristic algo-
rithms in solvingmany challenging tasks including designing
the architecture of deep neural networks and optimizing
combinatorial problems. Basically, from the perspective of
individuals, it can be organized into two classes of methods.
Neighborhood-based algorithms work on a single individ-
ual at each generation, then a new candidate is accepted
with certain probability if its fitness excels that of the orig-
inal individual. Simulated Annealing (SA) [14] and tabu
search [15] are the most representative algorithms that usu-
ally are applied to conduct the local search. On the other
hand, population-based algorithms own multiple individuals
who cooperatively explore different regions of search space
with the aid of sharing the search information among them.
By mimicking animal foraging behaviors, the swarm intelli-
gence algorithm maintains a group of candidates performing
the search toward to various directions according to the

designed rules, and the knowledge of problems can be gradu-
ally learnt by sharing known information among candidates.
Based on similar design principles, some algorithms like
Ant Colony Optimization (ACO) [16], Particle Swarm Opti-
mization (PSO) [17] and Artificial Bee Colony Algorithm
(ABC) [18] are still competitive against the state-of-the-
art (SOTA) algorithms. Especially in solving the large-scale
Traveling Salesman Problem (TSP), the variants of ACO
demonstrate impressive results compared with others [19].
On the other branch of population-based algorithms, evo-
lutionary computation techniques derive several classical
yet powerful search paradigms as well. Differential Evolu-
tion (DE), a well-known evolutionary algorithm proposed
by [20], has been widely studied for solving complex opti-
mization problems, which benefits from several significant
features like effective exploration and exploitation capa-
bilities, good interpretability, simple implementation, etc.
Similar to the Genetic Algorithm (GA), DE is inspired
by the natural selection from Darwin’s theory of evolu-
tion, mimicking several basic operators including mutation,
crossover and selection for filtering inferior candidates while
maintaining the superiority of the population. The main dif-
ference between them is the mutation mechanism that the
GA changes the value of some bits (genes) of an individual
with the preset probability while the DE approach generates
a new trial vector by referring to the distance between the
parents and reference individuals for which it can be called
“differential”. As the choice of reference individuals directly
decides search directions, a series of mutation strategies are
presented to conduct the exploration or exploitation search.
Yet it should be pointed out that there is no single mutation
strategy that can deal with all kinds of problems. Accord-
ingly, recent studies [21, 22] adopt a multi-strategy method
to maintain a pool of mutation strategies, attempting to apply
several trial vector generation strategies to cover different
types of searches and designing an adaptive mechanism to
assign appropriate strategies over the evolutionary process.
However,most of them focus on the design of adaptivemech-
anisms from only two aspects including choosing trial vector
generation strategies and/or adjusting control parameters like
scaling factors and crossover rates, which is not enough
to guide algorithms adapting to the real-time environment.
Meanwhile, some adaptive mechanisms may provide unrea-
sonable advice due to less consideration on the contribution
of candidates of different qualities. Moreover, especially in
tackling multi-modal optimization problems, those existing
DE variants are easily trapping into local minima since the
currently best individual will always be kept as the center of
the search so that the exploitation space is limited and the
optimization ultimately fails to reach the global optimum.

In this paper, by introducing several mutation strategies to
handle different cases during the search, a novelAdaptive and
GuidedDifferential Evolution (AdaGuiDE) algorithm is pro-
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posed to tackle COPs. Comparedwith some conventional DE
approaches, the adaptability of the AdaGuiDE comes from
three aspects: 1) Guided DE search. Instead of using the
original fitness value, a guided objective function is described
to measure the performance of individuals by incorporating
with a dynamic penalty mechanism, providing useful guid-
ance to the current search toward to other promising regions
except for the surroundings of local minima. 2) Flexible
scheme to select appropriate search strategies. To timely
balance the exploration and exploitation for the upcoming
search, theAdaGuiDE approach adjusts search strategies and
their control parameters through learning from the histor-
ical contributions of search strategies. The search strategy
recently having more contributions will be performed with
a high probability. 3) Adaptive boundary revision tech-
nique. The AdaGuiDE approach locates a Region of Interest
(ROI) based on the guidance information from the guidedDE
search, and then narrows down the search region to enhance
the efficiency of the search. Furthermore, the search region
will be released back to the initial settings when the ROI
has been explored. The innovations and contributions of this
work are described as follows:

1. The AdaGuiDE is the first algorithm incorporating the
Guided Local Search (GLS) to constantly monitor the
performance of the underlying DE algorithm in solving
the COPs with a diversity of features.

2. A novel boundary revision scheme is proposed to quickly
locate the ROIs where the nearby regions of local minima
were punished the most during the past period.

3. Learnt from the existing adaptivemechanism, a contribu-
tion-based scheme is further improved to select appro-
priate mutation strategies and adjust the control param-
eters of DE operators. The enhanced scheme helps the
AdaGuiDE accurately classify the real contributions that
truly reflect the performance of each strategy.

4. The multi-layer adaptive mechanism in the AdaGuiDE
enables the search to timely accommodate to the current
environment through close collaboration.

The rest of this paper is arranged as follows. The basic
knowledge and latest studies of the DE are reviewed in
Section 2. Section 3 describes the details of the proposed
AdaGuiDE algorithm with its key components to realize
dynamical mechanisms at different layers. The experimen-
tal settings and results are clearly demonstrated and ana-
lyzed in Section 4. Furthermore, Some characteristics of the
AdaGuiDE including the convergence speed, stability, time
cost, ablation study, and hyper-parameter analysis are dis-
cussed in Section 5. Lastly, Section 6 concludes this work,
and sheds light on various directions for future investigation.

2 Related work

2.1 Adaptive differential evolution algorithms

TheDifferential Evolution (DE) approachwas originally pro-
posed to solve Chebyshev Polynomials problems and has
been widely applied to deal with complex optimization prob-
lems in recent decades. Basically, a DE framework consists
of four core components including initialization, mutation,
crossover, and selection for iteratively generating high-
quality solutions until the search meets stop criteria. Before
starting the search, the search individuals in a population will
be randomly assigned throughout the overall search space.
Afterwards, different individuals periodically exchange the
collected information with each other in each generation to
produce promising solutions at themutation stage. It is worth
noting that different mutation strategies (also known as trial
vector generation strategy) will directly impact the behaviors
of search toward exploration or exploitation to balance the
convergence and solution quality. Furthermore, the crossover
operation mixes the information from the parent individu-
als and the newly generated individuals under pre-defined
probabilities. Lastly, the newly generated offspring are eval-
uated by the objective function f (ui ). The individuals with
a smaller objective value are kept for the next generation at
the selection stage when compared with their parent xi .

Yet in tackling optimization in different fields, the con-
ventional DE approaches may not be able to adapt to the
nature of problems by dynamically adjusting the mutation
strategies and essential hyperparameters such as scaling fac-
tors, crossover probabilities, and population sizes during
the search stages. There are many investigations [23–27]
giving useful suggestions on hyperparameter settings after
conducting detailed experiments. However, most of the sug-
gestions are customized for specific problems by using the
trial-and-error scheme. Therefore, to enhance the universal-
ity of DE-based approaches to various cases and reduce the
involvements of handcrafted settings, [28, 29] presented an
efficient Self-adaptive Differential Evolution (SaDE) algo-
rithm in which both mutation strategies and their control
factors are dynamically adjusted by analyzing the histor-
ical profile in the previous search. More specifically, the
scaling factor F of the SaDE is approximated by a Gaus-
sian distribution with a fixed mean value while the crossover
probability CR of the SaDE is sampled by a Gaussian dis-
tribution but with a dynamic mean value from the median
of CR memory. Compared with the SaDE, the JADE [21]
generates F according to a Cauchy distribution for diversi-
fying the values to avoid concentrating local minima while
the CR remains the same distribution as the SaDE. Besides,
the mean values of the sampling distributions for both F
and CR are adaptively adjusted in terms of the past values
and current performance in the JADE. Moreover, a novel
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mutation strategy “DE/Current-to-pbest/1” is given in the
JADE to avoid premature convergence, which has been a
widely adopted strategy in the SOTA DE-based approaches.
As an enhanced version of the JADE, the SHADE [30] further
improves the robustness of the JADE by using a Success-
History-based Adaptive mechanism to maintain a diverse set
of control parameters rather than utilizing a single pair of
control parameters in the JADE. Followed by the SHADE,
there are many outstanding DE-based algorithms [31–35] in
recent ten years, among which the L-SHADE [36] enhances
the search efficiencybyusing linear population size reduction
mechanism while the L-SHADE-RSP [37] further improves
the L-SHADE with a rank-based selective pressure strategy
for carefully choosing the reference individuals in the muta-
tion to impact the search directions. Subsequently, through
extending to the non-linear population size reduction and
the linear bias change-based parameter adaptation, the NL-
SHADE-RSP [38] and the NL-SHADE-LBC [39] have been
recognized as top-ranking algorithms in the recent IEEE
CEC(Congress onEvolutionaryComputation) competitions.
Besides, by learning from the JADE, theCSDE [22] proposes
another popular mutation strategy “DE/pbest-to-rand/1” and
a very systematically contribution-based cooperative rule to
adjust control factors and the balance between exploration
and exploitation.

2.2 The state-of-the-art meta-heuristic algorithms

Through extracting the correlation information among indi-
viduals, somenovelCovarianceMatrixAdaptationEvolution
Strategies (CMA-ES) [40–42] achieve remarkable enhance-
ments on objective optimization in which the covariance
matrix is periodically updated to observe the population dis-
tribution in the search space and guide the search directions
toward the promising areas. Recently, more studies [43–45]
control the search behaviors by integrating the physical or
chemical knowledge such that the trade-off between explo-
ration and exploitation can be well balanced according to the
insights of operating rules coming from the real world, espe-
cially when solving the optimization problems in the field
of engineering. In addition, there are many powerful swarm
intelligence algorithms [46–48] recently proposed to mimic
biological swarm behaviors such as foraging, mating, and
enemy defending for obtaining the species with the highly
competitive advantages in natural selection as the final solu-
tions.

2.3 The guided local searchmethod

The conventional DE in solving multi-modal optimization
problems lacks the abilities to locate more peaks and escape
from local minima. As an efficient component, nichingmeth-
ods are integrated with evolutionary algorithms to maintain

a diversity of populations for detecting possible peaks. The
idea of niching methods is to distribute individuals to dif-
ferent sub-populations for locating and monitoring multiple
peaks. The previous studies [49, 50] punished the worse
individual who is near local minima in the niche, and then
the individual is eliminated soon in the following genera-
tions. Conversely, Guided Local Search, an intelligent search
scheme proposed by [51], encourages the search escaping
from local minima by penalizing the local area where the
currently local best solution drops into it. Then, the individ-
uals temporarily search other promising regions where the
better solution may hide at those areas. Over the past few
years, the GLS integrating with individual-based search has
been successfully applied to solve combinatorial problems
like Traveling Salesman Problem [52, 53] and scheduling
problem [54]. Furthermore, [55] extends the GLS to tackle
Continuous Optimization Problems (COPs) with the dimen-
sion of 2. Yet there is no research that theGLS is incorporated
into DE approaches to solve COPswithmultiple dimensions.

To explore the potentials of the GLS, the AdaGuiDE algo-
rithm further suggests a more flexible GLS-based penalty
scheme and firstly integrate it with the DE search to solve
relatively high-dimensional COPs (up to 100 dimensions).
In the original GLS, the guided objective function f (xi ) is
revised as (1). In the following sections, the AdaGuiDE will
extend the GLS to handle continuous optimization problems.

f (xi ) = h1(xi ) + λ

K∑

k=1

pk Ik(xi ) (1)

where h1(xi ) is the original fitness value (i.e., the output
of optimization functions), λ is the parameter controlling the
strength of the whole penalty item, and Ik(xi ) is the indicator
function (2) to show the feature k whether be included in the
solution xi of i th individual in a population. For example,
the feature k indicates a route between two cities in TSPs
in which a solution xi involving the specific route k will
be penalized. pk is the current penalty factor of feature k,
which is updated by the utility function defined as (3) once
the local search algorithm falls into certain local minimum
S∗ exceeding the predefined generations.

Ik(xi ) =
{
1, if k ∈ xi
0, otherwise

(2)

utilk (S∗) = Ik (S∗) × ck
1 + pk

(3)

where ck is the cost of feature k. The features with the highest
utility value are selected, and their penalty values will be
increased by 1.
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3 The adaptive and guided differential
evolution framework

To enable DE algorithms for adapting various optimization
tasks, the self-adaptive mechanism can replace the manual
fine-tuning on adjusting parameters for specific problems.
Meanwhile, the self-adaptive mechanism as a guider of the
DE algorithm should be set at the top level of the overall
framework to control the evolution and monitor the search,
coordinating all components and evaluating their perfor-
mance in terms of the real contribution inwhichmost existing
self-adaptive algorithms include inaccurate contribution of
components. In addition, as most of the search space is
unimportant and full of traps, the limited resource should be
assigned to the ROI to speed up the convergence, thus timely
revising the search region for adapting the current environ-
ment plays an important role of self-adaptive frameworks.
Motivated by these observations, the idea of the AdaGuiDE
is to achieve a flexible controller on the top of the conven-
tional DE from multiple levels, in which the components of
the DE can be coordinately adjusted for the same goal at
different stages. The whole framework of the AdaGuiDE is
shown inAlgorithm 1. At the beginning of the search, the ini-
tialized individuals are randomly distributed throughout the
overall search space, and their objective value are evaluated
by the guided objective function instead of the raw fitness
function. For each generation, the parameters on the strat-
egy level and the individual level are updated by historical
contributions. Then, with the consideration of strategy selec-
tion probabilities, the trial vector generation strategy for each
individual is decided and performed. The new trial vectors
are further integrated with their corresponding parent indi-
viduals to generate a new test vector. The parent individual
is replaced by the test vector if the guided objective value
of the test vector outperforms that of its parent. Followed
by that, the AdaGuiDE updates the penalty factor based on
the currently local minimum who has not been improved for
generations, which forces the search toward to other regions.
In addition, the boundary will be narrowed down and reset
alternately once the DE stuck into certain local minima for
several iterations. Lastly, the best solution foundon the search
is outputted whenmeeting stop criteria that are themaximum
number of fitness function evaluations. Let GnoImprovement

be the accumulative number of iterations staying at the same
local minimum, Gtrap is the criterion for recognizing local
minimum, Gtrigger is the threshold for triggering the bound-
ary revision scheme, FP is the reset cycle for the contribution
scheme parameterCSm,g , K is the number of intervals being
partitioned in the boundary revision scheme, ε is a control
parameter in the neighborhood search, β is a relaxation fac-
tor in the boundary revision scheme, λ is the penalty factor
in the guided DE search, N P is the population size, G is
the number of iterations, SPm,g is the selection probability

of the strategy m at the iteration g, Mg is the individual-
independence factor of the adaptive parameter scheme, Pg is
the modulo-based periodic factor of the adaptive parameter
scheme, pbest is the index of the individual that are extracted
from Top X best individuals, xpbest is the individual that are
extracted from Top X best individuals, xr1, xr2 and xr3 are
the reference individuals, Fi is the control factor in mutation
strategies, and CRi is the crossover rate.

Algorithm 1 The overall procedure of the AdaGuiDE.
Require: N P , G, Gtrap , Gtrigger , FP , K ε, β and λ.
Ensure: The currently best individual xbest .
1: Initialize the population by sampling from a uniform distribution.
2: Initialize the parameters SPm,g , Mg , Pg , pbest , Fi , and CRi .
3: for (g = 1 to G) do
4: if (mod(G, FP) = 0) then
5: Reset SPm,g .
6: end if
7: Update Mg , Pg , pbest and SPm,g via (21).
8: for (i = 1 to N P) do
9: Select the xpbest , xr1, xr2 and xr3.
10: Select the mutation strategy based on SPm,g .
11: Update Fi and CRi of the individual i .
12: Generate the trial vector vi via (4) to (7).
13: Generate the offspring according to binomial crossover and

CRi .
14: Update f (ui ) and h1(ui ) via (9).
15: Update CSm,g by comparing h1(ui ) and h1(xi ).
16: Update xi if f (ui ) < f (xi )
17: end for
18: Update the currently best individual.
19: if Fulfill the stop criteria then
20: return The currently best individual xbest .
21: end if
22: if (mod(GnoImprovement ,Gtrap) = 0) then
23: Update the penalty value p jk in the guided DE search.
24: end if
25: if (mod(GnoImprovement ,Gtrigger ) = 0) then
26: Sample a reference cluster and perform the neighborhood

search via (15).
27: Revise the search boundary via (17) to (20).
28: end if
29: end for

The flowchart of the AdaGuiDE is shown in Fig. 1, which
has similar steps as most of the DE-based algorithms. The
differences are that the proposed AdaGuiDE updates the
parameters in the dynamic contribution mechanism at the
beginning of each generation and then evaluates the guided
objective values with penalty values after collecting new
trial vectors for the guided DE search. Besides, it should
be highlighted that the guided search scheme and bound-
ary revision mechanism of the AdaGuiDE can dynamically
adjust the strengths of penalties and promising search areas
through monitoring the movements of local minima. In the
following section, the core components of the AdaGuiDE
will be described and evaluated in detail for discussing their
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Fig. 1 The flowchart of
AdaGuiDE

contributions, and all discussions in this paper are based on
minimizing functions.

3.1 The generation strategy of trial vector

Since the gradient information on evaluation functions can-
not be utilized by the DE, the direction of optimization is
relied on the difference between the parent individual and the
reference individuals, which is themeaning of “Differential”.
With the development of the DE, several simple yet effective
trial vector generation strategies (also namedmutation strate-
gies) are proposed and employed to be a basic component
of the DE, which can be roughly classified into two cate-
gorieswith respect to their search paradigms: exploration and
exploitation. The exploration strategy encourages individu-
als toward to visit broader space where few individuals have
been there before. Randomly choosing reference individuals
on the exploration strategy increases the uncertainty of search
behavior, which is propitious to escape from local minima,
but it slows down the convergence speed at the early stage.
Inversely, the exploitation strategy performs the local search
around the currently best solution, whereas it more likely
drops into local minima before getting the globally optimal
solution on multi-modal problems. Hence, how to choose
an appropriate generation strategy acts the most important
feature of constructing an effective DE. To reduce the com-
putational cost and fit into more problems, instead of fixing
an applicable generation strategy through the trial-and-error
search, the AdaGuiDE maintains a trial vector generation
strategy candidate pool including four strategies that cov-
ers both the exploration and exploitation. After reviewing
DE literatures, four strategies are extracted from the exist-
ing DE frameworks and other meta-heuristic algorithms, and

their effectiveness have been verified either exploration or
exploitation on some typical scenarios with their own char-
acteristics.

• “DE/Current-to-pbest/1”: the DE-based strategy is firstly
introduced in the JADE [21]. The main idea is to replace
the best solution by an individualwho is randomly chosen
from the candidate pool in which the top p individuals
are included here. Compared with the “DE/current-to-
best/1”, the mentioned strategy prevents the search from
tracking local minima only, which flexibly provides
more outstanding reference individuals for increasing the
diversity of promising regions at the beginning of evo-
lution. The expression of the “DE/Current-to-pbest/1” is
described as follows:

vi = xi + FC
i × (

xpbest − xi
) + FC

i × (xr1 − xr2) (4)

• “DE/Pbest-to-rand/1”: Using the top pbest individuals as
the base vector to improve the local exploitation ability of
those competitive individuals promotes the search stand-
ing on the shoulders of giants. Instead of solely using
the currently best individual as the center point of search
regions, “DE/Pbest-to-rand/1”, as a powerful component
of the CSDE [22], distributes several center points to
locate possible peaks and traps during the evolutionary
process for which it can perform well on multi-modal
problems. Its trial vector is generated by the following
(5):

vi = xpbest + FR
i × (xr1 − xi ) + FR

i × (xr2 − xi ) (5)

123



AdaGuiDE: An adaptive and guided differential evolution for continuous... 10839

• “DE/Current-to-random/1”: Regarded as a good supple-
ment component of balancing strategy, “DE/Current-to-
random/1” executes the exploration toward to a random
direction by combining three reference individuals. The
manner of trial vector generation can be expressed as
follows:

vi = xi + KT
i × (xr1 − xi ) + FT

i × (xr2 − xr3) (6)

• “AMPO Local search”: To further enhance the local
exploitation ability of the AdaGuiDE, the local search
strategy from [56] is introduced as a key strategy here,
whose idea is to conduct the nearby search from the
coarse-grained level to the fine-grained level within few
iterations. The update formula can be found below:

vi = xi + Gaussian (0, σi ) × xi (7)

where FC
i , FR

i , FT
i , KT

i and σi are the control parameters of
those mutation strategies, and pbest is the factor to manage
the top individual list.

3.2 The guided DE search strategy

Inmost derivateDE frameworks or othermeta-heuristic algo-
rithms, the cost/fitness function to measure the performance
of each individual in actual tasks is directly used as the objec-
tive function deciding whether individuals will be survived
in the next generation. Nevertheless, this will possibly ignore
that other essential elements of optimization should be care-
fully considered aswell during the evolutionary process. One
of examples is the recognition of local minima, which will
adversely allocate the search efforts to the regions of pit-
fall and ultimately affect the search efficiency of the whole
population. In particular, certain mutation strategies like the
one namely “current-to-best” using the currently best solu-
tion as the main reference vector may lead to the whole
population toward to search the surrounding areas of local
minima whereas other promising areas have less opportunity
to be explored. Accordingly, to carefully evaluate the qual-
ity of each candidate, some frameworks typically introduce a
penalty itemas a part of objective functions to implicitly point
out the adverse effects that the solution may cause. Among
those frameworks, the GLS prevents the search from being
stuck into certain local minima through penalizing those
individuals who select the features being included by the
currently best solution since its intent encourages to explore
other features whichmay be a key element to reach the global
optimum in the following search.

In this section, instead of integrating the GLS into
neighborhood-based approaches and then mainly being
applied to tackle combinatorial problems or 2-dimensional
continuous optimization problems [55], this is the first time

to propose the guided DE search in which the GLS is thor-
oughly incorporated into the DE for solving the continuous
problems with multiple dimensions. Different with the GLS
on the combinatorial problems in which the penalties are
added to features/dimensions being mostly included by the
local minima found in the previous search, the guided DE
search introduces soft constraints to certain intervals of each
dimension at which the local optima locate. Intrinsically,
those soft constraints depend on a critical assumption that
the globally optimal solution has less probabilities appear-
ing in the surrounding area of the currently best solution
who has been penalized, thus the guided DE search hope-
fully turns to visit other promising areas through augmenting
the objective value of the solution who stays at the neigh-
borhood region of local minima. As clearly described by an
example that the originally second or even lower ranking best
solution from the original cost/fitness function is enhanced
to the best solution after considering the penalty constraint,
the reference point of “best” in certain mutation strategies
is changed to the guided best solution. That is the search
center has been revised from the originally best candidate
to the guided best candidate, and ultimately the promising
regions will be explored with more computational efforts.
With more details, firstly the domain (i.e., the search range)
of each dimension is equally divided into several intervals,
and those non-overlapping intervals can be defined as the
surrounding regions of candidates who locate at the same
interval. Given an example that the feasible range of dimen-
sion j is [L j ,Uj ] and being partitioned into K independent
yet adjacent intervals, the indicator function I jk(xi ) of the
GLS is redefined as (8) with the consideration of different
dimensions, indicating whether the candidate xi lies at the
kth interval (i.e., kth feature) for dimension j .

I jk(xi ) =
{
1, if xi j ∈ k

0, otherwise
, (k = 1, 2, . . . , K , j = 1, 2, . . . , D) (8)

Furthermore, to carefully examine the significance of
intervals at different search stages, the revised GLS further
introduces the penalty factor p jk to measure the current fre-
quency of the kth interval at the j th dimension involved in
the guided local minima. Initially, the penalty values of all
intervals in each dimension are set to 0. Since the GLS is an
online policy timely collecting and reflecting the up-to-date
information during the whole search period, once the cur-
rently guided best candidate reaches the local minimum for
several generations, the penalty value of the corresponding
interval will be increased by one to reduce the opportunity
of those pitfall areas being selected at the following search.

Accordingly, as clearly described by (9), the guided
objective function f (xi ) of the AdaGuiDE consists of two
essential items. The regular item h1(xi ) outputs the original
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cost/fitness value of practical problemswhile the penalty item
h2(xi ) shown in (10) counts the total penalty values from all
dimensions as an extra cost such that the search will not be
attracted by those local minima due to the higher objective
values.

f (xi ) = h1(xi ) + h2(xi ) (9)

h2(xi ) = λ

D∑

j=1

K∑

k=1

(
I jk(xi ) × p jk

)
(10)

where λ is the penalty strength controlling the impact of
the penalty item in the guided objective function. Lastly, the
revised objective function is applied to measure the quality
of newly generated candidates in the AdaGuiDE.

Yet in tackling large-scale continuous optimization prob-
lems, the penalty scheme of the original GLS may overpe-
nalize a solution as it focuses on different intervals of each
dimension but neglects the relative importance of dimen-
sions. Therefore, to consider both the impact of the features
of each dimension and the correlations among dimensions, a
new variant of the AdaGuiDE namely AdaGuiDE-PS is pro-
posed in this paper as well. The revised penalty factor p

′
jk of

the AdaGuiDE-PS is depicted as (11).

p′
jk = q jk × φ j ({S∗}) × ϕ j ({S∗}) (11)

where {S∗} = {S1∗, . . . , St−1∗ , St∗} is the set of local minima
from the search start until now. q jk counts the number of
generations that individuals stayed in the same interval k of
the j th dimension since the lastly visited localminimum St−1∗
until the current local minimum St∗. A higher p

′
jk indicates

that this area was frequently visited in the past period yet the
search is still stuck into localminima.Thus, such areaswill be
penalized, and the search should be toward other promising
areas.

As shown in (12), φ j ({S∗}) indicates whether the sampled
interval k for dimension j at the current local minimum St∗ is
different from the sampled interval k for dimension j at the
last local minimum St−1∗ .

φ j ({S∗}) =
{
1, if ktj = kt−1

j
0, otherwise

(12)

where ktj is the interval that the current local minimum St∗
stays at the j th dimension, and kt−1

j is the interval that the

last local minimum St−1∗ stays at the j th dimension.
ϕ j ({S∗}) is described as (13), measuring the normalized

relative importance of the j th dimension.

ϕ j ({S∗}) = ϕ̄ j ({S∗})∑D
i=1 ϕ̄i ({S∗}) (13)

ϕ̄ j ({S∗}) = h′
1, j

(
St∗, St−1∗

)

h′
1, j

(
St−1∗ , St−2∗

) (14)

where ϕ̄ j ({S∗}) in (14) is the unnormalized relative impor-

tanceof the j th dimension,h
′
1, j (S

t∗, St−1∗ ) = |h1(St∗)−h1(St−1∗ )|
|St∗, j−St−1

∗, j |
is the gradient between St∗ and St−1∗ , h

′
1, j (S

t−1∗ , St−2∗ ) =
|h1(St−1∗ )−h1(St−2∗ )|

|St−1
∗, j −St−2

∗, j | is the gradient between St−1∗ and St−2∗ , and

h1(·) is the original objective value of the optimization func-
tion.

The intuition of ϕ j ({S∗}) and ϕ̄ j ({S∗}) is that, when the
search jumps into a new local minimum, the variable j (i.e.,
dimension j) with a smaller movement may be still trapped
in the region of local optimum, thus those variables would
be recognized as being of high relative importance with a
higher ϕ j ({S∗}) value such that the search will intensify the
punishment in the region of local optimum and is encouraged
to explore other promising areas. Meanwhile, the trend of
the current change between St∗ and St−1∗ and the last change
between St−1∗ and St−2∗ is considered in this work to fur-
ther highlight the important dimension for escaping from the
local optima. Except formeasuring the relative importance of
dimensions, the proposed penalty scheme tries to identify the
key interval of each dimension for more accurately guiding
the search escaping from local minima through introducing
p

′
jk and φ j ({S∗}).

3.3 An adaptive boundary revision scheme

As described in detail by the penalty-based guidance mecha-
nism and its important hypothesis in the last section, there is
no sufficient confidence that we can say the surrounding area
of local minima has been thoroughly searched and the glob-
ally optimal solution absolutely resides out of that area. Thus,
it may unavoidably lead to a miscarriage of justice for penal-
izing the surrounding area of local minima, especially when
inappropriately setting interval features of each dimension or
the globally optimal solution is too close to the locally best
candidate. Furthermore, it surely cannot find a perfect inter-
val division scheme for all kinds of problems so that defining
the surrounding area (i.e., the interval) is quite difficult when
tackling different real-life problems since the peaks and val-
leys of the search space are unknown for us before starting to
search. More importantly, the existing interval features are
typically considered as fixed values throughout the evolu-
tionary process in the original GLS for which it cannot better
adapt to the latest search environment for correctly penaliz-
ing features.

Figure 2 demonstrates three scenarios of the relative posi-
tion between the local minimum S∗ and the global minimum
Sopt . The yellow shadow area is the penalty area for the local

123



AdaGuiDE: An adaptive and guided differential evolution for continuous... 10841

Fig. 2 Three scenarios of the
relative position between the
local and the global optimum

(a) (b) (c)

minimum and the red line of dashes is the guided objective
value with the penalty item h2(xi ). As shown in Fig. 2(a), the
globally optimal solution is outside but close to the penalty
area in which the guided DE search will avoid searching and
turn to other promising areas so as to discover the globally
optimal solution. However, when the surrounding area of
the local minimum S∗ is punished and the population turns
to search other promising areas, the search may trap into
the new local minimum S′∗ if the globally optimal solution
actually is not staying at that promising area (see Fig. 2(b)).
Then, the new local minimum will be confirmed, and its sur-
rounding area will be penalized. Meanwhile, the guided DE
search will keep exploring another promising area. Lastly,
the global minimum is ultimately found after more challeng-
ing local minima are caught and more areas are excluded
from the search space. Yet there is another possible case that
the globally optimal solution is inside the penalty area of
the local minimum due to the inappropriate penalty interval
setting. Accordingly, the guided DE search will not find the
optimal solution as described in the previous cases for a long
time. To correct penalty intervals and improve the resolution
of penalty areas, as shown in Fig. 2(c), the penalty interval
should be narrowed down (i.e., the green shadow area) to
reduce the inappropriate punishment on the globally optimal
solution.

On the other hand, the larger search space is accompanied
by the exponential increment of computational efforts. It is
necessary to narrow down the search space after more infor-
mation about the nature of the problem is gathered during the
search process, especially when the size of the problem is in
hundreds or even in thousands. Particularly, searching in the
key area not only saves resources on the unpromising regions,
but also reduces struggles on more possible trap areas where
the search has to allocate more efforts for escaping.

As clearly concluded by the above major pitfalls, tem-
porarily revising search boundaries can definitely enhance
the efficiency of the search. However, which area is extracted
for the fine-grained search is challenging since the compu-
tational resource is limited. It can be fairly considered that
there may be no relatively outstanding solution hidden on
those areas being called promising at the previously guided
search stage when the currently best candidate is still the
most excellent one among all evaluated solutions even it has

been punished for many times. Hence the focal area of the
search should be moved back to the surrounding area of the
currently best candidate at certain periods so as to detect the
globally optimal solution if it resides at the same interval as
the local minimum (see Fig. 2(c)). Meanwhile, the interval of
each dimension will be reallocated according to the revised
search space, whose intent is to remedy the shortcoming that
the globally optimal solution is unwittingly penalized due to
the inappropriate interval partitioning.

To better adapt the search space, a simple yet efficient
boundary revision approach is proposed to be an important
component of the cooperatively adaptive mechanism in the
AdaGuiDE, which is triggered once the search has stuck into
a guided local minimum for a relatively long period. Accord-
ingly, the following operations are executed consecutively
during the revision process:

1. Initially, a certain number of individuals are randomly
sampled from the current population and being formed
as a cluster for reference at the following step. After sam-
pling, those selected individuals perform a neighborhood
search following by (15), respectively. ε is the control
parameter to constrain the neighborhood search. Exist-
ing members in the cluster are replaced by their offspring
if the performance of their offspring excels that of their
corresponding parents by comparing the original cost of
practical tasks without considering penalty values.

x ′
i = xi ± ε × (U − L) × rand(0, 1) (15)

2. Besides, a relaxation factorβ is introduced to extend both
two sides of the originally local best candidate in each
dimension to be the soft boundary z+j and z−j shown as
follows.

z±j = x j ± β × (
Uj − L j

)
(16)

where x j is the position of the originally local best candi-
date S∗ in dimension j , L j andUj are the original lower
bound and upper bound.

3. Before updating boundaries, it will check whether those
new offspring generated by the neighborhood search out-
perform the originally local best candidate. If so, as
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depicted in (17) and (18), the revised search space is set
between the new currently best candidate x ′

best and the
originally best candidate.

L ′
j = min

{
z−j , x ′

j,best

}
(17)

U ′
j = max

{
z+j , x ′

j,best

}
(18)

Otherwise, there are three cases possibly occurring for
revising boundaries in each dimension. As clearly shown
in Fig. 3, the star represents the originally best candidate
while the triangles are the sampled individuals in Step 1.
The three possible scenarios of relative positions in j th

dimension between the originally best candidate and the
sampled cluster are concluded. Figure 3(a) presents the
value of j th dimension of the currently best candidate
is smaller than the lower bound of the sampled cluster,
and Fig. 3(b) shows the value of the j th dimension of the
currently best candidate is between the upper and lower
bounds of the sampled cluster. Lastly, Fig. 3(c) demon-
strates the value of the j th dimension of the currently best
candidate is greater than the upper bound of the sampled
cluster.
Except for the currently best individual, other candi-
dates in the sampled cluster are also relatively good
individuals when compared with the individual who has
been eliminated during the evolutionary process, possibly
implying valuable information for further investigation.
Thus, the revised search region includes the surrounding
area between the currently best candidate and the sam-
pled cluster, whose boundaries are defined as (19) and
(20). For the individual outside the revised boundaries in
the current population, it will be moved to the updated
search space for satisfying the boundary constraints.

L ′
j = min

{
z−j , c−

j

}
(19)

U ′
j = max

{
z+j , c+

j

}
(20)

where c+
j and c−

j are the upper bound and lower bound
of the sampling cluster.

4. Followed by the boundary revision, the interval of the
penalty mechanism in the guided DE is reallocated in
terms of the revised search region for further guidance
that can realize the higher resolution of the penalty-based
search. That is the new search space in each dimension is
equally divided into K independent intervals again, and
the penalty factor p jk of all interval features will be reset
to 0.

5. In addition, it can be fairly considered that the revised
search region has been roughly explored when the search
cannot obtain a better solution after several generations.
At that time, the search boundaries will be recovered
back to the initial boundaries. Meanwhile, the interval
features and penalty factors are also reset for adapting
the latest search environment. Lastly, the revision and
recovering of the search boundaries are executed alter-
nately once the search stuck into certain local minima
for several generations, and ultimately realizing a flexible
search mechanism on handling a diversity of problems.

3.4 The dynamic contribution-basedmechanism

The previous investigations [57] claimed that there is no opti-
mal parameter setting or certain operation strategy being
adopted to tackle all kinds of problems. Consequently,
assigning appropriate strategies and their corresponding
parameters typically relies either on running the trial-and-
error scheme to a particular problem or designing a self-
adaptive mechanism for the widely applicability on more
types of tasks. Generally speaking, the self-adaptive mech-
anism for the conventional DE can be considered from two
aspects including themacro andmicro views. From themacro
view, dynamically selecting strategies for operations includ-
ing mutation, selection and crossover not only can flexibly
handle various problems at hand, but also can speed up the
convergence and avoid trapping into local minima for a par-
ticular problem at different stages during the search process.
On the other hand, the control parameters of strategies may

(a) (b) (c)

Fig. 3 Three scenarios of relative positions in j th dimension between the currently best candidate and the sampled cluster
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differ on various tasks and search stages, or even are specified
for each individual,which canbe seen as themicroviewadap-
tation. In this section, learnt from the adaptive mechanism on
the CSDE [22], a dynamic contribution-based mechanism is
described to implement the adaptive AdaGuiDE from both
two views mentioned above, which optimizes operations and
their control parameters by counting the historical contribu-
tions of each strategy in the past learning period.

3.4.1 Adapting the mutation strategy

Due to the unpredictable nature of problems and the complex
shape of the search space, a single mutation strategy chosen
by the trial-and-error scheme may not be effectively utilized
throughout the overall search process. Conversely, the more
ideal way to enhance the applicability of mutation strategies
is that a suitablemutation strategy can be picked from the pro-
vided strategy pool and periodically be switched to another
strategy in terms of the historical performance of each strat-
egy. For instance, exploration strategies should be applied
to the early stage of the search for locating more promising
areas whereas exploitation strategies focus on the neighbor-
hood search at the later stage. More importantly, designing
an effectively adaptive scheme to select appropriate search
strategies is the key feature to achieve enhancements on
challenging tasks. In particular, it is worth noting that some
existing adaptive schemes [22] inaccurately count the invalid
contributions of search strategies due to the inappropriately
adaptive rule so that the mutation strategies will be mistak-
enly selected and cannot adapt to the current search. More
specifically, the enhancements of different individuals are
equally treated and counted the same contribution to their
corresponding mutation strategies, which obviously ignores
the significance of the mutation strategy who generates good
individuals since poor individuals are generally more likely
to achieve enhancements, yet it cannot say that the muta-
tion strategy who generates those poor individuals is more
suitable at the current stage.

Therefore, to carefully recognize the valid contributions
of each pending mutation strategy described in Section 3.1,
the mutation strategy adaptation scheme of the AdaGuiDE
approach basically learns from the following aspects: 1) The
contribution score of the corresponding mutation strategy
will increase by one if its candidate is in the top candidate
list and also obtains the enhancement against the best record
of the candidate itself. 2) If an individual in the top candi-
date list outperforms the currently best candidate, an extra
bonus will be added to the contribution score of the corre-
sponding mutation strategy. 3) For the candidates outside the
top candidate list, an award will be given if they have sig-
nificant enhancement likes the ranking of the candidate has
been remarkably improved.

After each generation, the total contribution score CSm,g

of the strategym at the generation g is summarized, and then
the selection probability SPm,g+1 of the strategym at the next
generation g + 1 is calculated by (21). The strategy who got
more contributions will be selected with higher probability
at the next generation. Besides, the contribution score and
selection probability will be reset every certain generations
for reducing the influence of the early performance.

SPm,g+1 = CSm,g∑M
i=1 CSi,g

(21)

For each individual, the mutation strategy is decided by
the RouletteWheel Selection scheme and selection probabil-
ities. After that, a well-known binomial crossover strategy is
adopted to execute the crossover operation.

3.4.2 Adjusting the control parameters

Since the adaptive parameter scheme in [22] considering
both the individual-independence factor Mg and modulo-
based periodic factor Pg can effectively adjust the value of
control parameters in terms of the individual performance
and current evolutionary process, the control parameters
and crossover rate CRi of the “DE/Current-to-pbest/1” and
“DE/Pbest-to-rand/1” in the AdaGuiDE follow the same
adaptive manner in [22]. Besides, the parameters FT

i and
KT
i in the “DE/Current-to-random/1” are updated by the

same rules of FR
i in the “DE/Pbest-to-rand/1” and FC

i in
the “DE/Current-to-pbest/1”, respectively. Lastly, the update
rule of σi in the “AMPO Local search” strategy also fol-
lows [56].

4 Empirical results

To carefully evaluate the performance of the proposed
AdaGuiDE framework, experiments were conducted on
three sets of well-known single objective bound constrained
benchmark functions of different dimensions including the
CEC 2014 benchmark set [58], CEC 2021 benchmark
set [59] and classical benchmark set (see Appendix A).
The selected benchmark datasets cover the most common
characteristics of real-life optimization problems such as
uni/multi-modal, hybrid/composition mode with different
subcomponents, differentiable/non-differentiable, etc. The
results are compared against those of theAdaGuiDEandpop-
ular meta-heuristic algorithms including the Genetic Algo-
rithm (GA) [60], particle swarm optimization (PSO) [17],
Whale Optimization problem (WOA) [46], Differential Evo-
lution (DE) [20], Adaptive Multi-population Optimization
(AMPO) [56] and CSDE [22]. Furthermore, there are six
other SOTA algorithms being evaluated and compared in
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this section. They are NL-SHADE-RSP [38], NL-SHADE-
LBC [39], EA4EIG [40], DISGSA [43], HEBO [61], and
LSSP [62]. More specifically, NL-SHADE-RSP and NL-
SHADE-LBC are the top-ranking DE-based algorithms in
the IEEE CEC2021 and CEC2022 competitions. EA4EIG
is a variant of the Covariance Matrix Adaptation Evolution
Strategies (CMA-ES) and achieved first place in the IEEE
CEC 2022 competition. DISGSA is a novel gravitational
search algorithm that obtains remarkable results on function
optimization and practical applications like image segmen-
tation. HEBO is an ensemble-based method for Bayesian
optimization that won the NeurIPS 2020 black-box opti-
mization competition while LSSP is one of the top single
solver-based algorithms on the same NeurIPS 2020 compe-
tition.

To make a fair comparison, all user-controlled parame-
ters of those compared algorithms refer to the literatures [22,
46, 56]. The GA used random tournament selection strat-
egy, two-point crossover strategy and perturbation mutation
strategy during the whole evolutionary process while the
DE approach used the “DE/Current-to-best/1” strategy for
mutation. Meanwhile, all algorithms are examined on each
function for 30 times independently where the means and
standard deviations of the fitness value f (xbest ) in 30 runs are
stored for comparison. In addition, thewell-knownWilcoxon
rank-sum tests [63] with a significance level 0.05 are vigor-
ously conducted to reveal the statistical significance among
algorithms on each dataset. To be more specific, the sym-
bols “+”, “=” and “-” represent that the performance of
the AdaGuiDE is significantly better than, similar to or
worse than that of the corresponding compared algorithms,
respectively. Besides, to conclude the results for the intuitive
comparison, the Formula One Criterion (see Appendix B) is
adopted to assign award points for each algorithm on each
function based on its ranking. The algorithm with higher
rankings on more functions will gain a higher score. All
experiments are implemented in Python on a desktop com-
puter installed with the Intel i9-7900X processor running at
3.3 GHz and 64 GB of RAM.

In all experiments, the population sizes N P of all algo-
rithms are consistently specified to 50. The error value is
set to 10−8 which means that the search has reached the
global minimum when the difference between the globally
best fitness value and the optimal fitness value is less than the
error value. For the AdaGuiDE, it just needs to define few
parameters in which the domain knowledge is not required a
lot before the search. The initial control parameters of each
mutation strategy and the reset cycle FP of the proposed
contribution scheme follows the settings on [22]. Further-
more, concerning the guided search mechanism, the number

of intervals on each dimension is set as K = 10 while the
penalty factor λ is given at 0.25. The criterion for recogniz-
ing local minimum is set to Gtrap = 20 iterations, and the
boundary revision scheme is triggered when the search stays
at the same local minimum every Gtrigger = 200 iterations.
Besides, the control factor ε of the neighborhood search is
set as 0.05 while the relax factor is assigned to β = 0.01.

4.1 The CEC2014 benchmark functions

In this section, all algorithms are investigated on 30 bench-
mark functions of different dimensions including 10, 30, 50
and 100 with the maximum number of function evaluations
set to 105, 5 × 105, 5 × 105 and 106, respectively.

As shown inTables 1 and3, theAdaGuiDEandAdaGuiDE-
PS framework are carefully compared with both the SOTA
optimization algorithms and some popular meta-heuristic
algorithms on the 50-dimensional functions of the CEC2014
set as analytical examples. In the comparison of the SOTA
algorithms, the AdaGuiDE-PS framework achieves the best
results on 10 out of 30 benchmark functions, among which 7
winning functions are the most complicated problems with
multiple difficult components (Table 2). Besides, there are
other 8 functions that the quality of solutions is very close to
that of the best compared algorithms. On the other hands, the
AdaGuiDE framework also performs well on the composi-
tion type of functions and obtains high-quality solutions on
the other types of functions. When compared with the classi-
cal yet popularmeta-heuristic algorithms, theAdaGuiDEand
AdaGuiDE-PS frameworks outperform the compared algo-
rithms on over 20 benchmark functions while the solutions of
the remaining functions approach the best performing algo-
rithms, which demonstrates the strong capabilities of the
AdaGuiDE-based frameworks to deal with complex tasks
(Tables 3 and 4). The detailed analysis in terms of different
natures of the functions are described as follows.

• For the uni-modal functions of F1-F3, the NL-SHADE-
RSP framework collects the best results on all three func-
tions while the AdaGuiDE and AdaGuiDE-PS frame-
work obtain quite competitive solutions against the
remaining five SOTA algorithms and six popular meta-
heuristic algorithms. More specifically, the mean and
standard deviation of the AdaGuiDE and its variant on
F2 are an order of magnitude ahead of some com-
pared algorithms, which can be fairly considered that the
AdaGuiDE can obtain such good results in the most runs
than others.

• For the multi-modal functions of F4-F16, except for the
NL-SHADE-RSPandEA4EIGmethods, theAdaGuiDE-
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Table 3 Comparative results against popular meta-heuristic algorithms on functions F1-F30 with D=50 (CEC2014)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F1 Mean 1.28E+08 6.93E+08 4.46E+07 6.19E+06 8.98E+06 1.47E+06 8.89E+06 2.20E+06

Std. 1.43E+07 2.99E+08 1.29E+07 2.73E+06 2.50E+06 7.05E+05 2.44E+07 2.34E+06

F2 Mean 6.86E+09 5.05E+10 3.58E+07 1.14E+07 4.16E+03 6.64E+03 9.98E+02 9.73E+02

Std. 4.71E+08 1.91E+10 8.06E+06 1.33E+07 3.47E+03 8.35E+03 1.08E+03 1.42E+03

F3 Mean 2.00E+05 1.38E+05 5.15E+04 2.67E+03 8.17E+02 3.00E+02 3.03E+02 3.71E+02

Std. 2.00E+04 4.36E+04 7.62E+03 1.04E+03 3.10E+02 4.03E-02 9.67E+00 2.08E+02

F4 Mean 9.17E+02 8.93E+03 6.85E+02 6.44E+02 4.97E+02 4.97E+02 4.97E+02 4.96E+02

Std. 2.70E+01 8.08E+03 7.54E+01 6.07E+01 1.56E+01 3.32E+00 3.32E+00 2.44E+00

F5 Mean 5.21E+02 5.20E+02 5.21E+02 5.21E+02 5.20E+02 5.20E+02 5.21E+02 5.20E+02

Std. 4.69E-02 1.46E-01 1.49E-01 4.99E-02 6.93E-02 8.92E-02 9.71E-02 1.95E-01

F6 Mean 6.39E+02 6.57E+02 6.68E+02 6.05E+02 6.09E+02 6.19E+02 6.05E+02 6.16E+02

Std. 9.46E-01 6.15E+00 4.75E+00 2.25E+00 1.21E+01 4.66E+00 2.77E+00 8.29E+00

F7 Mean 7.67E+02 1.20E+03 7.01E+02 7.01E+02 7.00E+02 7.00E+02 7.01E+02 7.00E+02

Std. 3.67E+00 1.81E+02 1.05E-01 1.86E-01 1.01E-02 0.00E+00 3.67E-01 0.00E+00

F8 Mean 1.14E+03 1.16E+03 1.16E+03 8.67E+02 8.23E+02 8.27E+02 8.26E+02 8.17E+02

Std. 1.24E+01 5.10E+01 5.24E+01 2.37E+01 6.45E+00 5.22E+00 4.41E+00 4.71E+00

F9 Mean 1.27E+03 1.40E+03 1.33E+03 1.17E+03 1.04E+03 9.67E+02 9.46E+02 9.57E+02

Std. 1.33E+01 7.72E+01 6.36E+01 1.73E+01 5.85E+01 1.58E+01 1.10E+01 1.91E+01

F10 Mean 1.15E+04 9.04E+03 8.93E+03 4.76E+03 1.34E+03 2.33E+03 1.54E+03 1.57E+03

Std. 2.68E+02 1.11E+03 1.55E+03 1.11E+03 2.16E+02 3.42E+02 3.00E+02 2.70E+02

F11 Mean 1.27E+04 9.53E+03 1.11E+04 1.24E+04 8.99E+03 6.65E+03 5.98E+03 5.70E+03

Std. 4.23E+02 1.11E+03 1.30E+03 5.80E+02 1.11E+03 7.78E+02 7.72E+02 6.26E+02

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 3.12E-01 3.62E-01 6.19E-01 2.13E-01 4.82E-01 1.14E-01 3.77E-01 2.59E-01

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03

Std. 4.78E-02 1.37E+00 1.01E-01 9.11E-02 6.74E-02 4.11E-02 4.98E-02 3.16E-02

F14 Mean 1.42E+03 1.55E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03

Std. 1.61E+00 5.62E+01 1.74E-01 4.25E-02 3.67E-02 2.33E-01 1.23E-01 2.58E-02

F15 Mean 1.85E+03 1.33E+06 1.96E+03 1.53E+03 1.51E+03 1.51E+03 1.51E+03 1.51E+03

Std. 6.36E+01 1.92E+06 1.21E+02 6.89E+00 3.81E+00 1.25E+00 1.67E+00 3.52E+00

F16 Mean 1.62E+03 1.62E+03 1.62E+03 1.62E+03 1.62E+03 1.62E+03 1.62E+03 1.62E+03

Std. 2.06E-01 5.22E-01 6.83E-01 2.41E-01 6.06E-01 5.73E-01 4.18E-01 7.75E-01

F17 Mean 7.14E+06 2.98E+07 2.63E+07 1.75E+06 7.51E+05 7.51E+04 1.24E+05 1.56E+05

Std. 9.38E+05 3.46E+07 1.19E+07 7.79E+05 3.75E+05 3.72E+04 1.21E+05 1.81E+05

F18 Mean 1.40E+08 1.61E+09 1.46E+04 3.24E+03 2.45E+03 2.40E+03 1.97E+03 1.98E+03

Std. 2.91E+07 1.50E+09 1.39E+04 1.06E+03 4.24E+02 1.63E+03 5.91E+01 4.92E+01

F19 Mean 1.99E+03 2.36E+03 2.01E+03 1.95E+03 1.95E+03 1.92E+03 1.91E+03 1.93E+03

Std. 4.63E+00 2.52E+02 3.48E+01 1.98E+01 1.87E+01 2.25E+01 1.73E+00 1.00E+01

F20 Mean 6.12E+04 9.53E+04 2.44E+05 2.71E+03 2.78E+03 2.07E+03 2.08E+03 2.11E+03

Std. 1.39E+04 4.96E+04 2.42E+05 1.28E+02 1.76E+02 3.03E+01 3.39E+01 3.40E+01

F21 Mean 2.94E+06 1.62E+07 7.19E+06 1.13E+06 3.86E+05 2.85E+04 6.72E+04 4.59E+04

Std. 5.24E+05 1.75E+07 3.20E+06 5.28E+05 1.94E+05 2.46E+04 8.50E+04 3.63E+04

F22 Mean 3.19E+03 4.19E+03 4.60E+03 2.75E+03 2.73E+03 2.55E+03 2.32E+03 2.36E+03

Std. 1.17E+02 4.81E+02 6.37E+02 1.58E+02 1.52E+02 1.63E+02 7.56E+01 1.45E+02

F23 Mean 2.70E+03 3.02E+03 2.68E+03 2.64E+03 2.50E+03 2.64E+03 2.50E+03 2.50E+03

Std. 5.42E+00 1.97E+02 7.16E+01 4.34E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Table 3 continued

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F24 Mean 2.73E+03 2.89E+03 2.60E+03 2.68E+03 2.60E+03 2.66E+03 2.60E+03 2.60E+03

Std. 1.92E+00 6.16E+01 4.16E-01 2.96E+00 0.00E+00 4.19E+00 0.00E+00 0.00E+00

F25 Mean 2.73E+03 2.79E+03 2.70E+03 2.71E+03 2.70E+03 2.71E+03 2.70E+03 2.70E+03

Std. 1.77E+00 3.99E+01 5.56E+00 1.99E+00 0.00E+00 1.97E+00 0.00E+00 0.00E+00

F26 Mean 2.71E+03 2.83E+03 2.70E+03 2.76E+03 2.70E+03 2.70E+03 2.73E+03 2.75E+03

Std. 5.31E+01 1.49E+02 9.02E-02 5.01E+01 8.80E-02 4.86E-02 4.69E+01 4.99E+01

F27 Mean 4.01E+03 4.63E+03 4.93E+03 3.26E+03 2.90E+03 3.36E+03 2.90E+03 2.90E+03

Std. 2.64E+01 1.32E+02 3.15E+02 8.01E+01 0.00E+00 7.43E+01 0.00E+00 0.00E+00

F28 Mean 4.53E+03 7.32E+03 8.92E+03 4.23E+03 3.00E+03 3.92E+03 3.00E+03 3.00E+03

Std. 6.30E+01 8.61E+02 1.66E+03 2.67E+02 0.00E+00 4.21E+01 0.00E+00 0.00E+00

F29 Mean 1.35E+06 1.74E+08 6.61E+07 1.15E+04 3.10E+03 3.53E+07 3.10E+03 3.10E+03

Std. 2.15E+05 1.11E+08 4.46E+07 7.05E+03 0.00E+00 9.17E+04 0.00E+00 0.00E+00

F30 Mean 4.04E+04 1.93E+06 2.45E+05 1.64E+04 3.49E+03 1.16E+04 4.16E+03 4.07E+03

Std. 3.57E+03 2.06E+06 3.67E+05 3.25E+03 1.54E+03 6.33E+02 2.90E+03 2.60E+03

The bold entries are applied to highlight the best results

PS attains the outstanding mean value and top rankings
against other compared algorithms on the functions such
as F4, F6, F9, F11 and F14 in which the AdaGuiDE
shows great potentials on handling the problems full of
local minima.

• For the hybrid functions of F17-F22, the average solu-
tion qualities of the AdaGuiDE and AdaGuiDE-PS are
very close to the first-ranking approach even though
the AdaGuiDE-based frameworks do not take the first
place. When compared with the classical algorithms, the
AdaGuiDE is ranked first in half of functions including
F18, F19 and F22 while it gets the second place for all
remaining functions in terms of the mean fitness values.

• For the composition functions of F23-F30, it is evi-
dent that the AdaGuiDE-PS obtains the best performance
than those of both the classical and SOTA algorithms
on all functions except the F26 and F30 on which the

AdaGuiDE-PSgenerates the second best result on F30. It
is worth noting that the proposed frameworks outperform
those top-ranking approaches in the recent IEEE compe-
titions on the composition type of benchmark functions
that are common in the real-world optimization tasks.

• In general, it clearly reveals that the AdaGuiDE and
AdaGuiDE-PS frameworks can better tackle the prob-
lems with a diversity of interesting features and different
subcomponents where most of the winning functions
achieved by the AdaGuiDE and its variant include such
features.

In addition, the detailed results for the different dimen-
sions including 10-D, 30-D and 100-D can be referred to the
Appendix C. To conclude the performance of the AdaGuiDE
on different dimensions, Tables 2 and 4 show a summary of
all evaluation results on the CEC2014 set in which the results

Table 4 The significant test and ranking scores on popular meta-heuristic algorithms (CEC2014)

Dim. GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

10-D +/ = /− 29/1/0 28/0/2 28/2/0 12/8/10 7/9/14 6/7/17 − 13/7/10

Ranking score 299 229 225 466 549 603 512 −
30-D +/ = /− 30/0/0 28/0/2 29/0/1 24/1/5 12/10/8 15/4/11 − 3/16/11

Ranking score 274 227 258 405 540 582 583 −
50-D +/ = /− 29/1/0 28/0/2 27/1/2 26/3/1 13/8/9 13/9/8 − 5/17/8

Ranking score 260 228 277 372 565 555 605 −
100-D +/ = /− 29/1/0 27/2/1 28/0/2 29/0/1 13/11/6 15/4/11 − 6/16/8

Ranking score 263 223 326 351 574 543 608 −
The bold entries are applied to highlight the best results
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Table 7 Comparative results against popular meta-heuristic algorithms on functions F1-F10 with the ‘BSR’ transformation on 20-D (CEC2021)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F1 Mean 4.55E+08 3.76E+09 9.09E+03 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02

Std. 5.68E+07 2.83E+09 4.59E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F2 Mean 3.25E+03 3.79E+03 3.69E+03 1.24E+03 1.13E+03 1.21E+03 1.14E+03 1.14E+03

Std. 1.81E+02 6.07E+02 4.71E+02 8.49E+01 4.03E+01 1.26E+02 4.47E+01 5.85E+01

F3 Mean 8.47E+02 8.76E+02 9.39E+02 7.22E+02 7.22E+02 7.23E+02 7.23E+02 7.23E+02

Std. 7.58E+00 6.79E+01 5.49E+01 2.17E+00 8.93E-01 3.71E+00 1.28E+00 1.07E+00

F4 Mean 1.91E+03 1.50E+04 1.94E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03

Std. 1.06E+00 2.83E+04 1.54E+01 3.83E-01 4.83E-01 2.10E-01 2.69E-01 1.61E-01

F5 Mean 1.84E+05 8.96E+05 2.41E+05 7.58E+03 3.52E+04 1.77E+03 1.88E+03 1.78E+03

Std. 5.21E+04 7.04E+05 2.12E+05 3.24E+03 2.73E+04 7.44E+01 1.13E+02 6.25E+01

F6 Mean 1.74E+03 2.25E+03 2.32E+03 1.63E+03 1.61E+03 1.63E+03 1.60E+03 1.60E+03

Std. 1.79E+01 2.31E+02 2.57E+02 5.81E+01 3.02E+01 5.47E+01 2.80E+00 4.15E-01

F7 Mean 4.79E+04 2.64E+05 2.97E+05 2.35E+03 2.90E+03 2.10E+03 2.14E+03 2.11E+03

Std. 1.62E+04 3.15E+05 1.99E+05 1.06E+02 8.67E+02 5.18E+00 6.94E+01 8.59E+00

F8 Mean 2.82E+03 4.22E+03 3.63E+03 2.30E+03 2.30E+03 2.97E+03 2.30E+03 2.30E+03

Std. 9.61E+02 1.46E+03 1.54E+03 4.01E-01 4.32E-01 6.04E+02 0.00E+00 0.00E+00

F9 Mean 2.88E+03 2.96E+03 3.04E+03 2.82E+03 2.82E+03 2.82E+03 2.80E+03 2.80E+03

Std. 6.26E+00 4.65E+01 6.71E+01 7.38E+00 8.46E+00 5.87E+00 4.36E+00 3.38E+00

F10 Mean 2.93E+03 3.20E+03 3.00E+03 2.93E+03 2.93E+03 2.91E+03 2.91E+03 2.91E+03

Std. 3.66E+00 3.75E+02 3.69E+01 2.14E+01 2.53E+01 7.14E-03 7.87E-01 1.98E+00

The bold entries are applied to highlight the best results

Table 8 The significant test and ranking scores on popular meta-heuristic algorithms (CEC2021)

Transformation GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

B (10 Dim.) +/ = /− 10/0/0 10/0/0 3/7/0 7/3/0 0/10/0 6/4/0 − 10/0/0

Ranking score 68 72 177 152 250 173 250 −
S (10 Dim.) +/ = /− 10/0/0/ 10/0/0 10/0/0 3/2/5 1/2/7 1/1/8 − 3/2/5

Ranking score 90 76 74 148 213 216 170 −
BS (10 Dim.) +/ = /− 10/0/0/ 10/0/0 10/0/0 2/4/4 1/2/7 1/1/8 − 3/2/5

Ranking score 88 78 76 153 206 206 180 −
SR (10 Dim.) +/ = /− 10/0/0/ 10/0/0 10/0/0 2/7/1 2/5/3 3/5/2 − 5/4/1

Ranking score 94 76 70 154 180 174 209 −
BSR (10 Dim.) +/ = /− 10/0/0 10/0/0 10/0/0 4/5/1 2/6/2 3/6/1 − 3/6/1

Ranking score 94 74 72 151 186 171 209 −
B (20 Dim.) +/ = /− 10/0/0 10/0/0 4/6/0 8/2/0 0/10/0 7/3/0 − 10/0/0

Ranking score 70 70 210 134 250 142 250 −
S (20 Dim.) +/ = /− 10/0/0 10/0/0 10/0/0 4/3/3 3/1/6 3/4/3 − 1/1/8

Ranking score 96 86 76 160 199 165 206 −
BS (20 Dim.) +/ = /− 10/0/0 10/0/0 10/0/0 4/2/4 0/4/6 2/5/3 − 1/1/8

Ranking score 94 68 78 164 199 171 196 −
SR (20 Dim.) +/ = /− 10/0/0 10/0/0 10/0/0 7/2/1 4/3/3 4/2/4 − 1/3/6

Ranking score 100 68 74 155 183 185 205 −
BSR (20 Dim.) +/ = /− 10/0/0 10/0/0 10/0/0 6/3/1 3/4/3 4/2/4 − 1/3/6

Ranking score 102 68 74 153 176 185 212 −
The bold entries are applied to highlight the best results
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of the significant test and ranking score of compared algo-
rithms are given. Except for the NL-SHADE-RSP method,
theAdaGuiDEandAdaGuiDEalgorithms significantly excel
all compared algorithms on 30-D, 50-D and 100-D in which
the similar conclusion on 50-D can be drawn on both 30-
D and 100-D. More specifically, the search capability of
the AdaGuiDE is remarkably exhibited when the dimension
increases and the nature of problems tends to be compli-
cated. For the experiment on 10-D, the ranking score of
the AdaGuiDE is still mainly contributed by the hybrid and
composition functions. Generally speaking, the AdaGuiDE
demonstrates a good scalability on higher dimensional tasks
with complex components, which implies the possibility to
extend the AdaGuiDE to optimize large scale applications
such as portfolio optimization and travelling salesman prob-
lem.

4.2 The CEC2021 benchmark functions

The CEC2021 set originates from 10 basic functions with
different features including uni-modal, multi-modal, hybrid
and composition, then respectively being extendedby5 trans-
formations including the Basic (B), Shift (S), Bias and Shift
(BS), Shift and Rotation (SR), and Bias, Shift and Rotation
(BSR). That is in total 50 benchmark functions are exam-
ined on 10 and 20 dimensions with the maximum number of
function evaluations set to 2 × 105 and 106.

As discussed in previous sections, most real-world opti-
mization problems are complicated and hardly perform as
the uni-modal functions. Therefore, the basic function being
added transformations such as bias, shift and rotation will be
closer to real-life applications. Tables 5 and 7 depict detailed
results of all compared algorithms on 20-dimensional bench-
mark functions with the BSR transformation for which the
highlights are summarized as follows.

• For the uni-modal function F1, the AdaGuiDE and
AdaGuiDE-PS attain the globally optimal solution on all
runs.

• For themulti-modal functions of F2-F4, theAdaGuiDE-
PS beats all SOTA algorithms on F3 while it gets the
second place on F2 and F4 in which their solutions are
very approaching to the best one.

• For the hybrid functions of F5-F7, the AdaGuiDE-PS
is ranked first in terms of the mean value on F5 and
F7 when compared with the SOTA optimization algo-
rithms while the solutions of AdaGuiDE-PS on F6 are
very competitive against the best algorithm. On the other
hand, even though the CSDE ranks first on two functions,
the AdaGuiDE-based frameworks are not significantly
different from the CSDE by conducting the significant
test.

• For the composition functions of F8-F10, it clearly
demonstrates that the AdaGuiDE-PS significantly out-
performs other classical algorithms while the solution
quality of the AdaGuiDE-PS is very close to the NL-
SHADE-RSP that is the winner of IEEE CEC2021
competition, which suggests again that the AdaGuiDE
enjoys more advantages to tackling such complicated
functions.

For the detailed performance of benchmark functionswith
the mentioned 5 transformations on 10-D and 20-D, it can
be checked in the Appendix D. To compare the performance
on the 10-dimensional functions, Table 6 demonstrates that
the AdaGuiDE achieves the highest scores on the basic
type of benchmarking functions against the SOTA algo-
rithms. Meanwhile, the ranking scores of AdaGuiDE-based
frameworks are competitive when compared with the NL-
SHADE-LBC and EA4EIG algortihms that are the winners
of the IEEE competition. Additionally, Tables 7 and 8 shows
that the AdaGuiDE-based framework is ranked first on 3
transformations including the basic set, SR set and BSR set
where it maintains the superiority on handling difficult prob-
lems on the relatively lower dimension. Furthermore, the
experiment results on 20-dimensional functions reveal that
theAdaGuiDEoutperformsother compared algorithmson all
kinds of transformation sets except for the AMPO on the BS
set. More importantly, the ranking scores of the AdaGuiDE
on complicated function sets including the SR and BSR are
significantly higher than that of other algorithms, which still
proves the capability of the AdaGuiDE on solving the tasks
with a diversity of features.

4.3 The classical benchmark functions

Similar to the CEC2014 set, there are 16 benchmark func-
tions in the classical set being evaluated on 10, 30, 50, and
100 dimensions with the same feature evaluation settings
described in the CEC2014, except for the F16 on 100 dimen-
sions, in which the first 8 functions F1-F8 are uni-modal
functions while the functions F9-F16 are multi-modal func-
tions.

Tables 9, 10, 11 and 12 demonstrate the numerical results
on all 50-dimensional benchmark functions in which the
AdaGuiDE achieves the global minimum on 14 out of the 16
functions except the F12 and F16 on which the AdaGuiDE
still generates competitive solutions when comparedwith the
best algorithm. Also, reveal that the AdaGuiDE keeps com-
petitive ranking scores on all testing dimensions in which it
obtains the highest score on relatively lower dimension on
the classical set. For the evaluations on other dimensions, the
detailed results can be found in the Appendix E.
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Table 11 Comparative results against popular meta-heuristic algorithms on functions F1-F16 with D=50 (Classical set)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F1 Mean 4.49E+05 7.76E+05 0.00E+00 1.19E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 3.98E+04 6.38E+05 0.00E+00 1.59E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F2 Mean 4.89E+00 1.44E+02 0.00E+00 1.81E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 3.43E-01 1.50E+02 0.00E+00 2.72E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F3 Mean 2.12E+05 8.85E+05 0.00E+00 1.35E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 2.16E+04 7.36E+05 0.00E+00 1.98E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F4 Mean 2.82E+01 3.25E+01 4.12E+01 8.40E+00 0.00E+00 3.97E+00 0.00E+00 0.00E+00

Std. 1.03E+00 4.66E+00 2.90E+01 2.32E+00 0.00E+00 2.04E+00 0.00E+00 0.00E+00

F5 Mean 2.77E+02 6.48E+02 0.00E+00 2.30E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 2.08E+01 4.18E+02 0.00E+00 4.89E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F6 Mean 2.33E-05 1.65E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 9.82E-06 1.91E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F7 Mean 4.24E+02 5.92E+02 7.28E+02 7.98E-07 0.00E+00 1.20E-06 0.00E+00 0.00E+00

Std. 3.15E+01 1.77E+02 1.22E+02 1.81E-06 0.00E+00 5.96E-06 0.00E+00 0.00E+00

F8 Mean 1.30E+04 2.23E+04 8.34E+01 2.71E+01 0.00E+00 2.20E-02 0.00E+00 0.00E+00

Std. 9.90E+02 8.63E+03 2.20E+02 2.23E+01 0.00E+00 6.31E-02 0.00E+00 0.00E+00

F9 Mean 3.59E+02 2.50E+02 0.00E+00 8.65E+01 0.00E+00 2.48E+01 0.00E+00 0.00E+00

Std. 1.02E+01 5.34E+01 0.00E+00 1.36E+01 0.00E+00 6.71E+00 0.00E+00 0.00E+00

F10 Mean 1.10E+01 1.62E+01 0.00E+00 9.59E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 2.27E-01 1.93E+00 0.00E+00 6.86E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F11 Mean 4.16E+01 7.26E+01 1.52E-03 5.29E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 3.07E+00 4.99E+01 5.77E-03 5.81E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F12 Mean −1.74E+03 −1.56E+03 −1.96E + 03 −1.85E+03 −1.93E+03 −1.95E+03 −1.91E+03 −1.92E+03

Std. 1.29E+01 5.92E+01 8.50E-04 3.96E+01 1.53E+01 9.76E+00 2.51E+01 4.49E+01

F13 Mean 1.40E+09 1.67E+09 0.00E+00 2.33E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 2.76E+08 1.69E+09 0.00E+00 1.99E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F14 Mean 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F15 Mean 2.57E+01 2.18E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 8.12E-01 5.68E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F16 Mean −1.83E+01 −2.62E+01 −2.13E+01 −3.31E+01 −4.71E + 01 −4.55E+01 −3.82E+01 −4.48E+01

Std. 5.64E-01 2.26E+00 3.03E+00 5.18E-01 7.12E-01 8.53E-01 3.34E+00 1.66E+00

The bold entries are applied to highlight the best results

Table 12 The significant test and ranking scores on popular meta-heuristic algorithms (Classical Set)

Dim. GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

10-D +/ = /− 16/0/0 12/4/0 6/10/0 0/15/1 0/15/1 2/13/1 − 14/1/1

Ranking score 106 196 290 370 383 359 387 −
30-D +/ = /− 15/1/0 15/1/0 4/11/1 7/9/0 0/14/2 2/12/2 − 14/1/1

Ranking score 131 135 323 274 390 368 374 −
50-D +/ = /− 15/1/0 15/1/0 4/11/1 13/3/0 0/14/2 4/10/2 − 14/0/2

Ranking score 141 129 317 216 390 340 377 −
100-D +/ = /− 14/1/0 14/1/0 3/11/1 13/2/0 0/14/1 4/10/1 − 14/0/1

Ranking score 133 115 328 189 368 319 362 −
The bold entries are applied to highlight the best results
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5 Discussion

5.1 The analysis of the convergence

Except for the solution quality, the convergence of the search
process is analyzed in this section. The mean fitness value
of the best solution obtained by the overall evolutionary
process on 30 runs is computed for plotting the conver-
gence curve. The x-axis represents the number of generations
while the y-axis is log ( f (x)mean) with using 10 as its base.
Figure 4(a)–(d) and Fig. 5(a)–(d) demonstrate the conver-
gence of 4 functions (F3, F11, F22 and F27) sampled from
different natures of problems including uni-modal, multi-
modal, hybrid and composition. The subgraphs from the
left-hand side to the right-hand side represent the dimen-
sion of 10, 50, and 100 in turn. As shown in the functions

F3, F11 and F22, yet the AdaGuiDE-based framework per-
forms slow speed of the convergence at the early search
stage as it probably makes effort on exploring, adjusting and
verifying appropriate strategies and control parameters for
adapting the corresponding nature of problems. However, it
clearly shows that the curve of the AdaGuiDE-based frame-
work will dramatically drop down and ultimately achieve
a competitive solution at the middle or the late stage, espe-
cially in tacklinghigher dimensional problems,whichdepicts
the capability of the AdaGuiDE-based framework to recog-
nize and skip local minima whereas other algorithms are still
staying at here. Furthermore, it can say that the AdaGuiDE-
based framework obtains impressive enhancement for which
it selects appropriate mutation strategies and control param-
eters. Moreover, it is evident that the AdaGuiDE-based
framework can better adapt the complicated search environ-

Fig. 4 The convergence
comparison against the
state-of-the-art algorithms on
different dimensions
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Fig. 5 The convergence comparison against popular meta-heuristic algorithms on different dimensions

ment on the composition function F27 so that it can faster
search out a feasible solution when compared with other
algorithms. More importantly, the convergence curves of the
AdaGuiDE-based framework on F27 demonstrate that the
proposed method can achieve the solutions with higher res-
olutions when approaching to the optimal solution against
other methods.

To identify the characteristics of the guided search and
the boundary revision scheme in the AdaGuiDE frame-
work, Fig. 5(e)–(g) depict three significant cases including
the function CEC2014-F15 on 100 dimensions, the func-
tion CEC2021-F3 with the S transformation and the basic

function CEC2021-F10 both on 10 dimensions for com-
parison. It can be found that the convergence curve of
the AdaGuiDE is very similar to the step function, which
means that the AdaGuiDE can continuously escape from
local minima through executing the efficiently guided search
mechanism and revising boundaries to locate more promis-
ing areas once the search cannot achieve progress.

5.2 The analysis of the computational cost

Tables 13 and 14 compare the average time of algorithms
to converge finally best solutions. As the AdaGuiDE-based
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Table 13 Time and solution comparisons against the state-of-the-art on functions F1-F30 with D=50 (CEC2014)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 810.18 (3) 247.88 (1) 71.46 (2) 64.16 (4) 177.25 (7) 135.55 (8) 106.88 (6) 96.82 (5)

F2 893.41 (6) 169.41 (1) 64.29 (2) 68.67 (5) 177.07 (7) 114.58 (8) 111.91 (4) 98.76 (3)

F3 820.36 (4) 150.02 (1) 69.03 (2) 67.61 (6) 173.85 (8) 390.33 (7) 105.78 (3) 96.79 (5)

F4 833.63 (6) 277.65 (1) 67.25 (2) 52.98 (5) 174.70 (7) 115.16 (8) 104.87 (4) 95.81 (3)

F5 487.91 (3) 368.39 (2) 67.12 (4) 62.01 (1) 83.31 (7) 127.99 (8) 102.52 (6) 97.07 (5)

F6 668.00 (6) 246.82 (1) 127.69 (4) 126.28 (2) 158.91 (7) 145.00 (8) 101.58 (3) 157.70 (5)

F7 898.58 (5) 106.51 (1) 17.04 (3) 51.51 (4) 166.28 (7) 129.61 (8) 38.09 (6) 42.10 (1)

F8 720.77 (2) 216.94 (5) 34.43 (1) 62.72 (6) 182.31 (8) 145.09 (7) 89.20 (4) 92.75 (3)

F9 628.29 (6) 207.30 (1) 36.91 (5) 62.32 (4) 185.22 (8) 150.28 (7) 87.33 (2) 97.27 (3)

F10 655.73 (2) 336.02 (6) 68.01 (1) 60.77 (5) 171.13 (7) 141.92 (8) 98.43 (3) 95.55 (4)

F11 550.69 (2) 327.53 (6) 67.19 (3) 63.58 (1) 53.32 (8) 172.93 (7) 102.97 (5) 94.82 (4)

F12 516.09 (3) 371.45 (4) 86.83 (2) 80.09 (1) 67.21 (8) 149.16 (7) 118.15 (6) 104.92 (5)

F13 808.03 (3) 219.16 (2) 60.46 (4) 64.43 (5) 172.59 (7) 122.13 (8) 58.83 (6) 91.50 (1)

F14 804.75 (4) 208.34 (5) 55.90 (3) 67.48 (6) 160.69 (7) 117.77 (8) 24.13 (2) 59.15 (1)

F15 800.81 (5) 208.72 (1) 70.13 (4) 67.80 (2) 179.09 (7) 425.54 (8) 98.17 (3) 92.90 (6)

F16 506.93 (3) 331.72 (2) 71.03 (1) 67.63 (5) 100.67 (8) 94.34 (7) 91.95 (6) 90.77 (4)

F17 725.82 (2) 259.79 (1) 72.15 (3) 70.61 (4) 173.85 (7) 251.57 (8) 110.72 (5) 101.16 (6)

F18 796.59 (2) 251.92 (1) 71.45 (3) 66.44 (6) 181.38 (7) 177.80 (8) 112.11 (4) 99.77 (5)

F19 771.50 (5) 258.25 (2) 84.98 (1) 77.89 (4) 175.30 (8) 294.30 (7) 127.15 (3) 109.87 (6)

F20 758.42 (4) 249.44 (1) 68.66 (2) 73.73 (6) 180.44 (8) 330.81 (7) 112.31 (3) 98.76 (5)

F21 780.53 (3) 297.66 (1) 71.66 (2) 69.37 (4) 173.74 (8) 258.13 (7) 110.75 (6) 99.78 (5)

F22 663.06 (4) 275.06 (2) 72.70 (5) 72.26 (6) 154.00 (7) 284.91 (8) 114.22 (1) 99.51 (3)

F23 1174.02 (5) 285.87 (3) 86.01 (3) 160.68 (6) 166.79 (7) 81.17 (8) 37.01 (1) 8.09 (1)

F24 1058.50 (6) 219.77 (5) 124.98 (3) 141.54 (4) 161.16 (8) 72.96 (7) 55.60 (1) 5.59 (1)

F25 844.43 (4) 462.50 (3) 121.83 (5) 135.23 (6) 152.17 (8) 153.25 (7) 15.01 (1) 6.02 (1)

F26 1074.13 (1) 449.04 (5) 227.47 (2) 289.17 (6) 156.38 (8) 268.36 (7) 168.24 (3) 128.40 (4)

F27 1084.83 (5) 458.32 (3) 261.29 (6) 258.91 (4) 181.26 (8) 154.83 (7) 32.75 (1) 15.14 (1)

F28 1040.08 (5) 475.88 (4) 197.01 (3) 218.38 (6) 183.21 (8) 208.81 (7) 26.68 (1) 14.26 (1)

F29 1060.29 (5) 522.66 (3) 91.97 (6) 161.63 (4) 181.70 (8) 168.91 (7) 30.53 (1) 17.20 (1)

F30 1103.53 (5) 474.18 (4) 144.40 (3) 162.23 (6) 181.06 (8) 311.69 (7) 50.23 (2) 35.92 (1)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

framework has to put more efforts to collect and analyze
historical data to adapt search environment and adjust strate-
gies, it unavoidably spends extra time to explore solutions
than classical meta-heuritic algorithms. Nevertheless, when
comparing the quality of solutions (i.e., the ranking in the
brackets), the AdaGuiDE-based framework still demonstrate
the potential benefit in the computational overheads since
it requires fewer generations to escape from local minima
and achieves relatively good solutions. Furthermore, the
AdaGuiDE framework shows great ability to balance the
trade-off between execution time and solution quality when
compared with the SOTA algorithms as the AdaGuiDE can
obtain a competitive solution within a shorter period of time.
More results on other datasets can be referred to Appendix F.

5.3 The analysis of the stability

Asmeta-heuristic algorithms are not the exact searchmethod,
it cannot surely achieve the same performance due to the
design of meta-heuristic algorithms. Thus, it is necessary to
analyze the stability of algorithms to learn whether it can
generate the similar solution on each run. Figures 6 and 7
demonstrate the stability of the 4 functions (i.e., F3, F11,
F22, and F27) on 30 runs. Also, the subgraphs from the left-
hand side to the right-hand side represent the dimension of
10, 50, and 100 in turn. It is evident that theAdaGuiDE-based
frameworkhas a good stability on all kinds of problemsof dif-
ferent dimensions. There is almost no outlier point generated
by the AdaGuiDE-based framework, and it maintains lower
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Table 14 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F30 with D=50
(CEC2014)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

F1 13.46 (6) 1.60 (7) 22.63 (5) 47.93 (2) 30.51 (4) 86.35 (1) 106.88 (3)

F2 11.93 (6) 2.20 (7) 21.55 (5) 31.30 (4) 28.57 (2) 88.48 (3) 111.91 (1)

F3 9.72 (7) 1.94 (6) 21.36 (5) 47.46 (4) 27.97 (3) 82.87 (1) 105.78 (2)

F4 12.74 (6) 1.57 (7) 23.81 (5) 30.86 (4) 29.47 (2) 77.78 (3) 104.87 (1)

F5 13.19 (7) 10.53 (2) 24.36 (4) 27.56 (6) 29.67 (1) 86.53 (3) 102.52 (5)

F6 56.56 (5) 13.03 (6) 88.53 (7) 108.52 (2) 102.53 (3) 152.41 (4) 101.58 (1)

F7 10.24 (6) 0.97 (7) 21.92 (5) 18.83 (4) 22.99 (2) 27.72 (1) 38.09 (3)

F8 9.75 (5) 0.90 (7) 20.50 (6) 46.19 (4) 23.83 (1) 80.56 (3) 89.20 (2)

F9 11.03 (5) 1.08 (7) 22.30 (6) 38.64 (4) 25.14 (3) 78.60 (2) 87.33 (1)

F10 13.65 (7) 1.93 (6) 24.24 (5) 47.73 (4) 28.81 (1) 87.96 (3) 98.43 (2)

F11 15.52 (7) 6.56 (4) 25.82 (5) 29.07 (6) 31.00 (3) 88.20 (2) 102.97 (1)

F12 21.68 (7) 26.47 (2) 41.92 (6) 49.73 (5) 51.52 (3) 105.32 (1) 118.15 (4)

F13 11.46 (6) 0.78 (7) 19.38 (5) 32.26 (3) 9.55 (2) 85.92 (1) 58.83 (4)

F14 10.49 (6) 0.94 (7) 20.34 (5) 26.36 (3) 8.55 (2) 83.78 (4) 24.13 (1)

F15 9.57 (5) 1.74 (7) 21.68 (6) 33.15 (4) 26.67 (3) 82.50 (1) 98.17 (2)

F16 10.83 (7) 7.96 (5) 24.91 (6) 36.46 (3) 29.13 (2) 86.61 (1) 91.95 (4)

F17 12.86 (5) 4.08 (7) 29.79 (6) 45.17 (4) 36.27 (3) 90.79 (1) 110.72 (2)

F18 15.09 (6) 2.57 (7) 25.70 (5) 49.84 (4) 33.04 (3) 88.01 (2) 112.11 (1)

F19 21.37 (5) 3.95 (7) 39.87 (6) 62.86 (4) 49.36 (3) 106.43 (2) 127.15 (1)

F20 10.24 (5) 6.03 (6) 26.29 (7) 51.08 (3) 32.94 (4) 88.51 (1) 112.31 (2)

F21 13.14 (5) 3.89 (7) 25.59 (6) 51.08 (4) 37.24 (3) 92.54 (1) 110.75 (2)

F22 19.09 (5) 3.48 (6) 26.85 (7) 52.51 (4) 37.12 (3) 93.50 (2) 114.22 (1)

F23 18.79 (6) 2.98 (7) 37.58 (5) 100.00 (4) 1.41 (1) 35.22 (3) 37.01 (1)

F24 38.81 (6) 6.32 (7) 70.24 (3) 158.70 (5) 0.92 (1) 74.92 (4) 55.60 (1)

F25 20.64 (6) 2.62 (7) 35.13 (3) 154.74 (5) 0.53 (1) 109.77 (4) 15.01 (1)

F26 74.58 (4) 12.00 (7) 111.75 (3) 135.85 (6) 86.25 (2) 276.46 (1) 168.24 (5)

F27 104.23 (5) 13.67 (6) 119.47 (7) 146.72 (3) 3.49 (1) 298.05 (4) 32.75 (1)

F28 34.45 (5) 10.05 (6) 66.43 (7) 88.92 (4) 1.84 (1) 300.43 (3) 26.68 (1)

F29 28.75 (4) 5.79 (7) 27.27 (6) 97.54 (3) 0.99 (1) 193.48 (5) 30.53 (1)

F30 20.26 (5) 17.00 (7) 87.98 (6) 168.43 (4) 7.87 (1) 264.71 (3) 50.23 (2)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

deviation on each run, which strengthens the confidence of
the AdaGuiDE-based framework to generate more reliable
results on real-world applications in the future investigation.
The detailed numerical results can be referred toAppendixC,
D, and E.

5.4 The analysis of the ablation study

To investigate the effectiveness of key components of the
AdaGuiDEandAdaGuiDE-PS including theBoundaryRevi-
sion (BR), Dynamic contribution mechanism (DYN), and
Guided DE search (GUIDED), an ablation study is con-
ducted in this section. The AdaGuiDE-WO does not involve
the mentioned three key components. The AdaGuiDE-BR,
AdaGuiDE-DYN, AdaGuiDE-GUIDED, and AdaGuiDE-
PS-GUIDED only involve one of the key components. More

specifically, the AdaGuiDE-GUIDED is the AdaGuiDEwith
the guided scheme only while the AdaGuiDE-PS-GUIDED
is the AdaGuiDE-PS with the guided scheme only. More-
over, theAdaGuiDE-DYN-BR,AdaGuiDE-DYN-GUIDED,
AdaGuiDE-PS-DYN-GUIDED, AdaGuiDE-GUIDED-BR.
and AdaGuiDE-PS-GUIDED-BR are considering two of
the three key components. Lastly, the AdaGuiDE and
AdaGuiDE-PS are the versions including all three key com-
ponents. As shown in Table 15, when including the guided
search scheme, the AdaGuiDE-PS can achieve improve-
ments on the uni-modal type of functions. Moreover, the
boundary revision mechanism of the AdaGuiDE-PS may
effectively help the search escaping from the local minima
when solving the multi-modal problems and the composition
problemswith different natures.Meanwhile, through dynam-
ically adjusting the parameters at different search stages, the
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Fig. 6 The stability comparison
against the state-of-the-art
algorithms on different
dimensions

AdaGuiDE-PS can better adapt to the current search environ-
ment when adopting the dynamic contribution-based mech-
anism to handle the problems with different natures. More
detailed numerical results can be referred to Appendix G.

5.5 The analysis of the key hyper-parameters

To study the impact of key hyper-parameters on the
AdaGuiDE-PS framework, the orthogonal experimental design
method is applied to set the different combinations of hyper-

parameters as shown in Table 16. The summarized results are
shown in Table 17. From the ranking scores, a larger popula-
tion size is not suggested to solve themulti-modal and hybrid
functions as more efforts should be put into the local search
for escaping from the local minima. However, when trying
to deal with the problems with different unknown natures,
a larger population size may help to explore more regions
of the search space for enhancing the overall performance.
Besides, a higher K is recommended to use when solving
multi-modal problems as it can penalize the local minima
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Fig. 7 The stability comparison
against popular meta-heuristic
algorithms on different
dimensions

with higher resolution, especially when the global optimum
is close to the local minima yet difficult to approach. On the
other hand, the FP ,Gtrap, andGtrigger may not be sensitive
to the overall search, which can be set within an appropriate
range for the problems in different scenarios. More detailed
numerical results can be referred to Appendix G.

6 Conclusion

To tackle the challenging problems with difficult features
such as non-differentiable, non-convex and multi-model,

meta-heuristic algorithms originating from evolution the-
ory or swarm behaviors have been proven to well solve
such problems. However, the algorithm to be solved a
particular problem typically is tuned by using the trial-
and-error scheme, which is no doubt that more efforts
will be needed, and it hardly generalizes to other scenar-
ios. Although some self-adaptive algorithms have achieved
progress, those adaptive mechanisms mostly focus on select-
ing mutation strategies and tuning control parameters only.
Besides, Escaping from local minima is also a bothersome
problem for such self-adaptive algorithms. Therefore, an
Adaptive and Guided Differential Evolution (AdaGuiDE)
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Table 15 The ranking score of
different types of functions on
CEC2014 in ablation study

Variants Total Uni-modal Multi-modal Hybrid Composition

AdaGuiDE-WO 428 62 135 63 168

AdaGuiDE-BR 464 54 202 68 140

AdaGuiDE-DYN 391 58 125 73 135

AdaGuiDE-GUIDED 162 25 30 33 74

AdaGuiDE-PS-GUIDED 293 65 45 18 165

AdaGuiDE-DYN-BR 486 51 219 48 168

AdaGuiDE-DYN-GUIDED 194 10 29 21 134

AdaGuiDE-PS-DYN-GUIDED 325 68 67 37 153

AdaGuiDE-GUIDED-BR 375 56 101 67 151

AdaGuiDE-PS-GUIDED-BR 437 50 172 50 165

AdaGuiDE 323 50 86 53 134

AdaGuiDE-PS 432 52 164 75 141

The bold entries are applied to highlight the best results

framework is proposed in this work in which the adap-
tive mechanism monitors the search process and adjusts the
search behavior from three aspects including the adaptively
objective function, dynamic boundary revision techniques
and a flexible scheme to adjust appropriate search strategies.
Also, as a critical part of the AdaGuiDE, a penalty-based
guidedDE search is proposed to encourage the search toward
to other promising areas so as to escape from local min-
ima, allocating search efforts to ROIs. To carefully evaluate
the search effectiveness of the proposed framework on more

Table 16 The settings of key hyper-parameters based on the orthogonal
experimental design method

Experiment No. N P FP Gtrap K Gtrigger

HYPER-1 25 50 10 2 100

HYPER-2 25 100 20 5 200

HYPER-3 25 200 50 10 300

HYPER-4 25 400 100 20 400

HYPER-5 50 50 20 10 400

HYPER-6 50 100 10 20 300

HYPER-7 50 200 100 2 200

HYPER-8 50 400 50 5 100

HYPER-9 75 50 50 20 200

HYPER-10 75 100 100 10 100

HYPER-11 75 200 10 5 400

HYPER-12 75 400 20 2 300

HYPER-13 100 50 100 5 300

HYPER-14 100 100 50 2 400

HYPER-15 100 200 20 20 100

HYPER-16 100 400 10 10 200

possible scenarios, the AdaGuiDE algorithm is compared
against other meta-heuristic algorithms on three well-known
datasets of different dimensions in which those benchmark
functions cover various characteristics such as uni-modal,
multi-modal, shift, rotation, etc. For the classical set and
the CEC 2014 set, the AdaGuiDE algorithm has achieved
impressive results on solving the complicated benchmark
functions (i.e., multi-modal, hybrid functions and composi-
tion functions), especially when applying on the relatively
higher dimensions like 50-D or 100-D. Meanwhile, the
AdaGuiDE framework also performed remarkable conver-
gence speed on uni-modal functions. For the CEC2021 set,
except for achieving outstanding results on basic functions,
theAdaGuiDE framework outperforms than other algorithms
on the functions with the most complex transformation (i.e.,
Bias, shift and rotation) in which the performance of the
hybrid or composition functions in the AdaGuiDE frame-
work is significant when compared with other algorithms.
Besides, although the AdaGuiDE framework may spend
extra time on analyzing and adjusting the search strategies for
adapting environments on each generation, it still maintains
competitive total running time by achieving high-quality
solutions with fewer generations.

There are some possible directions worth studying in the
future. First, the strength of the penalty factor may affect
the speed and capacity to skip local minima. Besides, it is
interesting to explore a more flexible scheme to revise the
boundaries for effectively locating the regions of interest.
Lastly, it is worthwhile to consider the correlation among
different features and utilize such information to cluster the
features for better adapting to solve higher dimensional prob-
lems. More importantly, the AdaGuiDE framework sheds
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Table 17 The ranking score of
different types of functions on
CEC2014 in hyper-parameter
analysis

Variants Total Uni-modal Multi-modal Hybrid Composition

HYPER-1 321 33 132 31 125

HYPER-2 379 25 154 65 135

HYPER-3 392 50 177 40 125

HYPER-4 389 50 152 62 125

HYPER-5 315 68 33 64 150

HYPER-6 290 75 45 27 143

HYPER-7 414 50 168 47 149

HYPER-8 362 51 136 34 141

HYPER-9 321 62 75 51 133

HYPER-10 438 56 163 47 172

HYPER-11 250 65 8 41 136

HYPER-12 271 60 27 37 147

HYPER-13 297 50 48 25 174

HYPER-14 249 50 52 10 137

HYPER-15 232 52 5 11 164

HYPER-16 215 54 0 14 147

The bold entries are applied to highlight the best results

light on solving more complex and high dimensional real-
world problems such as large-scale portfolio optimization
problems, deep neural network architecture optimization
problems, delivery scheduling optimization problems, etc.

Appendix A: The benchmark functions
of the classical set

In this sections, the definition of all 16 benchmark functions
on the classical set is listed as below.
F1: Sphere Function ( fopt = 0)

f (x) =
D∑

i=1

x2i

s.t. xi ∈ [−1000, 1000]
(A1)

F2 ( fopt = 0)

f (x) =
D−1∑

i=1

x
2x2i+1+2
i + x

2x2i +2
i+1

s.t. xi ∈ [−1, 4]
(A2)

F3: High Conditioned Elliptic Function ( fopt = 0)

f (x) =
D∑

i=1

(
106

) i−1
D−1

x2i

s.t. xi ∈ [−5.12, 5.12]
(A3)

F4: Schwefel 2.21 Function ( fopt = 0)

f (x) = max |xi |
s.t. xi ∈ [−100, 100] (A4)

F5: Axis Parallel Hyper-ellipsoid Function ( fopt = 0)

f (x) =
D∑

i=1

i x2i

s.t. xi ∈ [−5.12, 5.12]
(A5)

F6: Sum of Different Power Function ( fopt = 0)

f (x) =
D∑

i=1

|xi |i+1

s.t. xi ∈ [−1, 1]
(A6)

F7: Zakharov Function ( fopt = 0)

f (x) =
D∑

i=1

x2i +
(

D∑

i=1

0.5i xi

)2

+
(

D∑

i=1

0.5i xi

)4

s.t. xi ∈ [−5, 10]
(A7)
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F8: Rotated Hyper-ellipsoid Function ( fopt = 0)

f (x) =
D∑

i=1

i∑

j=1

x2j

s.t. xi ∈ [−65.536, 65.536]
(A8)

F9: Rastrigin ( fopt = 0)

f (x) = 10D +
D∑

i=1

[
x2i − 10 cos (2πxi )

]

s.t. xi ∈ [−5.12, 5.12]
(A9)

F10: Ackley Function ( fopt = 0)

f (x) = −20e
−b

√
1
D

∑D
i=1 x

2
i − e

1
D

∑D
i=1 cos(2πxi ) + 20 + e

s.t. xi ∈ [−32.768, 32.768]
(A10)

F11: Griewank Function ( fopt = 0)

f (x) =
D∑

i=1

x2i
4000

−
D∏

i=1

cos

(
xi√
i

)
+ 1

s.t. xi ∈ [−600, 600]
(A11)

F12: Styblinski-Tang Function ( fopt = −39.16599 × D)

f (x) = 1

2

D∑

i=1

(
x4i − 16x2i + 5xi

)

s.t. xi ∈ [−5, 5]
(A12)

F13: Csendes Function ( fopt = 0)

f (x) =

⎧
⎪⎪⎨

⎪⎪⎩

D∑

i=1

x6i

[
sin

(
1

xi

)
+ 2

]
, if

D∏

i=1

xi �= 0

0, otherwise

s.t. xi ∈ [−100, 100]
(A13)

F14: Xin-She Yang-2 Function ( fopt = 0)

f (x) =
(

D∑

i=1

|xi |
)
e−∑D

i=1 sin
(
x2i

)

s.t. xi ∈ [−2π, 2π ]
(A14)

F15: Alpine 1 Function ( fopt = 0)

f (x) =
D∑

i=1

|xi sin (xi ) + 0.1xi |

s.t. xi ∈ [−10, 10]
(A15)

F16: Michalewicz Function

fopt =

⎧
⎪⎨

⎪⎩

−9.66015, D = 10

−29.6308839, D = 30

−49.6248323, D = 50

f (x) = −
D∑

i=1

sin (xi )

(
sin

(
i x2i
π

))2m

s.t. xi ∈ [0, π ]

(A16)

Appendix B: The formula one criterion

To comprehensively evaluate the performance of algorithms
on each dataset of different dimensions, a popular scoring
system shown in Table 18 is introduced to count the ranking
of compared methods. Higher cumulative score means the
better performance achieved by the method.

Table 18 The formula one
criterion for comprehensively
evaluating algorithms

Ranking Score

1st 25

2nd 18

3rd 15

4th 12

5th 10

6th 8

7th 6

8th 4

9th 2

10th 1

> 10th No score

Source: https://en.wikipedia.org/
wiki/Formula_One_regulations
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Appendix C: The comparative results on the CEC2014 set

C.1 10 Dimensions

Table 19 Comparative results against the state-of-the-art algorithms on functions F1-F30 with D=10 (CEC2014)

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 Mean 1.00E+02 1.00E+02 1.00E+02 8.26E+03 5.65E+06 9.45E+06 1.00E+02 1.03E+02

Std. 1.12E-06 0.00E+00 0.00E+00 1.24E+04 3.64E+06 0.00E+00 2.36E-03 1.13E+01

F2 Mean 2.00E+02 2.00E+02 2.00E+02 1.45E+03 6.08E+06 9.31E+05 2.00E+02 2.00E+02
Std. 0.00E+00 0.00E+00 0.00E+00 1.60E+03 2.55E+06 0.00E+00 0.00E+00 0.00E+00

F3 Mean 3.00E+02 3.00E+02 3.00E+02 1.43E+03 2.00E+04 2.55E+04 3.00E+02 3.00E+02
Std. 0.00E+00 0.00E+00 0.00E+00 1.43E+03 8.11E+03 0.00E+00 0.00E+00 0.00E+00

F4 Mean 4.00E+02 4.28E+02 4.00E+02 4.33E+02 4.40E+02 4.01E+02 4.11E+02 4.02E+02

Std. 0.00E+00 1.39E+01 7.51E-01 8.24E+00 2.06E+00 0.00E+00 1.56E+01 6.24E+00

F5 Mean 5.16E+02 5.17E+02 5.16E+02 5.20E+02 5.21E+02 5.20E+02 5.20E+02 5.19E+02

Std. 7.26E+00 7.46E+00 8.01E+00 8.65E-04 1.27E-01 0.00E+00 1.24E+00 3.13E+00

F6 Mean 6.00E+02 6.00E+02 6.00E+02 6.00E+02 6.03E+02 6.07E+02 6.01E+02 6.02E+02

Std. 3.12E-02 0.00E+00 0.00E+00 7.36E-04 1.12E+00 0.00E+00 9.12E-01 1.09E+00

F7 Mean 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.01E+02 7.01E+02 7.00E+02 7.00E+02

Std. 7.47E-03 1.84E-03 1.30E-02 5.40E-02 9.29E-02 0.00E+00 5.65E-02 5.12E-02

F8 Mean 8.00E+02 8.01E+02 8.00E+02 8.07E+02 8.37E+02 8.17E+02 8.01E+02 8.02E+02

Std. 0.00E+00 1.06E+00 0.00E+00 3.11E+00 7.78E+00 0.00E+00 8.14E-01 1.26E+00

F9 Mean 9.04E+02 9.03E+02 9.04E+02 9.08E+02 9.49E+02 9.26E+02 9.04E+02 9.07E+02

Std. 1.33E+00 1.78E+00 1.29E+00 4.72E+00 7.06E+00 0.00E+00 1.71E+00 2.07E+00

F10 Mean 1.00E+03 1.02E+03 1.00E+03 1.31E+03 1.88E+03 2.36E+03 1.01E+03 1.03E+03

Std. 3.09E-02 3.91E+01 3.46E-02 1.58E+02 2.69E+02 0.00E+00 5.51E+00 1.25E+01

F11 Mean 1.23E+03 1.18E+03 1.21E+03 1.36E+03 2.00E+03 2.20E+03 1.41E+03 1.44E+03

Std. 9.08E+01 1.03E+02 8.75E+01 2.48E+02 2.12E+02 0.00E+00 1.54E+02 1.41E+02

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 4.96E-02 9.00E-02 4.75E-02 3.47E-02 4.77E-01 0.00E+00 1.13E-01 5.24E-02

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03

Std. 1.83E-02 2.86E-02 1.93E-02 6.01E-02 1.30E-01 0.00E+00 5.36E-02 1.57E-02

F14 Mean 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03
Std. 4.09E-02 5.15E-02 2.66E-02 9.29E-02 8.30E-02 0.00E+00 4.90E-02 2.92E-02

F15 Mean 1.50E+03 1.50E+03 1.50E+03 1.50E+03 1.51E+03 1.51E+03 1.50E+03 1.50E+03

Std. 1.64E-01 1.71E-01 1.12E-01 2.83E-01 8.91E-01 0.00E+00 2.26E-01 3.11E-01

F16 Mean 1.60E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03

Std. 3.07E-01 4.69E-01 3.54E-01 5.02E-01 5.45E-02 0.00E+00 3.28E-01 2.96E-01

F17 Mean 1.81E+03 1.71E+03 1.70E+03 3.01E+03 5.38E+05 6.58E+05 1.71E+03 1.72E+03

Std. 9.33E+01 2.42E+01 2.77E+00 1.02E+03 7.09E+05 0.00E+00 4.64E+00 1.04E+01

F18 Mean 1.80E+03 1.80E+03 1.80E+03 7.59E+03 9.52E+03 2.84E+03 1.80E+03 1.80E+03

Std. 1.46E+00 1.24E-01 9.99E-02 3.70E+03 6.68E+03 0.00E+00 3.49E-01 5.40E-01

F19 Mean 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.91E+03 1.90E+03 1.90E+03 1.90E+03

Std. 4.61E-02 2.60E-02 2.65E-02 4.85E-01 1.21E+00 0.00E+00 3.93E-01 2.03E-01

F20 Mean 2.00E+03 2.00E+03 2.00E+03 5.03E+03 7.26E+03 3.09E+03 2.00E+03 2.00E+03

Std. 7.10E-01 2.09E-01 8.96E-02 2.44E+03 5.46E+03 0.00E+00 2.42E-01 2.63E-01

F21 Mean 2.11E+03 2.10E+03 2.10E+03 2.82E+03 1.28E+05 3.36E+04 2.10E+03 2.10E+03

Std. 8.05E+00 3.04E+00 1.95E-01 7.27E+02 2.35E+05 0.00E+00 7.63E-01 5.61E-01

F22 Mean 2.20E+03 2.20E+03 2.20E+03 2.28E+03 2.34E+03 2.30E+03 2.20E+03 2.20E+03

Std. 1.58E-01 1.86E-01 8.04E-02 6.05E+01 5.87E+01 0.00E+00 3.20E+00 1.34E+00
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Table 19 (Continued)

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F23 Mean 2.48E+03 2.63E+03 2.63E+03 2.63E+03 2.63E+03 2.63E+03 2.50E+03 2.50E+03

Std. 1.64E+02 0.00E+00 0.00E+00 0.00E+00 8.80E-01 0.00E+00 0.00E+00 0.00E+00

F24 Mean 2.51E+03 2.51E+03 2.51E+03 2.51E+03 2.55E+03 2.55E+03 2.51E+03 2.51E+03

Std. 2.54E+00 4.03E+00 2.78E+00 3.73E+00 1.58E+01 0.00E+00 3.20E+00 4.49E+00

F25 Mean 2.62E+03 2.62E+03 2.62E+03 2.67E+03 2.67E+03 2.67E+03 2.68E+03 2.68E+03

Std. 4.32E+00 1.08E+01 9.81E+00 3.33E+01 1.93E+01 0.00E+00 2.73E+01 2.52E+01

F26 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 2.23E-02 3.68E-02 2.39E-02 3.93E-02 3.89E-01 0.00E+00 6.11E-02 1.14E-02

F27 Mean 2.70E+03 2.81E+03 2.74E+03 2.94E+03 2.88E+03 3.20E+03 2.70E+03 2.70E+03

Std. 5.60E-01 1.44E+02 1.01E+02 1.21E+02 1.93E+02 0.00E+00 3.68E-01 5.47E-01

F28 Mean 3.15E+03 3.22E+03 3.10E+03 3.15E+03 3.19E+03 3.32E+03 3.00E+03 3.00E+03
Std. 6.50E+01 5.71E+01 6.83E+01 1.90E+02 3.44E+00 0.00E+00 0.00E+00 0.00E+00

F29 Mean 3.12E+03 3.12E+03 3.11E+03 3.24E+03 3.99E+03 5.05E+03 3.12E+03 3.12E+03

Std. 1.26E+00 3.80E-01 5.71E+00 7.36E+01 6.50E+02 0.00E+00 6.53E+00 1.68E+01

F30 Mean 3.47E+03 3.47E+03 3.30E+03 3.99E+03 4.44E+03 4.93E+03 3.48E+03 3.51E+03

Std. 9.35E+00 1.61E+01 4.45E+01 2.35E+02 5.18E+02 0.00E+00 1.58E+01 1.85E+01

The bold entries are applied to highlight the best results

Table 20 Comparative results against popular meta-heuristic algorithms on functions F1-F30 with D=10 (CEC2014)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F1 Mean 8.21E+05 4.74E+06 6.50E+06 1.77E+02 2.15E+03 1.00E+02 1.00E+02 1.03E+02

Std. 2.56E+05 9.54E+06 5.26E+06 1.00E+02 2.00E+03 2.81E-06 2.36E-03 1.13E+01

F2 Mean 4.45E+07 1.03E+08 1.69E+05 2.00E+02 2.10E+02 2.00E+02 2.00E+02 2.00E+02

Std. 1.29E+07 4.01E+08 8.45E+04 0.00E+00 5.43E+01 0.00E+00 0.00E+00 0.00E+00

F3 Mean 1.74E+04 3.46E+03 4.27E+04 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02

Std. 6.80E+03 3.86E+03 1.47E+04 0.00E+00 1.29E-07 0.00E+00 0.00E+00 0.00E+00

F4 Mean 4.36E+02 4.48E+02 4.35E+02 4.24E+02 4.07E+02 4.26E+02 4.11E+02 4.02E+02

Std. 2.21E+00 3.82E+01 2.23E+01 1.52E+01 1.27E+01 1.49E+01 1.56E+01 6.24E+00

F5 Mean 5.16E+02 5.20E+02 5.20E+02 5.19E+02 5.18E+02 5.20E+02 5.20E+02 5.19E+02

Std. 4.82E+00 4.42E-02 9.17E-02 3.01E+00 4.76E+00 3.35E-02 1.24E+00 3.13E+00

F6 Mean 6.03E+02 6.06E+02 6.09E+02 6.00E+02 6.00E+02 6.01E+02 6.01E+02 6.02E+02

Std. 5.61E-01 2.07E+00 1.20E+00 3.73E-01 5.62E-02 1.01E+00 9.12E-01 1.09E+00

F7 Mean 7.02E+02 7.11E+02 7.02E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02

Std. 1.61E-01 1.15E+01 7.09E-01 1.62E-02 2.06E-02 3.04E-02 5.65E-02 5.12E-02

F8 Mean 8.22E+02 8.20E+02 8.42E+02 8.00E+02 8.00E+02 8.00E+02 8.01E+02 8.02E+02

Std. 3.49E+00 7.79E+00 1.31E+01 2.98E-01 2.98E-01 7.14E-01 8.14E-01 1.26E+00

F9 Mean 9.25E+02 9.30E+02 9.44E+02 9.04E+02 9.05E+02 9.03E+02 9.04E+02 9.07E+02

Std. 3.37E+00 1.30E+01 1.63E+01 1.13E+00 1.51E+00 1.27E+00 1.71E+00 2.07E+00

F10 Mean 1.35E+03 1.48E+03 1.57E+03 1.03E+03 1.01E+03 1.03E+03 1.01E+03 1.03E+03

Std. 1.06E+02 2.00E+02 2.60E+02 4.71E+01 2.18E+01 1.08E+01 5.51E+00 1.25E+01

F11 Mean 1.68E+03 2.03E+03 2.18E+03 1.47E+03 1.28E+03 1.24E+03 1.41E+03 1.44E+03

Std. 1.24E+02 3.29E+02 3.58E+02 1.10E+02 1.30E+02 9.62E+01 1.54E+02 1.41E+02

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 2.08E-01 1.90E-01 2.83E-01 7.39E-02 1.11E-01 5.71E-02 1.13E-01 5.24E-02

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03

Std. 3.72E-02 5.26E-01 1.83E-01 2.14E-02 4.44E-02 2.41E-02 5.36E-02 1.57E-02
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Table 20 continued

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F14 Mean 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03

Std. 4.01E-02 2.64E+00 1.85E-01 6.10E-02 7.59E-02 2.06E-02 4.90E-02 2.92E-02

F15 Mean 1.50E+03 1.57E+03 1.51E+03 1.50E+03 1.50E+03 1.50E+03 1.50E+03 1.50E+03

Std. 5.11E-01 3.15E+02 5.02E+00 1.76E-01 2.86E-01 1.68E-01 2.26E-01 3.11E-01

F16 Mean 1.60E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03

Std. 1.43E-01 3.65E-01 3.88E-01 3.20E-01 3.49E-01 3.64E-01 3.28E-01 2.96E-01

F17 Mean 9.33E+03 1.02E+04 1.27E+05 1.79E+03 1.97E+03 1.71E+03 1.71E+03 1.72E+03

Std. 2.92E+03 1.05E+04 1.77E+05 7.63E+01 3.95E+02 2.41E+00 4.64E+00 1.04E+01

F18 Mean 8.32E+03 1.24E+04 1.24E+04 1.80E+03 1.80E+03 1.80E+03 1.80E+03 1.80E+03

Std. 5.61E+03 1.08E+04 1.00E+04 6.01E+00 2.17E+00 2.47E-01 3.49E-01 5.40E-01

F19 Mean 1.90E+03 1.91E+03 1.91E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03

Std. 4.82E-01 1.98E+00 1.52E+00 8.68E-01 3.79E-02 1.82E-01 3.93E-01 2.03E-01

F20 Mean 4.59E+03 8.24E+03 6.31E+03 2.00E+03 2.00E+03 2.00E+03 2.00E+03 2.00E+03

Std. 3.73E+03 7.58E+03 3.85E+03 5.52E+00 4.21E-01 2.00E-01 2.42E-01 2.63E-01

F21 Mean 4.47E+03 3.19E+03 3.75E+04 2.11E+03 2.12E+03 2.10E+03 2.10E+03 2.10E+03

Std. 1.73E+03 8.24E+02 4.00E+04 3.08E+01 5.54E+01 1.00E+00 7.63E-01 5.61E-01

F22 Mean 2.23E+03 2.28E+03 2.26E+03 2.21E+03 2.20E+03 2.20E+03 2.20E+03 2.20E+03

Std. 3.45E+00 7.08E+01 4.52E+01 1.07E+01 4.94E+00 6.12E+00 3.20E+00 1.34E+00

F23 Mean 2.63E+03 2.65E+03 2.63E+03 2.63E+03 2.50E+03 2.63E+03 2.50E+03 2.50E+03

Std. 3.66E-01 1.63E+01 2.34E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F24 Mean 2.55E+03 2.55E+03 2.58E+03 2.51E+03 2.51E+03 2.51E+03 2.51E+03 2.51E+03

Std. 3.05E+01 3.16E+01 2.94E+01 2.59E+00 4.19E+00 1.72E+00 3.20E+00 4.49E+00

F25 Mean 2.69E+03 2.70E+03 2.68E+03 2.65E+03 2.64E+03 2.70E+03 2.68E+03 2.68E+03

Std. 1.94E+01 1.01E+01 1.93E+01 3.57E+01 1.71E+01 2.06E+01 2.73E+01 2.52E+01

F26 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 4.07E-02 2.79E-01 1.82E-01 2.52E-02 4.66E-02 1.88E-02 6.11E-02 1.14E-02

F27 Mean 3.04E+03 3.09E+03 3.04E+03 2.90E+03 2.73E+03 2.92E+03 2.70E+03 2.70E+03

Std. 9.31E+01 1.56E+02 1.52E+02 1.67E+02 6.63E+01 1.49E+02 3.68E-01 5.47E-01

F28 Mean 3.22E+03 3.29E+03 3.37E+03 3.21E+03 3.00E+03 3.18E+03 3.00E+03 3.00E+03

Std. 6.29E+01 8.18E+01 1.36E+02 5.88E+01 0.00E+00 3.56E+00 0.00E+00 0.00E+00

F29 Mean 2.66E+05 2.74E+05 4.29E+03 3.17E+03 3.20E+03 3.12E+03 3.12E+03 3.12E+03

Std. 6.72E+05 6.90E+05 1.63E+03 3.03E+01 7.41E+01 6.41E-01 6.53E+00 1.68E+01

F30 Mean 3.67E+03 4.48E+03 5.09E+03 3.54E+03 3.53E+03 3.47E+03 3.48E+03 3.51E+03

Std. 6.21E+01 9.14E+02 7.08E+02 6.77E+01 1.03E+02 1.15E+01 1.58E+01 1.85E+01

The bold entries are applied to highlight the best results
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C.2 30 Dimensions

Table 21 Comparative results against the state-of-the-art algorithms on functions F1-F30 with D=30 (CEC2014)

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 Mean 4.02E+03 1.00E+02 1.77E+03 7.91E+04 9.16E+07 1.09E+08 6.43E+05 5.76E+05

Std. 3.28E+03 0.00E+00 1.74E+03 1.23E+05 3.75E+07 0.00E+00 8.78E+05 9.38E+05

F2 Mean 2.00E+02 2.00E+02 2.00E+02 8.14E+03 2.76E+08 1.31E+09 2.00E+02 2.00E+02
Std. 5.45E-05 0.00E+00 0.00E+00 5.79E+03 6.82E+07 0.00E+00 0.00E+00 0.00E+00

F3 Mean 3.00E+02 3.00E+02 3.00E+02 3.15E+02 1.10E+05 3.92E+04 3.00E+02 3.00E+02
Std. 1.06E-05 0.00E+00 0.00E+00 2.37E+01 3.25E+04 0.00E+00 0.00E+00 0.00E+00

F4 Mean 4.00E+02 4.00E+02 4.02E+02 4.78E+02 6.74E+02 7.94E+02 4.50E+02 4.25E+02

Std. 2.33E-01 0.00E+00 1.14E+01 5.12E+01 1.69E+01 0.00E+00 4.21E+01 3.69E+01

F5 Mean 5.20E+02 5.20E+02 5.20E+02 5.20E+02 5.21E+02 5.21E+02 5.21E+02 5.20E+02

Std. 4.71E-02 5.21E-03 1.02E-01 2.73E-04 9.27E-02 0.00E+00 1.17E-01 1.62E-01

F6 Mean 6.10E+02 6.00E+02 6.01E+02 6.01E+02 6.21E+02 6.28E+02 6.02E+02 6.05E+02

Std. 1.43E+00 0.00E+00 1.16E+00 1.14E+00 2.41E+00 0.00E+00 1.65E+00 2.97E+00

F7 Mean 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.13E+02 8.05E+02 7.00E+02 7.00E+02
Std. 0.00E+00 0.00E+00 3.16E-03 1.27E-02 2.28E+00 0.00E+00 4.24E-01 0.00E+00

F8 Mean 8.00E+02 8.11E+02 8.00E+02 8.29E+02 9.64E+02 8.65E+02 8.08E+02 8.04E+02

Std. 0.00E+00 4.20E+00 0.00E+00 6.57E+00 2.19E+01 0.00E+00 2.56E+00 3.04E+00

F9 Mean 9.58E+02 9.12E+02 9.33E+02 9.32E+02 1.09E+03 1.07E+03 9.19E+02 9.21E+02

Std. 9.81E+00 3.09E+00 9.12E+00 8.39E+00 2.19E+01 0.00E+00 4.67E+00 5.22E+00

F10 Mean 1.00E+03 1.41E+03 1.00E+03 1.77E+03 4.09E+03 4.96E+03 1.07E+03 1.03E+03

Std. 3.48E-01 2.02E+02 2.92E-02 2.25E+02 6.65E+02 0.00E+00 7.19E+01 3.07E+01

F11 Mean 2.66E+03 3.30E+03 2.90E+03 2.75E+03 5.98E+03 7.04E+03 2.78E+03 2.89E+03

Std. 2.19E+02 4.02E+02 3.78E+02 4.96E+02 8.37E+02 0.00E+00 5.01E+02 4.90E+02

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 3.65E-02 1.03E-01 3.78E-02 8.44E-03 5.83E-01 0.00E+00 1.49E-01 1.38E-01

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03
Std. 2.52E-02 2.52E-02 3.44E-02 5.55E-02 1.62E-01 0.00E+00 5.88E-02 1.52E-02

F14 Mean 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.41E+03 1.40E+03 1.40E+03
Std. 2.08E-02 3.57E-02 5.22E-02 5.25E-02 3.29E+00 0.00E+00 2.65E-02 3.26E-02

F15 Mean 1.50E+03 1.50E+03 1.50E+03 1.50E+03 1.54E+03 1.53E+03 1.50E+03 1.50E+03

Std. 4.62E-01 5.89E-01 7.28E-01 6.78E-01 9.67E+00 0.00E+00 8.72E-01 1.12E+00

F16 Mean 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03

Std. 5.21E-01 6.89E-01 6.48E-01 7.53E-01 4.12E-01 0.00E+00 3.85E-01 6.65E-01

F17 Mean 3.07E+03 1.90E+03 2.18E+03 7.82E+03 2.25E+07 1.93E+07 3.92E+04 2.58E+04

Std. 3.33E+02 9.40E+01 2.44E+02 4.78E+03 4.01E+06 0.00E+00 8.89E+04 5.69E+04

F18 Mean 1.84E+03 1.81E+03 1.82E+03 2.20E+03 1.83E+06 1.02E+04 1.82E+03 1.82E+03

Std. 8.17E+00 2.75E+00 9.78E+00 4.25E+02 3.98E+05 0.00E+00 8.93E+00 1.14E+01

F19 Mean 1.90E+03 1.90E+03 1.90E+03 1.91E+03 2.00E+03 1.98E+03 1.91E+03 1.90E+03

Std. 5.15E-01 7.09E-01 6.51E-01 2.86E+00 7.14E+00 0.00E+00 8.47E-01 5.15E-01

F20 Mean 2.02E+03 2.00E+03 2.01E+03 4.75E+03 5.77E+04 2.48E+04 2.01E+03 2.01E+03

Std. 5.48E+00 8.13E-01 4.50E+00 1.54E+03 1.19E+04 0.00E+00 1.94E+00 3.41E+00

F21 Mean 2.57E+03 2.21E+03 2.25E+03 6.51E+03 2.63E+06 3.48E+06 3.88E+03 2.38E+03

Std. 1.87E+02 7.53E+01 1.11E+02 2.78E+03 1.47E+06 0.00E+00 6.23E+03 1.85E+02

F22 Mean 2.31E+03 2.29E+03 2.29E+03 2.51E+03 3.21E+03 2.94E+03 2.24E+03 2.23E+03
Std. 5.72E+01 5.82E+01 8.97E+01 1.28E+02 1.95E+02 0.00E+00 3.13E+01 1.04E+01

F23 Mean 2.62E+03 2.62E+03 2.62E+03 2.62E+03 2.67E+03 2.62E+03 2.50E+03 2.50E+03
Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.01E+01 0.00E+00 0.00E+00 0.00E+00
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Table 21 Continued

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F24 Mean 2.62E+03 2.62E+03 2.62E+03 2.60E+03 2.66E+03 2.66E+03 2.60E+03 2.60E+03
Std. 3.64E-01 8.24E-01 4.47E+00 5.59E+00 1.96E+00 0.00E+00 0.00E+00 0.00E+00

F25 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.73E+03 2.72E+03 2.70E+03 2.70E+03
Std. 2.06E-01 1.37E-01 9.56E-01 3.66E+00 5.99E+00 0.00E+00 0.00E+00 0.00E+00

F26 Mean 2.70E+03 2.70E+03 2.70E+03 2.78E+03 2.70E+03 2.70E+03 2.70E+03 2.71E+03

Std. 2.91E-02 2.93E-02 3.94E-02 3.77E+01 6.72E-01 0.00E+00 1.79E+01 2.49E+01

F27 Mean 3.09E+03 3.00E+03 3.07E+03 3.03E+03 3.57E+03 3.73E+03 2.90E+03 2.90E+03
Std. 7.09E+01 0.00E+00 4.37E+01 3.91E+01 1.37E+02 0.00E+00 0.00E+00 0.00E+00

F28 Mean 3.72E+03 3.44E+03 3.55E+03 3.43E+03 4.81E+03 7.08E+03 3.00E+03 3.00E+03
Std. 3.09E+01 2.59E+02 8.64E+01 2.88E+02 1.04E+03 0.00E+00 0.00E+00 0.00E+00

F29 Mean 3.66E+03 3.62E+03 5.18E+03 3.90E+03 8.74E+04 1.99E+04 3.31E+03 3.31E+03

Std. 2.73E+01 3.28E+00 1.63E+03 2.03E+02 3.54E+04 0.00E+00 3.60E+02 3.28E+02

F30 Mean 4.35E+03 3.70E+03 4.08E+03 5.46E+03 7.00E+04 2.32E+04 4.36E+03 3.97E+03

Std. 3.62E+02 2.24E+02 4.80E+02 1.31E+03 2.59E+04 0.00E+00 1.21E+03 1.08E+03

The bold entries are applied to highlight the best results

Table 22 Comparative results against popular meta-heuristic algorithms on functions F1-F30 with D=30 (CEC2014)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F1 Mean 3.77E+07 1.67E+08 2.65E+07 3.04E+06 3.92E+06 1.91E+05 6.43E+05 5.76E+05

Std. 5.48E+06 1.34E+08 1.18E+07 1.40E+06 1.33E+06 1.04E+05 8.78E+05 9.38E+05

F2 Mean 2.02E+09 1.37E+10 2.00E+06 6.86E+03 2.63E+02 2.00E+02 2.00E+02 2.00E+02

Std. 1.78E+08 9.30E+09 5.80E+05 1.31E+04 3.38E+02 0.00E+00 0.00E+00 0.00E+00

F3 Mean 9.47E+04 8.23E+04 5.19E+04 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02

Std. 1.03E+04 3.64E+04 1.39E+04 8.84E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F4 Mean 6.30E+02 1.86E+03 5.68E+02 5.11E+02 4.73E+02 4.03E+02 4.50E+02 4.25E+02

Std. 1.05E+01 1.52E+03 4.32E+01 2.70E+01 2.30E+01 1.22E+01 4.21E+01 3.69E+01

F5 Mean 5.21E+02 5.20E+02 5.20E+02 5.21E+02 5.20E+02 5.20E+02 5.21E+02 5.20E+02

Std. 7.91E-02 1.37E-01 1.83E-01 5.85E-02 1.23E-01 7.18E-02 1.17E-01 1.62E-01

F6 Mean 6.19E+02 6.28E+02 6.38E+02 6.01E+02 6.06E+02 6.08E+02 6.02E+02 6.05E+02

Std. 1.11E+00 3.64E+00 2.62E+00 1.18E+00 5.24E+00 2.19E+00 1.65E+00 2.97E+00

F7 Mean 7.19E+02 8.50E+02 7.01E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02

Std. 1.49E+00 9.31E+01 5.16E-02 2.60E-02 2.22E-03 0.00E+00 4.24E-01 0.00E+00

F8 Mean 9.60E+02 9.62E+02 9.95E+02 8.03E+02 8.05E+02 8.07E+02 8.08E+02 8.04E+02

Std. 9.27E+00 4.09E+01 4.24E+01 2.04E+00 2.41E+00 2.24E+00 2.56E+00 3.04E+00

F9 Mean 1.07E+03 1.11E+03 1.13E+03 1.00E+03 9.53E+02 9.37E+02 9.19E+02 9.21E+02

Std. 7.48E+00 4.59E+01 6.12E+01 8.46E+00 2.19E+01 1.09E+01 4.67E+00 5.22E+00

F10 Mean 5.59E+03 5.30E+03 5.10E+03 1.36E+03 1.08E+03 1.17E+03 1.07E+03 1.03E+03

Std. 2.91E+02 7.89E+02 6.65E+02 2.39E+02 7.72E+01 1.15E+02 7.19E+01 3.07E+01

F11 Mean 6.75E+03 5.63E+03 6.63E+03 5.98E+03 5.09E+03 3.51E+03 2.78E+03 2.89E+03

Std. 2.97E+02 9.32E+02 9.26E+02 4.10E+02 6.86E+02 4.67E+02 5.01E+02 4.90E+02

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 2.56E-01 2.36E-01 4.84E-01 1.61E-01 2.73E-01 9.78E-02 1.49E-01 1.38E-01

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03

Std. 5.04E-02 1.35E+00 1.11E-01 4.92E-02 5.60E-02 3.77E-02 5.88E-02 1.52E-02
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Table 22 continued

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F14 Mean 1.40E+03 1.47E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03

Std. 6.07E-01 4.02E+01 3.88E-02 4.28E-02 3.09E-02 1.50E-01 2.65E-02 3.26E-02

F15 Mean 1.55E+03 1.36E+05 1.63E+03 1.51E+03 1.51E+03 1.50E+03 1.50E+03 1.50E+03

Std. 3.44E+00 3.06E+05 4.18E+01 1.13E+00 2.32E+00 5.86E-01 8.72E-01 1.12E+00

F16 Mean 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03

Std. 1.89E-01 5.86E-01 5.53E-01 3.85E-01 6.29E-01 5.80E-01 3.85E-01 6.65E-01

F17 Mean 1.18E+06 5.63E+06 3.70E+06 3.16E+05 1.57E+05 4.24E+03 3.92E+04 2.58E+04

Std. 2.82E+05 5.16E+06 2.37E+06 1.85E+05 9.20E+04 2.60E+03 8.89E+04 5.69E+04

F18 Mean 1.53E+07 7.90E+07 7.34E+03 2.58E+03 2.16E+03 1.82E+03 1.82E+03 1.82E+03

Std. 4.77E+06 2.18E+08 4.51E+03 9.73E+02 2.98E+02 2.11E+01 8.93E+00 1.14E+01

F19 Mean 1.92E+03 2.04E+03 1.95E+03 1.91E+03 1.91E+03 1.90E+03 1.91E+03 1.90E+03

Std. 1.50E+00 1.11E+02 3.48E+01 1.11E+00 8.69E-01 9.47E-01 8.47E-01 5.15E-01

F20 Mean 1.64E+04 2.82E+04 2.52E+04 2.09E+03 2.15E+03 2.01E+03 2.01E+03 2.01E+03

Std. 5.61E+03 2.34E+04 1.53E+04 2.79E+01 8.30E+01 3.24E+00 1.94E+00 3.41E+00

F21 Mean 3.19E+05 9.87E+05 2.16E+06 3.05E+04 5.49E+04 2.33E+03 3.88E+03 2.38E+03

Std. 8.25E+04 6.77E+05 1.69E+06 1.46E+04 4.57E+04 1.70E+02 6.23E+03 1.85E+02

F22 Mean 2.33E+03 3.03E+03 3.01E+03 2.38E+03 2.36E+03 2.29E+03 2.24E+03 2.23E+03

Std. 2.70E+01 2.17E+02 2.49E+02 8.96E+01 6.98E+01 1.13E+02 3.13E+01 1.04E+01

F23 Mean 2.63E+03 2.71E+03 2.64E+03 2.62E+03 2.50E+03 2.62E+03 2.50E+03 2.50E+03

Std. 2.29E+00 9.47E+01 1.40E+01 6.57E-04 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F24 Mean 2.66E+03 2.70E+03 2.61E+03 2.63E+03 2.60E+03 2.61E+03 2.60E+03 2.60E+03

Std. 1.08E+00 2.93E+01 5.74E+00 5.40E+00 0.00E+00 1.11E+01 0.00E+00 0.00E+00

F25 Mean 2.71E+03 2.73E+03 2.72E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 8.51E-01 1.32E+01 1.75E+01 6.45E-01 0.00E+00 7.76E-01 0.00E+00 0.00E+00

F26 Mean 2.71E+03 2.73E+03 2.70E+03 2.71E+03 2.70E+03 2.70E+03 2.70E+03 2.71E+03

Std. 4.40E+01 7.17E+01 1.14E-01 3.00E+01 4.32E-02 2.75E-02 1.79E+01 2.49E+01

F27 Mean 3.47E+03 3.75E+03 3.71E+03 3.10E+03 2.90E+03 3.22E+03 2.90E+03 2.90E+03

Std. 2.69E+01 2.68E+02 4.22E+02 4.79E+01 0.00E+00 8.82E+01 0.00E+00 0.00E+00

F28 Mean 3.87E+03 5.02E+03 5.27E+03 3.62E+03 3.00E+03 3.61E+03 3.00E+03 3.00E+03

Std. 2.61E+01 5.94E+02 8.00E+02 5.59E+01 0.00E+00 2.66E+01 0.00E+00 0.00E+00

F29 Mean 4.64E+05 2.23E+07 9.87E+06 4.65E+03 3.29E+03 3.68E+03 3.31E+03 3.31E+03

Std. 2.08E+06 1.61E+07 5.02E+06 4.59E+02 4.33E+02 6.07E+01 3.60E+02 3.28E+02

F30 Mean 1.82E+04 1.98E+05 1.71E+05 5.23E+03 3.60E+03 5.87E+03 4.36E+03 3.97E+03

Std. 1.93E+03 1.76E+05 1.64E+05 1.04E+03 8.20E+02 6.85E+02 1.21E+03 1.08E+03

The bold entries are applied to highlight the best results
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C.3 100 Dimensions

Table 23 Comparative results against the state-of-the-art algorithms on functions F1-F30 with D=100 (CEC2014)

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 Mean 1.32E+07 3.31E+05 4.95E+05 5.45E+06 1.61E+10 5.40E+08 5.22E+07 5.64E+07

Std. 2.62E+06 8.23E+04 1.73E+05 6.67E+06 1.07E+09 0.00E+00 6.65E+07 1.14E+08

F2 Mean 2.23E+08 2.00E+02 2.00E+02 1.67E+04 5.69E+11 3.18E+10 3.36E+08 1.03E+08

Std. 1.29E+08 0.00E+00 1.86E-02 1.24E+04 1.65E+10 3.81E-06 7.58E+08 5.51E+08

F3 Mean 1.40E+03 3.00E+02 3.10E+02 1.98E+03 7.62E+05 9.98E+04 1.79E+03 1.88E+04

Std. 3.40E+02 0.00E+00 2.17E+01 1.20E+03 7.48E+04 0.00E+00 4.35E+03 5.87E+04

F4 Mean 8.55E+02 5.30E+02 5.45E+02 6.65E+02 2.13E+05 3.48E+03 6.13E+02 6.23E+02

Std. 5.60E+01 3.64E+01 4.79E+01 4.22E+01 2.17E+04 0.00E+00 5.30E+01 6.70E+01

F5 Mean 5.21E+02 5.20E+02 5.20E+02 5.20E+02 5.21E+02 5.21E+02 5.21E+02 5.21E+02

Std. 4.97E-02 1.64E-01 2.01E-01 9.83E-05 2.40E-02 0.00E+00 1.59E-01 2.25E-01

F6 Mean 6.86E+02 6.04E+02 6.44E+02 6.18E+02 7.72E+02 7.11E+02 6.18E+02 6.35E+02

Std. 2.17E+00 2.00E+00 7.15E+00 4.98E+00 2.78E-01 0.00E+00 4.81E+00 1.40E+01

F7 Mean 7.04E+02 7.00E+02 7.00E+02 7.00E+02 5.63E+03 1.06E+03 7.01E+02 7.00E+02
Std. 1.55E+00 0.00E+00 7.11E-03 4.12E-03 1.80E+02 0.00E+00 4.44E-01 0.00E+00

F8 Mean 8.35E+02 8.56E+02 8.00E+02 9.94E+02 2.74E+03 1.50E+03 8.67E+02 8.46E+02

Std. 7.15E+00 9.80E+00 0.00E+00 2.50E+01 3.58E+01 0.00E+00 1.02E+01 8.06E+00

F9 Mean 1.14E+03 9.52E+02 1.15E+03 1.10E+03 3.13E+03 2.15E+03 1.02E+03 1.02E+03

Std. 2.01E+01 8.75E+00 3.06E+01 2.90E+01 8.74E+01 0.00E+00 1.74E+01 2.01E+01

F10 Mean 1.94E+03 9.84E+03 1.00E+03 6.67E+03 3.43E+04 1.80E+04 4.77E+03 5.01E+03

Std. 2.72E+02 8.91E+02 3.80E-01 6.34E+02 5.62E+02 0.00E+00 1.04E+03 9.12E+02

F11 Mean 1.36E+04 1.27E+04 1.27E+04 8.30E+03 3.46E+04 2.45E+04 9.93E+03 1.14E+04

Std. 5.64E+02 1.23E+03 9.22E+02 7.26E+02 6.95E+02 0.00E+00 1.12E+03 1.11E+03

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.21E+03 1.20E+03 1.20E+03 1.20E+03

Std. 7.12E-02 2.25E-01 6.39E-02 5.94E-03 3.76E-01 0.00E+00 7.88E-01 5.82E-01

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.31E+03 1.30E+03 1.30E+03 1.30E+03
Std. 3.76E-02 3.77E-02 4.49E-02 6.85E-02 3.58E-01 0.00E+00 5.24E-02 3.61E-02

F14 Mean 1.40E+03 1.40E+03 1.40E+03 1.40E+03 2.82E+03 1.52E+03 1.40E+03 1.40E+03
Std. 2.56E-02 2.90E-02 3.28E-02 2.93E-02 8.74E+01 0.00E+00 1.35E-02 1.80E-02

F15 Mean 1.61E+03 1.51E+03 1.53E+03 1.51E+03 3.14E+08 3.67E+04 1.51E+03 1.54E+03

Std. 2.56E+01 2.38E+00 6.02E+00 2.68E+00 5.05E+07 0.00E+00 2.60E+00 1.57E+01

F16 Mean 1.64E+03 1.64E+03 1.64E+03 1.64E+03 1.65E+03 1.65E+03 1.64E+03 1.64E+03

Std. 4.99E-01 1.26E+00 8.56E-01 9.64E-01 2.73E-01 0.00E+00 8.90E-01 1.36E+00

F17 Mean 2.78E+05 5.89E+03 1.27E+05 1.99E+05 2.30E+09 9.57E+07 2.00E+06 8.53E+06

Std. 1.23E+05 6.46E+02 5.29E+04 8.17E+04 3.98E+08 0.00E+00 3.69E+06 3.58E+07

F18 Mean 2.51E+03 2.03E+03 2.76E+03 2.39E+03 6.24E+10 6.86E+09 2.45E+03 2.60E+03

Std. 3.50E+02 1.73E+01 9.33E+02 3.65E+02 8.51E+09 0.00E+00 2.99E+02 3.81E+02

F19 Mean 2.00E+03 1.98E+03 1.99E+03 1.96E+03 1.65E+04 2.32E+03 2.00E+03 1.99E+03

Std. 1.93E+01 2.22E+01 2.30E+01 1.98E+01 1.50E+03 0.00E+00 2.84E+00 2.54E+00

F20 Mean 2.37E+03 2.06E+03 2.32E+03 8.10E+03 1.37E+07 1.42E+05 2.78E+03 3.04E+03

Std. 5.36E+01 1.27E+01 1.15E+02 3.15E+03 6.64E+06 0.00E+00 4.14E+02 1.25E+03

F21 Mean 4.94E+04 3.40E+03 5.12E+04 6.71E+04 1.00E+09 1.40E+08 8.93E+05 2.80E+06

Std. 2.16E+04 3.92E+02 2.69E+04 4.23E+04 1.00E+08 0.00E+00 7.93E+05 7.69E+06
F22 Mean 3.61E+03 3.41E+03 3.86E+03 3.72E+03 4.82E+05 4.67E+03 2.88E+03 3.13E+03

Std. 2.08E+02 3.63E+02 2.54E+02 4.22E+02 2.62E+05 0.00E+00 3.26E+02 3.18E+02

F23 Mean 2.66E+03 2.65E+03 2.65E+03 2.65E+03 9.16E+03 3.07E+03 2.50E+03 2.50E+03
Std. 3.21E+00 0.00E+00 0.00E+00 3.79E+00 6.39E+02 0.00E+00 0.00E+00 0.00E+00

F24 Mean 2.80E+03 2.78E+03 2.75E+03 2.77E+03 4.15E+03 2.96E+03 2.60E+03 2.60E+03
Std. 3.31E+00 3.08E+00 9.12E+00 4.53E+00 1.11E+02 0.00E+00 0.00E+00 0.00E+00
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Table 23 (Continued)

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F25 Mean 2.72E+03 2.70E+03 2.73E+03 2.70E+03 3.96E+03 2.85E+03 2.70E+03 2.70E+03
Std. 7.99E+00 0.00E+00 2.70E+01 0.00E+00 7.23E+01 0.00E+00 0.00E+00 0.00E+00

F26 Mean 2.72E+03 2.80E+03 2.79E+03 2.80E+03 3.83E+03 2.83E+03 2.80E+03 2.80E+03

Std. 3.98E+01 0.00E+00 2.49E+01 2.86E-02 1.05E+02 0.00E+00 0.00E+00 1.79E+01

F27 Mean 4.11E+03 3.05E+03 3.99E+03 3.47E+03 8.81E+03 5.89E+03 2.90E+03 2.90E+03

Std. 6.28E+02 3.37E+01 1.26E+02 2.76E+02 2.56E+02 0.00E+00 0.00E+00 0.00E+00

F28 Mean 6.93E+03 4.87E+03 5.65E+03 9.83E+03 3.76E+04 1.58E+04 3.00E+03 3.00E+03

Std. 1.36E+03 4.12E+02 4.71E+02 1.77E+03 1.00E+03 0.00E+00 0.00E+00 0.00E+00

F29 Mean 7.31E+03 3.65E+03 3.41E+04 5.13E+03 6.21E+09 8.47E+06 3.10E+03 3.10E+03
Std. 7.09E+02 3.32E+01 1.99E+04 4.01E+02 6.70E+08 0.00E+00 0.00E+00 0.00E+00

F30 Mean 2.15E+04 8.89E+03 1.03E+04 3.34E+05 2.04E+08 8.85E+05 3.20E+03 3.20E+03
Std. 2.80E+03 3.20E+02 1.56E+03 9.86E+04 2.47E+07 0.00E+00 0.00E+00 0.00E+00

The bold entries are applied to highlight the best results

Table 24 Comparative results against popular meta-heuristic algorithms on functions F1-F30 with D=100 (CEC2014)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F1 Mean 7.71E+08 2.75E+09 2.38E+08 5.02E+07 3.48E+07 6.22E+06 5.22E+07 5.64E+07

Std. 5.23E+07 1.08E+09 4.54E+07 1.44E+07 5.49E+06 1.86E+06 6.65E+07 1.14E+08

F2 Mean 2.97E+10 2.05E+11 1.38E+08 3.03E+09 1.37E+04 2.92E+04 3.36E+08 1.03E+08

Std. 1.25E+09 4.64E+10 2.27E+07 1.33E+09 1.27E+04 3.72E+04 7.58E+08 5.51E+08

F3 Mean 5.21E+05 3.67E+05 2.74E+05 7.61E+03 1.43E+03 3.07E+02 1.79E+03 1.88E+04

Std. 3.05E+04 9.15E+04 3.10E+04 2.61E+03 3.47E+02 8.17E+00 4.35E+03 5.87E+04

F4 Mean 2.54E+03 4.44E+04 1.06E+03 1.18E+03 5.83E+02 5.94E+02 6.13E+02 6.23E+02

Std. 8.14E+01 1.29E+04 9.52E+01 1.34E+02 4.15E+01 2.99E+01 5.30E+01 6.70E+01

F5 Mean 5.21E+02 5.20E+02 5.21E+02 5.21E+02 5.20E+02 5.20E+02 5.21E+02 5.21E+02

Std. 2.38E-02 1.40E-01 1.38E-01 1.79E-02 1.12E-01 8.42E-02 1.59E-01 2.25E-01

F6 Mean 6.98E+02 7.35E+02 7.52E+02 6.28E+02 6.22E+02 6.64E+02 6.18E+02 6.35E+02

Std. 1.62E+00 7.19E+00 5.68E+00 3.97E+00 4.15E+00 8.87E+00 4.81E+00 1.40E+01

F7 Mean 9.52E+02 2.69E+03 7.02E+02 7.33E+02 7.00E+02 7.00E+02 7.01E+02 7.00E+02

Std. 9.85E+00 3.68E+02 1.35E-01 7.09E+00 8.79E-02 0.00E+00 4.44E-01 0.00E+00

F8 Mean 1.66E+03 1.86E+03 1.46E+03 9.15E+02 9.11E+02 8.89E+02 8.67E+02 8.46E+02

Std. 1.83E+01 9.46E+01 6.40E+01 2.05E+01 2.05E+01 1.40E+01 1.02E+01 8.06E+00

F9 Mean 1.81E+03 2.17E+03 1.67E+03 1.67E+03 1.42E+03 1.05E+03 1.02E+03 1.02E+03

Std. 1.70E+01 1.37E+02 1.07E+02 3.40E+01 2.15E+02 2.33E+01 1.74E+01 2.01E+01

F10 Mean 2.72E+04 2.05E+04 1.99E+04 1.25E+04 2.96E+03 6.92E+03 4.77E+03 5.01E+03

Std. 4.90E+02 1.75E+03 3.27E+03 4.62E+03 6.46E+02 9.99E+02 1.04E+03 9.12E+02

F11 Mean 2.93E+04 1.99E+04 2.46E+04 2.99E+04 1.72E+04 1.54E+04 9.93E+03 1.14E+04

Std. 5.44E+02 1.60E+03 3.06E+03 4.74E+02 1.86E+03 1.35E+03 1.12E+03 1.11E+03

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 2.33E-01 3.87E-01 4.58E-01 2.20E-01 3.87E-01 1.37E-01 7.88E-01 5.82E-01

F13 Mean 1.30E+03 1.31E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03

Std. 5.73E-02 8.43E-01 6.04E-02 5.52E-02 5.68E-02 5.14E-02 5.24E-02 3.61E-02

F14 Mean 1.47E+03 1.96E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03

Std. 1.98E+00 1.20E+02 1.25E-01 2.59E-02 2.32E-02 3.09E-01 1.35E-02 1.80E-02

F15 Mean 1.28E+04 9.88E+06 2.94E+03 1.70E+03 1.55E+03 1.52E+03 1.51E+03 1.54E+03

Std. 1.82E+03 8.74E+06 3.83E+02 9.36E+01 1.07E+01 2.48E+00 2.60E+00 1.57E+01
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Table 24 continued

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F16 Mean 1.65E+03 1.65E+03 1.65E+03 1.65E+03 1.65E+03 1.64E+03 1.64E+03 1.64E+03

Std. 2.34E-01 7.73E-01 9.27E-01 3.17E-01 9.30E-01 1.01E+00 8.90E-01 1.36E+00

F17 Mean 5.23E+07 2.00E+08 1.20E+07 8.54E+06 2.17E+06 1.01E+06 2.00E+06 8.53E+06

Std. 5.98E+06 1.03E+08 4.40E+06 3.11E+06 7.33E+05 4.75E+05 3.69E+06 3.58E+07

F18 Mean 1.11E+09 7.04E+09 3.45E+05 3.25E+05 2.71E+03 1.06E+04 2.45E+03 2.60E+03

Std. 1.26E+08 5.22E+09 1.04E+06 1.67E+06 8.31E+02 7.85E+03 2.99E+02 3.81E+02

F19 Mean 2.17E+03 3.85E+03 2.17E+03 2.05E+03 2.00E+03 1.99E+03 2.00E+03 1.99E+03

Std. 8.12E+00 6.06E+02 5.09E+01 2.84E+01 2.02E+01 2.64E+00 2.84E+00 2.54E+00

F20 Mean 2.48E+05 4.30E+05 9.22E+04 3.41E+03 3.62E+03 2.47E+03 2.78E+03 3.04E+03

Std. 3.83E+04 1.91E+05 1.99E+04 2.96E+02 2.39E+02 8.93E+01 4.14E+02 1.25E+03

F21 Mean 2.62E+07 7.42E+07 1.15E+07 6.48E+06 1.59E+06 3.40E+05 8.93E+05 2.80E+06

Std. 2.34E+06 4.07E+07 4.26E+06 1.37E+06 5.28E+05 1.63E+05 7.93E+05 7.69E+06

F22 Mean 5.98E+03 6.75E+03 7.19E+03 4.58E+03 4.59E+03 4.09E+03 2.88E+03 3.13E+03

Std. 1.64E+02 1.46E+03 1.05E+03 3.23E+02 6.68E+02 3.55E+02 3.26E+02 3.18E+02

F23 Mean 2.95E+03 3.86E+03 2.57E+03 2.67E+03 2.50E+03 2.65E+03 2.50E+03 2.50E+03

Std. 1.75E+01 4.67E+02 1.22E+02 7.24E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F24 Mean 2.96E+03 3.52E+03 2.60E+03 2.81E+03 2.60E+03 2.77E+03 2.60E+03 2.60E+03

Std. 4.01E+00 1.35E+02 8.52E-01 7.13E+00 0.00E+00 3.19E+00 0.00E+00 0.00E+00

F25 Mean 2.83E+03 2.98E+03 2.70E+03 2.76E+03 2.70E+03 2.73E+03 2.70E+03 2.70E+03

Std. 5.28E+00 7.31E+01 0.00E+00 8.02E+00 0.00E+00 8.16E+00 0.00E+00 0.00E+00

F26 Mean 2.79E+03 2.93E+03 2.80E+03 2.80E+03 2.80E+03 2.87E+03 2.80E+03 2.80E+03

Std. 8.52E+01 6.37E+01 0.00E+00 5.10E-01 0.00E+00 1.43E+02 0.00E+00 1.79E+01

F27 Mean 5.54E+03 6.71E+03 7.34E+03 3.86E+03 2.90E+03 4.02E+03 2.90E+03 2.90E+03

Std. 4.03E+01 1.94E+02 2.15E+02 1.16E+02 0.00E+00 2.53E+02 0.00E+00 0.00E+00

F28 Mean 6.65E+03 1.36E+04 2.16E+04 6.43E+03 3.00E+03 4.98E+03 3.00E+03 3.00E+03

Std. 1.15E+02 2.24E+03 3.52E+03 5.17E+02 0.00E+00 4.87E+01 0.00E+00 0.00E+00

F29 Mean 1.61E+07 9.22E+08 4.67E+08 2.02E+05 3.10E+03 8.34E+07 3.10E+03 3.10E+03

Std. 1.91E+06 2.69E+08 2.71E+08 4.62E+05 0.00E+00 4.23E+05 0.00E+00 0.00E+00

F30 Mean 6.36E+05 1.93E+07 2.18E+06 7.72E+04 3.20E+03 1.22E+04 3.20E+03 3.20E+03

Std. 6.81E+04 9.95E+06 1.35E+06 4.52E+04 0.00E+00 9.28E+02 0.00E+00 0.00E+00

The bold entries are applied to highlight the best results
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Appendix D: The comparative results on the CEC2021 set

D.1 10 Dimensions

Table 25 Comparative results against the state-of-the-art algorithms on functions F1-F10 with D=10 (CEC2021)

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

B-F1 Mean 0.00E+00 0.00E+00 0.00E+00 1.09E-04 7.19E+06 6.64E+05 0.00E+00 0.00E+00
Std. 0.00E+00 0.00E+00 0.00E+00 1.44E-04 3.29E+06 0.00E+00 0.00E+00 0.00E+00

B-F2 Mean 0.00E+00 6.29E-01 6.25E-03 3.63E+01 6.22E+02 8.91E+02 0.00E+00 0.00E+00
Std. 0.00E+00 9.75E-01 1.87E-02 7.27E+01 2.35E+02 0.00E+00 0.00E+00 0.00E+00

B-F3 Mean 0.00E+00 1.14E+01 9.79E+00 1.73E+01 5.46E+01 8.46E+01 0.00E+00 0.00E+00
Std. 0.00E+00 5.75E-01 3.26E+00 2.84E+00 9.05E+00 0.00E+00 0.00E+00 0.00E+00

B-F4 Mean 2.34E-02 4.59E-01 2.96E-01 7.78E-01 3.74E+00 3.38E+00 0.00E+00 0.00E+00
Std. 1.78E-02 1.19E-01 7.21E-02 2.91E-01 9.33E-01 0.00E+00 0.00E+00 0.00E+00

B-F5 Mean 0.00E+00 1.32E-01 0.00E+00 1.40E+01 1.61E+03 1.30E+03 0.00E+00 0.00E+00
Std. 0.00E+00 1.37E-01 0.00E+00 2.16E+01 5.62E+02 0.00E+00 0.00E+00 0.00E+00

B-F6 Mean 2.00E-02 4.52E-01 2.50E-02 1.08E+00 1.93E+02 2.35E+02 0.00E+00 0.00E+00
Std. 9.52E-03 2.35E-01 3.96E-02 2.16E+00 5.88E+01 0.00E+00 0.00E+00 0.00E+00

B-F7 Mean 1.24E-03 1.52E-01 1.74E-02 6.79E+00 7.12E+02 9.85E+02 0.00E+00 0.00E+00
Std. 1.99E-03 2.21E-01 5.90E-02 2.16E+01 2.99E+02 0.00E+00 0.00E+00 0.00E+00

B-F8 Mean 0.00E+00 0.00E+00 0.00E+00 1.88E+01 8.17E+02 2.58E+02 0.00E+00 0.00E+00
Std. 0.00E+00 0.00E+00 0.00E+00 1.24E+01 1.60E+02 0.00E+00 0.00E+00 0.00E+00

B-F9 Mean 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.29E+01 1.33E+01 0.00E+00 0.00E+00
Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.26E+00 0.00E+00 0.00E+00 0.00E+00

B-F10 Mean 5.94E-05 4.80E+01 4.64E+01 4.82E+01 5.28E+01 5.11E+01 0.00E+00 0.00E+00
Std. 6.21E-05 3.15E-02 8.61E+00 1.26E-01 1.30E+00 0.00E+00 0.00E+00 0.00E+00

S-F1 Mean 0.00E+00 0.00E+00 0.00E+00 2.23E-04 6.31E+06 8.26E+05 0.00E+00 0.00E+00
Std. 0.00E+00 0.00E+00 0.00E+00 2.55E-04 1.79E+06 0.00E+00 0.00E+00 0.00E+00

S-F2 Mean 0.00E+00 7.90E+00 1.46E-02 1.12E+02 5.69E+02 9.28E+02 9.30E+00 1.19E+01

Std. 0.00E+00 2.27E+01 3.09E-02 6.71E+01 2.43E+02 0.00E+00 8.85E+00 8.04E+00

S-F3 Mean 1.09E+01 1.13E+01 1.09E+01 1.69E+01 5.08E+01 6.52E+01 1.11E+01 1.14E+01

Std. 0.00E+00 3.29E-01 0.00E+00 3.53E+00 7.78E+00 0.00E+00 2.24E-01 4.79E-01

S-F4 Mean 1.09E-01 5.07E-01 3.14E-01 7.56E-01 5.04E+00 4.68E+00 6.43E-01 3.96E-01

Std. 5.97E-02 1.02E-01 6.72E-02 1.98E-01 5.47E-01 0.00E+00 1.32E-01 7.13E-02

S-F5 Mean 0.00E+00 9.29E+00 6.94E-03 1.07E+02 2.10E+03 1.21E+03 1.28E-01 3.47E-02

Std. 0.00E+00 2.96E+01 3.74E-02 5.80E+01 8.59E+02 0.00E+00 1.13E-01 7.76E-02

S-F6 Mean 2.43E-02 8.02E-01 2.94E-02 1.79E+01 2.82E+02 5.63E+01 5.91E-01 2.42E-01

Std. 7.46E-03 1.13E+00 7.28E-02 3.03E+01 6.99E+01 0.00E+00 3.12E-01 1.78E-01

S-F7 Mean 1.85E-03 3.22E-01 2.03E-02 4.12E+01 1.27E+03 1.04E+03 2.17E-01 1.72E-02

Std. 2.47E-03 2.54E-01 7.46E-02 5.26E+01 5.52E+02 0.00E+00 1.66E-01 5.62E-02

S-F8 Mean 7.78E+00 1.00E+02 9.00E+01 1.02E+02 1.13E+02 1.07E+02 8.70E+01 8.73E+01

Std. 2.49E+01 0.00E+00 3.00E+01 6.12E-01 1.32E+00 0.00E+00 3.41E+01 3.26E+01

S-F9 Mean 9.33E+01 3.03E+02 2.45E+02 3.32E+02 3.52E+02 3.56E+02 3.16E+02 3.25E+02

Std. 2.49E+01 6.96E+01 9.52E+01 7.05E+00 2.71E+00 0.00E+00 4.09E+01 6.91E+00
S-F10 Mean 4.00E+02 4.00E+02 4.00E+02 4.00E+02 4.70E+02 4.03E+02 4.00E+02 4.00E+02

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.82E+01 0.00E+00 0.00E+00 0.00E+00

BS-F1 Mean 1.00E+02 1.00E+02 1.00E+02 1.00E+02 6.73E+06 8.26E+05 1.00E+02 1.00E+02
Std. 0.00E+00 0.00E+00 0.00E+00 2.32E-04 2.38E+06 0.00E+00 0.00E+00 0.00E+00

BS-F2 Mean 1.10E+03 1.11E+03 1.10E+03 1.21E+03 1.51E+03 2.03E+03 1.11E+03 1.11E+03

Std. 0.00E+00 2.08E+01 1.56E-02 6.79E+01 1.45E+02 0.00E+00 6.92E+00 5.98E+00
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Table 25 Continued

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

BS-F3 Mean 7.11E+02 7.11E+02 7.11E+02 7.18E+02 7.49E+02 7.65E+02 7.11E+02 7.11E+02

Std. 0.00E+00 4.24E-01 0.00E+00 3.75E+00 6.93E+00 0.00E+00 1.59E-01 3.67E-01

BS-F4 Mean 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.91E+03 1.90E+03 1.90E+03 1.90E+03

Std. 5.94E-02 1.17E-01 7.82E-02 2.09E-01 8.67E-01 0.00E+00 1.91E-01 7.15E-02

BS-F5 Mean 1.70E+03 1.71E+03 1.70E+03 1.79E+03 5.30E+03 2.91E+03 1.70E+03 1.70E+03

Std. 0.00E+00 2.30E+01 3.74E-02 5.68E+01 4.16E+03 0.00E+00 1.14E-01 1.22E-01

BS-F6 Mean 1.60E+03 1.60E+03 1.60E+03 1.62E+03 1.71E+03 1.66E+03 1.60E+03 1.60E+03

Std. 1.13E-02 1.50E+00 8.89E-02 2.45E+01 1.11E+02 0.00E+00 1.98E-01 1.81E-01

BS-F7 Mean 2.10E+03 2.10E+03 2.10E+03 2.12E+03 3.13E+03 3.14E+03 2.10E+03 2.10E+03

Std. 2.72E-02 4.14E+00 2.18E-02 3.96E+01 4.62E+02 0.00E+00 1.71E-01 5.97E-02

BS-F8 Mean 2.20E+03 2.30E+03 2.29E+03 2.30E+03 2.32E+03 2.31E+03 2.29E+03 2.29E+03

Std. 1.80E+01 0.00E+00 2.49E+01 6.30E-01 2.54E+00 0.00E+00 2.51E+01 2.28E+01

BS-F9 Mean 2.48E+03 2.72E+03 2.64E+03 2.72E+03 2.76E+03 2.76E+03 2.72E+03 2.73E+03

Std. 3.63E+01 7.14E+00 9.80E+01 4.21E+01 5.90E+00 0.00E+00 8.39E+00 5.01E+00

BS-F10 Mean 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.99E+03 2.90E+03 2.90E+03 2.90E+03
Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 1.16E+01 0.00E+00 4.71E-06 0.00E+00

The bold entries are applied to highlight the best results

Table 26 (Cont’d) Comparative results against the state-of-the-art algorithms on functions F1-F10 with D=10 (CEC2021)

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

SR-F1 Mean 0.00E+00 0.00E+00 0.00E+00 9.76E+02 7.91E+06 1.53E+06 0.00E+00 0.00E+00

Std. 0.00E+00 0.00E+00 0.00E+00 1.53E+03 4.42E+06 0.00E+00 0.00E+00 0.00E+00

SR-F2 Mean 4.11E+01 3.18E+01 4.34E+01 1.69E+02 7.79E+02 1.41E+03 3.75E+01 5.78E+01

Std. 4.51E+01 5.43E+01 4.86E+01 1.40E+02 4.79E+02 0.00E+00 3.61E+01 6.27E+01

SR-F3 Mean 1.39E+01 1.26E+01 1.33E+01 1.94E+01 5.59E+01 7.06E+01 1.27E+01 1.36E+01

Std. 2.60E+00 9.14E-01 1.66E+00 4.32E+00 8.38E+00 0.00E+00 1.11E+00 1.42E+00

SR-F4 Mean 1.68E-01 4.73E-01 4.83E-01 9.01E-01 4.82E+00 3.16E+00 6.57E-01 5.71E-01

Std. 1.05E-01 1.32E-01 1.44E-01 3.48E-01 5.91E-01 0.00E+00 3.55E-01 1.24E-01

SR-F5 Mean 6.45E+01 1.84E+01 3.23E-01 9.71E+02 7.05E+05 2.49E+05 2.63E+00 4.82E+00

Std. 6.37E+01 2.98E+01 3.20E-01 7.37E+02 8.60E+05 0.00E+00 8.96E+00 2.13E+00

SR-F6 Mean 2.37E-01 2.75E-01 1.58E-01 7.62E+01 1.82E+02 2.24E+01 1.22E+00 6.65E-01

Std. 1.52E-01 2.05E-01 1.49E-01 8.92E+01 8.78E+01 0.00E+00 1.97E+00 2.97E-01

SR-F7 Mean 3.50E+00 7.23E-01 1.38E-01 1.24E+02 4.44E+04 1.30E+04 1.64E+00 3.21E-01

Std. 6.68E+00 2.99E+00 1.57E-01 9.17E+01 4.37E+04 0.00E+00 4.16E+00 3.45E-01

SR-F8 Mean 2.98E+01 1.00E+02 1.00E+02 1.02E+02 1.14E+02 1.10E+02 1.01E+02 8.91E+01

Std. 2.85E+01 0.00E+00 1.23E-01 6.31E-01 1.13E+00 0.00E+00 4.09E-01 2.70E+01

SR-F9 Mean 7.33E+01 3.04E+02 2.39E+02 3.34E+02 3.59E+02 3.64E+02 3.29E+02 3.32E+02

Std. 4.42E+01 6.81E+01 1.13E+02 4.24E+00 9.28E+00 0.00E+00 6.12E+00 2.01E+00

SR-F10 Mean 3.98E+02 4.27E+02 4.13E+02 4.39E+02 4.54E+02 4.49E+02 4.00E+02 4.01E+02

Std. 5.03E-04 2.17E+01 2.16E+01 1.63E+01 2.88E+00 0.00E+00 8.18E+00 8.22E+00

BSR-F1 Mean 1.00E+02 1.00E+02 1.00E+02 1.14E+03 1.20E+07 1.53E+06 1.00E+02 1.00E+02

Std. 0.00E+00 0.00E+00 0.00E+00 1.57E+03 5.88E+06 0.00E+00 0.00E+00 0.00E+00

BSR-F2 Mean 1.13E+03 1.11E+03 1.14E+03 1.31E+03 2.25E+03 2.51E+03 1.13E+03 1.16E+03

Std. 3.55E+01 5.96E+00 4.70E+01 1.47E+02 1.96E+02 0.00E+00 1.82E+01 5.47E+01

BSR-F3 Mean 7.14E+02 7.13E+02 7.13E+02 7.20E+02 7.64E+02 7.71E+02 7.12E+02 7.13E+02

Std. 1.26E+00 9.72E-01 2.35E+00 4.25E+00 4.62E+00 0.00E+00 7.09E-01 8.88E-01
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Table 26 continued

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

BSR-F4 Mean 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.91E+03 1.90E+03 1.90E+03 1.90E+03

Std. 1.46E-01 1.38E-01 1.11E-01 2.97E-01 1.27E+00 0.00E+00 2.88E-01 1.25E-01

BSR-F5 Mean 1.78E+03 1.73E+03 1.70E+03 2.94E+03 8.86E+05 2.51E+05 1.70E+03 1.70E+03

Std. 7.14E+01 4.37E+01 2.07E+00 9.17E+02 1.26E+06 0.00E+00 8.33E-01 6.36E+00

BSR-F6 Mean 1.60E+03 1.60E+03 1.60E+03 1.65E+03 1.73E+03 1.62E+03 1.60E+03 1.60E+03

Std. 2.51E-01 1.87E-01 2.27E-01 7.91E+01 4.47E+01 0.00E+00 3.74E-01 2.61E-01

BSR-F7 Mean 2.10E+03 2.10E+03 2.10E+03 2.23E+03 2.65E+04 1.51E+04 2.10E+03 2.10E+03

Std. 6.67E+00 2.97E+00 1.59E-01 1.12E+02 1.41E+04 0.00E+00 6.71E-01 2.89E-01

BSR-F8 Mean 2.22E+03 2.30E+03 2.30E+03 2.30E+03 2.31E+03 2.31E+03 2.30E+03 2.30E+03

Std. 1.37E+01 0.00E+00 1.80E+01 8.36E-01 2.30E+01 0.00E+00 2.17E+01 1.46E+01

BSR-F9 Mean 2.48E+03 2.69E+03 2.65E+03 2.73E+03 2.76E+03 2.76E+03 2.71E+03 2.72E+03

Std. 4.23E+01 7.63E+01 1.11E+02 4.26E+01 4.62E+00 0.00E+00 6.88E+01 5.76E+01

BSR-F10 Mean 2.89E+03 2.93E+03 2.92E+03 2.94E+03 2.96E+03 2.95E+03 2.90E+03 2.90E+03

Std. 5.34E+01 2.21E+01 2.27E+01 1.87E+01 2.88E+00 0.00E+00 1.59E+01 8.35E+00

The bold entries are applied to highlight the best results

Table 27 Comparative results against popular meta-heuristic algorithms on functions F1-F10 with D=10 (CEC2021)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

B-F1 Mean 2.91E+07 4.00E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 7.67E+06 4.90E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

B-F2 Mean 3.86E+02 6.01E+02 0.00E+00 1.50E-01 0.00E+00 1.62E-01 0.00E+00 0.00E+00

Std. 9.53E+01 2.41E+02 0.00E+00 8.00E-02 0.00E+00 7.69E-02 0.00E+00 0.00E+00

B-F3 Mean 4.40E+01 3.52E+01 0.00E+00 9.06E+00 0.00E+00 1.09E+01 0.00E+00 0.00E+00

Std. 4.46E+00 2.30E+01 0.00E+00 4.05E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

B-F4 Mean 2.80E+00 1.16E+00 5.72E-03 4.42E-01 0.00E+00 3.27E-01 0.00E+00 0.00E+00

Std. 3.97E-01 4.81E-01 3.08E-02 7.04E-02 0.00E+00 5.87E-02 0.00E+00 0.00E+00

B-F5 Mean 5.38E+03 1.94E+03 0.00E+00 4.23E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 1.80E+03 2.92E+03 0.00E+00 5.25E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

B-F6 Mean 1.28E+01 3.75E+01 1.39E-01 3.16E-01 0.00E+00 3.71E-02 0.00E+00 0.00E+00

Std. 2.56E+00 5.46E+01 3.22E-01 3.70E-01 0.00E+00 4.06E-02 0.00E+00 0.00E+00

B-F7 Mean 1.54E+03 5.17E+02 2.27E-02 2.27E+01 0.00E+00 1.19E-02 0.00E+00 0.00E+00

Std. 4.73E+02 7.62E+02 5.64E-02 4.33E+01 0.00E+00 5.62E-02 0.00E+00 0.00E+00

B-F8 Mean 1.66E+02 4.60E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 2.62E+01 2.54E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

B-F9 Mean 3.56E+01 9.15E-01 3.31E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 3.41E+00 1.89E+00 1.24E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

B-F10 Mean 5.30E+01 6.19E+01 7.67E-02 4.81E+01 0.00E+00 4.80E+01 0.00E+00 0.00E+00

Std. 5.08E-01 1.62E+01 2.83E-02 2.91E-01 0.00E+00 2.66E-03 0.00E+00 0.00E+00

S-F1 Mean 3.42E+07 3.44E+08 6.56E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 7.67E+06 5.05E+08 5.46E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

S-F2 Mean 3.52E+02 6.67E+02 8.43E+02 2.01E+00 4.91E+00 6.96E+00 9.30E+00 1.19E+01

Std. 8.68E+01 2.91E+02 2.89E+02 2.56E+00 4.86E+00 2.39E+01 8.85E+00 8.04E+00

S-F3 Mean 4.32E+01 3.45E+01 7.79E+01 1.05E+01 1.10E+01 1.09E+01 1.11E+01 1.14E+01

Std. 3.39E+00 1.76E+01 2.19E+01 1.95E+00 1.75E-01 0.00E+00 2.24E-01 4.79E-01

S-F4 Mean 2.96E+00 3.81E+01 5.46E+00 4.63E-01 2.99E-01 3.36E-01 6.43E-01 3.96E-01

Std. 4.14E-01 1.10E+02 3.71E+00 6.43E-02 7.97E-02 5.71E-02 1.32E-01 7.13E-02
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Table 27 continued

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

S-F5 Mean 5.89E+03 9.07E+02 1.19E+04 1.04E+02 5.71E+00 6.94E-03 1.28E-01 3.47E-02

Std. 2.31E+03 5.02E+02 1.40E+04 5.97E+01 2.13E+01 3.74E-02 1.13E-01 7.76E-02

S-F6 Mean 1.36E+01 8.68E+01 1.11E+02 6.89E-01 7.52E-01 7.50E-02 5.91E-01 2.42E-01

Std. 4.24E+00 7.72E+01 6.83E+01 8.68E-01 2.06E+00 7.11E-02 3.12E-01 1.78E-01

S-F7 Mean 1.45E+03 6.05E+02 6.47E+03 6.06E+01 4.74E+00 4.31E-02 2.17E-01 1.72E-02

Std. 5.17E+02 4.04E+02 7.72E+03 7.63E+01 2.13E+01 1.06E-01 1.66E-01 5.62E-02

S-F8 Mean 1.16E+02 1.53E+02 1.08E+02 9.67E+01 8.45E+01 1.00E+02 8.70E+01 8.73E+01

Std. 1.25E+00 5.92E+01 1.43E+01 1.80E+01 3.50E+01 5.30E-02 3.41E+01 3.26E+01

S-F9 Mean 3.50E+02 3.67E+02 3.51E+02 2.66E+02 2.17E+02 3.27E+02 3.16E+02 3.25E+02

Std. 2.56E+00 1.30E+01 1.03E+02 1.00E+02 1.11E+02 9.64E+00 4.09E+01 6.91E+00

S-F10 Mean 4.31E+02 4.89E+02 4.66E+02 4.05E+02 4.00E+02 4.00E+02 4.00E+02 4.00E+02

Std. 5.06E+00 7.18E+01 7.70E+01 1.68E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

BS-F1 Mean 3.54E+07 4.15E+08 1.08E+04 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02

Std. 7.90E+06 5.67E+08 8.09E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

BS-F2 Mean 1.49E+03 1.69E+03 1.97E+03 1.10E+03 1.10E+03 1.10E+03 1.11E+03 1.11E+03

Std. 7.93E+01 2.82E+02 3.04E+02 1.46E+00 3.38E+00 5.21E+00 6.92E+00 5.98E+00

BS-F3 Mean 7.43E+02 7.29E+02 7.84E+02 7.11E+02 7.11E+02 7.11E+02 7.11E+02 7.11E+02

Std. 4.87E+00 9.04E+00 2.15E+01 2.94E-02 1.63E+00 0.00E+00 1.59E-01 3.67E-01

BS-F4 Mean 1.90E+03 1.93E+03 1.91E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03

Std. 3.54E-01 9.15E+01 3.95E+00 7.00E-02 9.22E-02 6.08E-02 1.91E-01 7.15E-02

BS-F5 Mean 7.52E+03 2.62E+03 2.83E+04 1.80E+03 1.71E+03 1.70E+03 1.70E+03 1.70E+03

Std. 2.45E+03 3.51E+02 3.54E+04 5.63E+01 2.23E+01 3.74E-02 1.14E-01 1.22E-01

BS-F6 Mean 1.62E+03 1.67E+03 1.72E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03 1.60E+03

Std. 2.28E+01 5.84E+01 7.23E+01 1.29E+00 2.08E+00 5.55E-02 1.98E-01 1.81E-01

BS-F7 Mean 3.56E+03 2.67E+03 9.91E+03 2.12E+03 2.10E+03 2.10E+03 2.10E+03 2.10E+03

Std. 5.04E+02 3.28E+02 7.75E+03 4.01E+01 2.68E-01 7.75E-02 1.71E-01 5.97E-02

BS-F8 Mean 2.31E+03 2.38E+03 2.31E+03 2.29E+03 2.28E+03 2.28E+03 2.29E+03 2.29E+03

Std. 1.35E+01 1.01E+02 1.60E+01 2.50E+01 3.52E+01 3.73E+01 2.51E+01 2.28E+01

BS-F9 Mean 2.75E+03 2.77E+03 2.78E+03 2.69E+03 2.63E+03 2.72E+03 2.72E+03 2.73E+03

Std. 2.74E+00 1.28E+01 8.02E+01 8.43E+01 1.12E+02 2.50E+01 8.39E+00 5.01E+00

BS-F10 Mean 2.93E+03 2.98E+03 2.96E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03

Std. 4.21E+00 9.64E+01 9.00E+01 4.42E+00 0.00E+00 0.00E+00 4.71E-06 0.00E+00

The bold entries are applied to highlight the best results

Table 28 (Cont’d) Comparative results against popular meta-heuristic algorithms on functions F1-F10 with D=10 (CEC2021)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

SR-F1 Mean 4.61E+07 1.07E+09 8.57E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 1.07E+07 8.59E+08 1.60E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

SR-F2 Mean 4.78E+02 8.00E+02 1.07E+03 1.08E+02 2.85E+01 1.14E+02 3.75E+01 5.78E+01

Std. 8.03E+01 3.08E+02 3.56E+02 6.62E+01 3.84E+01 8.93E+01 3.61E+01 6.27E+01

SR-F3 Mean 4.39E+01 3.61E+01 7.87E+01 1.28E+01 1.28E+01 1.26E+01 1.27E+01 1.36E+01

Std. 3.97E+00 1.95E+01 2.37E+01 1.30E+00 1.49E+00 6.31E-01 1.11E+00 1.42E+00

SR-F4 Mean 3.14E+00 4.69E+01 5.88E+00 7.89E-01 5.83E-01 5.94E-01 6.57E-01 5.71E-01

Std. 3.82E-01 8.37E+01 3.44E+00 2.86E-01 2.67E-01 1.40E-01 3.55E-01 1.24E-01

SR-F5 Mean 5.99E+03 8.50E+03 6.19E+04 9.54E+01 1.62E+02 2.11E+00 2.63E+00 4.82E+00

Std. 2.71E+03 1.05E+04 1.47E+05 8.51E+01 3.34E+02 1.15E+00 8.96E+00 2.13E+00
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Table 28 continued

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

SR-F6 Mean 3.82E+01 1.72E+02 2.01E+02 2.07E+01 5.56E+00 1.81E+01 1.22E+00 6.65E-01

Std. 6.24E+01 1.28E+02 1.06E+02 4.43E+01 2.15E+01 4.02E+01 1.97E+00 2.97E-01

SR-F7 Mean 1.75E+03 1.13E+03 2.16E+04 2.23E+01 2.79E+00 3.10E-01 1.64E+00 3.21E-01

Std. 9.60E+02 7.52E+02 1.92E+04 4.04E+01 5.57E+00 1.79E-01 4.16E+00 3.45E-01

SR-F8 Mean 1.14E+02 1.24E+02 1.65E+02 1.00E+02 9.32E+01 9.48E+01 1.01E+02 8.91E+01

Std. 1.57E+01 2.28E+01 2.11E+02 2.38E-01 1.83E+01 2.15E+01 4.09E-01 2.70E+01

SR-F9 Mean 3.48E+02 3.77E+02 3.60E+02 2.37E+02 1.58E+02 3.35E+02 3.29E+02 3.32E+02

Std. 1.49E+01 1.40E+01 9.52E+01 1.12E+02 9.93E+01 2.34E+00 6.12E+00 2.01E+00

SR-F10 Mean 4.32E+02 4.92E+02 4.36E+02 4.22E+02 3.96E+02 4.14E+02 4.00E+02 4.01E+02

Std. 1.58E+01 8.53E+01 7.09E+01 2.25E+01 5.75E+01 2.23E+01 8.18E+00 8.22E+00

BSR-F1 Mean 4.21E+07 5.54E+08 3.02E+04 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02

Std. 1.36E+07 6.82E+08 1.37E+04 0.00E+00 2.22E+00 0.00E+00 0.00E+00 0.00E+00

BSR-F2 Mean 1.53E+03 1.88E+03 2.12E+03 1.21E+03 1.13E+03 1.23E+03 1.13E+03 1.16E+03

Std. 1.06E+02 2.72E+02 2.79E+02 6.87E+01 3.31E+01 1.14E+02 1.82E+01 5.47E+01

BSR-F3 Mean 7.45E+02 7.33E+02 7.79E+02 7.13E+02 7.13E+02 7.13E+02 7.12E+02 7.13E+02

Std. 5.13E+00 1.95E+01 2.57E+01 7.78E-01 1.11E+00 1.10E+00 7.09E-01 8.88E-01

BSR-F4 Mean 1.90E+03 1.95E+03 1.91E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03

Std. 3.68E-01 7.96E+01 6.98E+00 1.63E-01 2.64E-01 1.43E-01 2.88E-01 1.25E-01

BSR-F5 Mean 7.66E+03 8.73E+03 8.43E+04 1.80E+03 1.87E+03 1.70E+03 1.70E+03 1.70E+03

Std. 2.04E+03 5.46E+03 1.36E+05 6.54E+01 5.22E+02 1.15E+00 8.33E-01 6.36E+00

BSR-F6 Mean 1.64E+03 1.80E+03 1.80E+03 1.60E+03 1.60E+03 1.61E+03 1.60E+03 1.60E+03

Std. 5.87E+01 1.08E+02 9.26E+01 2.13E+01 4.19E-01 2.97E+01 3.74E-01 2.61E-01

BSR-F7 Mean 3.53E+03 3.16E+03 1.59E+04 2.14E+03 2.10E+03 2.10E+03 2.10E+03 2.10E+03

Std. 5.22E+02 5.80E+02 9.95E+03 5.26E+01 2.96E+00 2.15E-01 6.71E-01 2.89E-01

BSR-F8 Mean 2.32E+03 2.44E+03 2.32E+03 2.30E+03 2.29E+03 2.29E+03 2.30E+03 2.30E+03

Std. 1.33E+00 3.21E+02 3.14E+01 1.80E+01 2.26E+01 2.51E+01 2.17E+01 1.46E+01

BSR-F9 Mean 2.75E+03 2.77E+03 2.77E+03 2.64E+03 2.57E+03 2.73E+03 2.71E+03 2.72E+03

Std. 3.46E+00 1.20E+01 7.95E+01 1.11E+02 1.02E+02 4.22E+01 6.88E+01 5.76E+01

BSR-F10 Mean 2.93E+03 2.96E+03 2.94E+03 2.92E+03 2.89E+03 2.91E+03 2.90E+03 2.90E+03

Std. 1.70E+01 3.32E+01 3.14E+01 2.26E+01 3.68E+01 1.88E+01 1.59E+01 8.35E+00

The bold entries are applied to highlight the best results
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D.2 20 Dimensions

Table 29 Comparative results against the state-of-the-art algorithms on functions F1-F10 with D=20 (CEC2021)

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

B-F1 Mean 0.00E+00 0.00E+00 0.00E+00 1.88E-07 4.38E+07 2.25E+08 0.00E+00 0.00E+00
Std. 0.00E+00 0.00E+00 0.00E+00 1.98E-07 1.11E+07 0.00E+00 0.00E+00 0.00E+00

B-F2 Mean 0.00E+00 3.44E-01 1.77E-02 6.65E+01 2.14E+03 3.89E+03 0.00E+00 0.00E+00
Std. 0.00E+00 6.65E-02 2.51E-02 9.47E+01 2.18E+02 0.00E+00 0.00E+00 0.00E+00

B-F3 Mean 0.00E+00 2.07E+01 1.81E+01 1.34E+01 1.41E+02 2.09E+02 0.00E+00 0.00E+00
Std. 0.00E+00 5.02E+00 6.05E+00 3.51E+00 1.32E+01 0.00E+00 0.00E+00 0.00E+00

B-F4 Mean 7.60E-02 1.11E+00 7.13E-01 1.76E+00 1.40E+01 2.07E+01 0.00E+00 0.00E+00
Std. 2.98E-02 2.59E-01 1.46E-01 4.24E-01 1.56E+00 0.00E+00 0.00E+00 0.00E+00

B-F5 Mean 0.00E+00 5.86E-01 3.47E-03 9.54E+00 5.13E+04 2.15E+03 0.00E+00 0.00E+00
Std. 0.00E+00 6.83E-01 1.87E-02 4.82E+00 3.19E+04 0.00E+00 0.00E+00 0.00E+00

B-F6 Mean 7.08E-02 7.13E-01 2.18E-01 1.06E+00 3.23E+02 4.97E+02 1.08E-07 0.00E+00
Std. 2.49E-02 1.34E-01 1.14E-01 4.02E-01 1.25E+02 0.00E+00 5.47E-07 0.00E+00

B-F7 Mean 3.90E-02 6.69E-01 1.10E-01 7.65E-01 7.87E+03 1.08E+03 2.91E-05 0.00E+00
Std. 1.57E-02 1.37E-01 1.10E-01 2.70E-01 2.34E+03 0.00E+00 1.57E-04 0.00E+00

B-F8 Mean 0.00E+00 0.00E+00 0.00E+00 4.08E+01 2.07E+03 3.54E+03 0.00E+00 0.00E+00
Std. 0.00E+00 0.00E+00 0.00E+00 2.06E+01 6.40E+02 0.00E+00 0.00E+00 0.00E+00

B-F9 Mean 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.23E+01 7.49E+01 0.00E+00 0.00E+00
Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 7.19E+00 0.00E+00 0.00E+00 0.00E+00

B-F10 Mean 5.47E-04 4.88E+01 4.92E+01 4.90E+01 5.78E+01 7.63E+01 0.00E+00 0.00E+00
Std. 4.32E-04 3.24E-02 2.30E+00 1.04E-01 1.53E+00 0.00E+00 0.00E+00 0.00E+00

S-F1 Mean 0.00E+00 0.00E+00 0.00E+00 2.29E-01 3.75E+07 2.66E+08 0.00E+00 0.00E+00
Std. 0.00E+00 0.00E+00 0.00E+00 1.19E+00 9.16E+06 0.00E+00 0.00E+00 0.00E+00

S-F2 Mean 0.00E+00 6.00E+01 1.25E-02 4.48E+02 2.17E+03 3.54E+03 2.46E+01 1.62E+01

Std. 0.00E+00 6.69E+01 2.07E-02 1.33E+02 5.33E+02 0.00E+00 2.89E+01 8.20E+00

S-F3 Mean 2.02E+01 2.20E+01 2.02E+01 3.50E+01 1.35E+02 2.24E+02 2.12E+01 2.04E+01

Std. 0.00E+00 1.39E+00 0.00E+00 4.63E+00 1.94E+01 0.00E+00 8.19E-01 4.41E-01

S-F4 Mean 1.90E-01 1.13E+00 6.92E-01 1.73E+00 1.39E+01 4.46E+01 1.57E+00 8.38E-01

Std. 8.40E-02 2.71E-01 1.31E-01 3.08E-01 1.10E+00 0.00E+00 3.19E-01 1.25E-01

S-F5 Mean 0.00E+00 3.90E+01 2.43E-02 1.02E+02 7.47E+04 1.80E+03 3.20E+00 1.70E+00

Std. 0.00E+00 5.46E+01 5.16E-02 5.25E+01 7.07E+04 0.00E+00 4.99E+00 3.89E+00

S-F6 Mean 7.98E-02 6.81E-01 1.42E-01 1.25E+02 6.88E+02 1.19E+03 1.83E+00 8.33E-01

Std. 3.80E-02 1.08E-01 7.53E-02 5.71E+01 2.88E+02 0.00E+00 3.75E+00 1.00E+00

S-F7 Mean 6.11E-02 3.34E+01 7.99E-02 8.21E+01 4.60E+04 1.61E+04 8.91E-01 3.34E+00

Std. 2.38E-02 5.26E+01 6.61E-02 5.72E+01 5.78E+03 0.00E+00 1.50E+00 8.71E+00

S-F8 Mean 4.08E+01 1.00E+02 1.00E+02 1.01E+02 1.38E+02 2.88E+03 1.00E+02 1.00E+02

Std. 4.85E+01 0.00E+00 0.00E+00 1.00E+00 6.49E+00 0.00E+00 0.00E+00 0.00E+00

S-F9 Mean 1.89E+02 3.91E+02 3.00E+02 3.80E+02 4.95E+02 4.56E+02 4.02E+02 4.01E+02

Std. 1.27E+02 3.85E+00 0.00E+00 3.68E+01 1.72E+01 0.00E+00 1.26E+00 7.88E-01

S-F10 Mean 4.00E+02 4.63E+02 4.59E+02 4.87E+02 5.57E+02 5.46E+02 4.80E+02 4.60E+02

Std. 0.00E+00 3.79E+01 3.25E+01 3.10E+01 1.45E+01 0.00E+00 2.15E+01 3.93E+01

BS-F1 Mean 1.00E+02 1.00E+02 1.00E+02 1.00E+02 5.28E+07 2.66E+08 1.00E+02 1.00E+02
Std. 0.00E+00 0.00E+00 0.00E+00 6.04E-03 1.67E+07 0.00E+00 0.00E+00 0.00E+00

BS-F2 Mean 1.10E+03 1.13E+03 1.10E+03 1.54E+03 3.13E+03 4.64E+03 1.12E+03 1.12E+03

Std. 0.00E+00 4.79E+01 1.68E-02 1.24E+02 3.09E+02 0.00E+00 7.54E+00 6.67E+00

BS-F3 Mean 7.20E+02 7.22E+02 7.20E+02 7.35E+02 8.48E+02 9.24E+02 7.21E+02 7.20E+02

Std. 0.00E+00 1.63E+00 0.00E+00 5.05E+00 2.14E+01 0.00E+00 6.40E-01 3.42E-01

BS-F4 Mean 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.92E+03 1.94E+03 1.90E+03 1.90E+03

Std. 9.71E-02 2.47E-01 1.39E-01 4.06E-01 1.14E+00 0.00E+00 3.59E-01 1.57E-01
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Table 29 (Continued)

Func. Metric NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

BS-F5 Mean 1.70E+03 1.72E+03 1.70E+03 1.80E+03 9.35E+04 3.50E+03 1.70E+03 1.70E+03

Std. 0.00E+00 4.05E+01 6.66E-02 5.83E+01 4.41E+04 0.00E+00 8.53E+00 2.18E+00

BS-F6 Mean 1.60E+03 1.60E+03 1.60E+03 1.70E+03 2.54E+03 2.79E+03 1.60E+03 1.60E+03

Std. 3.17E-02 1.24E-01 7.60E-02 8.12E+01 3.32E+02 0.00E+00 3.57E+00 1.02E+00

BS-F7 Mean 2.10E+03 2.13E+03 2.10E+03 2.19E+03 3.55E+04 1.82E+04 2.10E+03 2.10E+03

Std. 3.07E-02 4.86E+01 1.17E-01 5.60E+01 1.88E+04 0.00E+00 7.42E+00 9.85E+00

BS-F8 Mean 2.25E+03 2.30E+03 2.30E+03 2.30E+03 2.37E+03 5.08E+03 2.30E+03 2.30E+03

Std. 4.86E+01 0.00E+00 2.28E-01 7.71E-01 5.38E+00 0.00E+00 2.64E-06 0.00E+00

BS-F9 Mean 2.56E+03 2.79E+03 2.71E+03 2.78E+03 2.91E+03 2.86E+03 2.80E+03 2.80E+03

Std. 1.15E+02 3.31E+00 2.99E+01 3.26E+01 1.02E+01 0.00E+00 1.45E+00 6.60E-01

BS-F10 Mean 2.90E+03 2.96E+03 2.95E+03 3.00E+03 3.10E+03 3.05E+03 2.98E+03 2.97E+03

Std. 0.00E+00 3.79E+01 3.75E+01 2.12E+01 2.78E+01 0.00E+00 1.55E+01 3.63E+01

SR-F1 Mean 0.00E+00 0.00E+00 0.00E+00 1.06E+03 5.65E+07 6.40E+07 0.00E+00 0.00E+00
Std. 0.00E+00 0.00E+00 0.00E+00 1.36E+03 1.15E+07 0.00E+00 0.00E+00 0.00E+00

SR-F2 Mean 1.24E+01 1.27E+02 5.03E+01 4.24E+02 2.26E+03 2.30E+03 3.38E+01 2.24E+01

Std. 2.23E+01 1.57E+02 7.06E+01 1.76E+02 3.96E+02 0.00E+00 3.46E+01 1.10E+01

SR-F3 Mean 2.27E+01 2.41E+01 2.38E+01 3.80E+01 1.43E+02 1.70E+02 2.33E+01 2.27E+01

Std. 7.73E-01 2.35E+00 1.47E+00 4.96E+00 1.52E+01 0.00E+00 1.13E+00 1.24E+00

SR-F4 Mean 6.24E-01 1.21E+00 8.56E-01 1.82E+00 1.47E+01 2.42E+02 1.59E+00 9.61E-01

Std. 1.21E-01 3.17E-01 2.08E-01 4.85E-01 1.54E+00 0.00E+00 4.32E-01 1.51E-01

SR-F5 Mean 3.72E+02 1.14E+02 1.12E+02 1.52E+03 2.36E+06 5.90E+05 1.82E+02 1.28E+02

Std. 1.78E+02 7.87E+01 8.57E+01 9.59E+02 2.11E+06 0.00E+00 1.16E+02 1.04E+02

SR-F6 Mean 3.88E-01 7.58E-01 5.19E-01 9.73E+01 7.23E+02 1.22E+03 1.95E+00 1.48E+00

Std. 1.93E-01 2.80E-01 3.33E-01 8.34E+01 1.83E+02 0.00E+00 1.04E+00 5.40E-01

SR-F7 Mean 1.00E+02 3.34E+01 4.43E+01 1.77E+02 5.18E+05 9.19E+05 2.02E+01 2.72E+01

Std. 6.16E+01 4.89E+01 6.24E+01 9.14E+01 1.95E+05 0.00E+00 5.21E+01 4.11E+01

SR-F8 Mean 9.16E+01 1.00E+02 1.00E+02 1.01E+02 9.53E+02 3.18E+03 1.00E+02 1.00E+02

Std. 1.41E+01 0.00E+00 0.00E+00 7.53E-01 1.22E+03 0.00E+00 0.00E+00 0.00E+00

SR-F9 Mean 1.03E+02 3.93E+02 4.14E+02 3.98E+02 5.20E+02 5.17E+02 4.04E+02 4.02E+02

Std. 3.15E+01 8.80E+00 4.82E+00 2.31E+01 2.03E+01 0.00E+00 4.02E+00 2.81E+00

SR-F10 Mean 4.09E+02 4.14E+02 4.07E+02 4.17E+02 4.59E+02 4.66E+02 4.14E+02 4.13E+02

Std. 6.01E+00 9.79E-03 3.59E+00 9.50E+00 2.50E+01 0.00E+00 5.89E-01 8.04E-01

The bold entries are applied to highlight the best results

Table 30 Comparative results against popular meta-heuristic algorithms on functions F1-F10 with D=20 (CEC2021)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

B-F1 Mean 3.62E+08 1.55E+07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 4.97E+07 8.16E+07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

B-F2 Mean 2.23E+03 2.10E+03 0.00E+00 4.87E+00 0.00E+00 2.34E+00 0.00E+00 0.00E+00

Std. 1.70E+02 5.18E+02 0.00E+00 2.11E+01 0.00E+00 2.20E+00 0.00E+00 0.00E+00

B-F3 Mean 1.46E+02 2.27E+02 0.00E+00 1.58E+01 0.00E+00 2.02E+01 0.00E+00 0.00E+00

Std. 7.78E+00 1.17E+02 0.00E+00 8.72E+00 0.00E+00 1.53E-01 0.00E+00 0.00E+00

B-F4 Mean 1.28E+01 9.06E+00 0.00E+00 1.72E+00 0.00E+00 8.08E-01 0.00E+00 0.00E+00

Std. 7.95E-01 5.48E+00 0.00E+00 2.31E-01 0.00E+00 1.71E-01 0.00E+00 0.00E+00

B-F5 Mean 1.31E+05 2.73E+05 0.00E+00 1.87E+02 0.00E+00 2.62E+01 0.00E+00 0.00E+00

Std. 3.84E+04 9.25E+05 0.00E+00 1.38E+02 0.00E+00 9.80E+01 0.00E+00 0.00E+00
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Table 30 continued

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

B-F6 Mean 1.10E+02 5.05E+02 1.03E-01 2.83E+00 0.00E+00 1.12E+00 1.08E-07 0.00E+00

Std. 1.96E+01 2.47E+02 6.75E-02 1.49E+00 0.00E+00 3.26E-01 5.47E-07 0.00E+00

B-F7 Mean 2.98E+04 1.19E+05 3.58E-02 8.09E+01 0.00E+00 5.15E+00 2.91E-05 0.00E+00

Std. 1.12E+04 4.51E+05 4.02E-02 1.02E+02 0.00E+00 2.12E+01 1.57E-04 0.00E+00

B-F8 Mean 8.15E+02 1.83E+03 0.00E+00 4.46E+00 0.00E+00 6.87E-01 0.00E+00 0.00E+00

Std. 8.86E+01 5.52E+02 0.00E+00 6.82E+00 0.00E+00 2.57E+00 0.00E+00 0.00E+00

B-F9 Mean 8.61E+01 6.98E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 5.00E+00 5.91E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

B-F10 Mean 6.44E+01 1.39E+02 1.12E-01 5.20E+01 0.00E+00 4.88E+01 0.00E+00 0.00E+00

Std. 1.46E+00 7.80E+01 3.75E-02 7.37E+00 0.00E+00 1.10E-02 0.00E+00 0.00E+00

S-F1 Mean 3.50E+08 4.35E+09 6.35E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 5.64E+07 3.33E+09 5.98E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

S-F2 Mean 2.12E+03 2.23E+03 2.58E+03 4.80E+01 3.82E+01 4.11E+01 2.46E+01 1.62E+01

Std. 1.84E+02 5.71E+02 5.50E+02 6.56E+01 5.91E+01 4.26E+01 2.89E+01 8.20E+00

S-F3 Mean 1.47E+02 1.79E+02 2.45E+02 2.04E+01 2.20E+01 2.02E+01 2.12E+01 2.04E+01

Std. 6.13E+00 8.39E+01 4.47E+01 4.29E-01 9.75E-01 1.10E-01 8.19E-01 4.41E-01

S-F4 Mean 1.21E+01 1.69E+04 2.81E+01 1.84E+00 1.03E+00 8.65E-01 1.57E+00 8.38E-01

Std. 9.84E-01 3.00E+04 1.04E+01 2.60E-01 2.27E-01 1.71E-01 3.19E-01 1.25E-01

S-F5 Mean 1.09E+05 3.13E+05 1.42E+05 2.10E+02 1.13E+01 1.12E+02 3.20E+00 1.70E+00

Std. 4.24E+04 5.63E+05 8.73E+04 1.51E+02 2.99E+01 1.28E+02 4.99E+00 3.89E+00

S-F6 Mean 1.37E+02 7.02E+02 6.64E+02 2.22E+01 1.31E+00 2.66E+01 1.83E+00 8.33E-01

Std. 1.70E+01 2.20E+02 2.69E+02 4.36E+01 2.15E+00 4.98E+01 3.75E+00 1.00E+00

S-F7 Mean 3.66E+04 4.43E+04 4.12E+04 1.29E+02 1.44E+01 3.12E+01 8.91E-01 3.34E+00

Std. 9.97E+03 9.01E+04 3.33E+04 1.06E+02 3.52E+01 1.83E+01 1.50E+00 8.71E+00

S-F8 Mean 1.73E+02 9.97E+02 7.53E+02 1.00E+02 1.00E+02 1.50E+02 1.00E+02 1.00E+02

Std. 7.09E+00 9.95E+02 1.19E+03 3.17E-01 0.00E+00 7.71E+01 0.00E+00 0.00E+00

S-F9 Mean 4.73E+02 5.76E+02 6.27E+02 4.02E+02 4.01E+02 4.04E+02 4.02E+02 4.01E+02

Std. 5.58E+00 4.50E+01 8.00E+01 4.20E+00 2.05E+00 2.57E+00 1.26E+00 7.88E-01

S-F10 Mean 5.16E+02 7.80E+02 4.98E+02 4.47E+02 4.37E+02 4.86E+02 4.80E+02 4.60E+02

Std. 4.02E+00 3.23E+02 3.31E+01 3.73E+01 4.21E+01 2.42E-02 2.15E+01 3.93E+01

BS-F1 Mean 3.47E+08 3.56E+09 6.59E+03 1.00E+02 1.00E+02 1.00E+02 1.00E+02 1.00E+02

Std. 4.81E+07 2.96E+09 5.89E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

BS-F2 Mean 3.11E+03 3.40E+03 3.65E+03 1.17E+03 1.12E+03 1.15E+03 1.12E+03 1.12E+03

Std. 1.59E+02 5.16E+02 5.78E+02 8.06E+01 3.03E+01 5.15E+01 7.54E+00 6.67E+00

BS-F3 Mean 8.46E+02 8.97E+02 9.43E+02 7.21E+02 7.22E+02 7.20E+02 7.21E+02 7.20E+02

Std. 9.30E+00 8.57E+01 4.34E+01 9.15E-01 1.43E+00 1.10E-01 6.40E-01 3.42E-01

BS-F4 Mean 1.91E+03 7.68E+03 1.92E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.90E+03

Std. 6.32E-01 9.32E+03 1.19E+01 2.77E-01 2.86E-01 1.35E-01 3.59E-01 1.57E-01

BS-F5 Mean 1.25E+05 8.39E+05 1.64E+05 1.98E+03 1.71E+03 1.79E+03 1.70E+03 1.70E+03

Std. 2.76E+04 2.79E+06 7.96E+04 1.35E+02 2.99E+01 1.28E+02 8.53E+00 2.18E+00

BS-F6 Mean 1.74E+03 2.30E+03 2.26E+03 1.64E+03 1.60E+03 1.62E+03 1.60E+03 1.60E+03

Std. 1.45E+01 2.41E+02 1.62E+02 6.25E+01 1.02E+00 5.34E+01 3.57E+00 1.02E+00
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Table 30 continued

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

BS-F7 Mean 3.70E+04 8.94E+04 4.03E+04 2.22E+03 2.11E+03 2.15E+03 2.10E+03 2.10E+03

Std. 1.08E+04 1.78E+05 3.26E+04 7.02E+01 3.52E+01 8.96E+01 7.42E+00 9.85E+00

BS-F8 Mean 2.37E+03 3.12E+03 3.42E+03 2.30E+03 2.30E+03 2.37E+03 2.30E+03 2.30E+03

Std. 5.97E+00 8.89E+02 1.38E+03 0.00E+00 0.00E+00 8.91E+01 2.64E-06 0.00E+00

BS-F9 Mean 2.87E+03 2.97E+03 3.05E+03 2.80E+03 2.80E+03 2.81E+03 2.80E+03 2.80E+03

Std. 6.31E+00 3.59E+01 7.22E+01 2.55E+00 1.01E+00 7.58E+00 1.45E+00 6.60E-01

BS-F10 Mean 3.02E+03 3.22E+03 3.00E+03 2.97E+03 2.93E+03 2.99E+03 2.98E+03 2.97E+03

Std. 4.05E+00 3.01E+02 3.87E+01 3.65E+01 4.21E+01 2.56E-02 1.55E+01 3.63E+01

SR-F1 Mean 4.20E+08 2.49E+09 9.53E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 5.92E+07 2.62E+09 4.11E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

SR-F2 Mean 2.17E+03 2.42E+03 2.50E+03 1.80E+02 2.73E+01 1.06E+02 3.38E+01 2.24E+01

Std. 1.70E+02 5.77E+02 4.89E+02 1.29E+02 4.11E+01 1.17E+02 3.46E+01 1.10E+01

SR-F3 Mean 1.49E+02 2.07E+02 2.42E+02 2.17E+01 2.18E+01 2.42E+01 2.33E+01 2.27E+01

Std. 6.48E+00 8.73E+01 3.82E+01 9.31E-01 9.45E-01 1.41E+00 1.13E+00 1.24E+00

SR-F4 Mean 1.34E+01 3.12E+03 4.26E+01 2.40E+00 1.70E+00 1.13E+00 1.59E+00 9.61E-01

Std. 1.11E+00 4.57E+03 1.73E+01 4.22E-01 4.35E-01 2.79E-01 4.32E-01 1.51E-01

SR-F5 Mean 1.90E+05 1.24E+06 2.67E+05 4.90E+03 3.21E+04 1.04E+02 1.82E+02 1.28E+02

Std. 4.98E+04 1.37E+06 2.27E+05 3.20E+03 1.83E+04 7.98E+01 1.16E+02 1.04E+02

SR-F6 Mean 1.46E+02 6.05E+02 7.89E+02 2.20E+01 5.37E+00 1.20E+01 1.95E+00 1.48E+00

Std. 1.27E+01 2.30E+02 2.29E+02 4.41E+01 2.23E+01 9.49E+00 1.04E+00 5.40E-01

SR-F7 Mean 4.11E+04 3.82E+05 1.73E+05 2.76E+02 7.22E+02 3.66E+00 2.02E+01 2.72E+01

Std. 1.46E+04 3.17E+05 1.39E+05 1.04E+02 1.32E+03 2.78E+00 5.21E+01 4.11E+01

SR-F8 Mean 5.16E+02 1.91E+03 1.06E+03 1.00E+02 1.00E+02 9.56E+02 1.00E+02 1.00E+02

Std. 8.49E+02 1.28E+03 1.49E+03 1.60E-07 0.00E+00 6.46E+02 0.00E+00 0.00E+00

SR-F9 Mean 4.76E+02 5.70E+02 6.46E+02 4.24E+02 4.19E+02 4.19E+02 4.04E+02 4.02E+02

Std. 7.22E+00 4.57E+01 7.64E+01 5.44E+00 7.85E+00 6.75E+00 4.02E+00 2.81E+00

SR-F10 Mean 4.34E+02 6.47E+02 5.11E+02 4.31E+02 4.15E+02 4.14E+02 4.14E+02 4.13E+02

Std. 2.60E+00 1.87E+02 3.31E+01 2.55E+01 9.67E+00 8.06E-03 5.89E-01 8.04E-01

The bold entries are applied to highlight the best results
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Table 34 Comparative results against popular meta-heuristic algorithms on functions F1-F16 with D=30 (Classical set)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F1 Mean 1.33E+05 5.15E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 1.16E+04 1.80E+05 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F2 Mean 1.52E+00 4.17E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 1.36E-01 4.13E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F3 Mean 5.02E+04 1.72E+05 0.00E+00 1.97E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 7.80E+03 2.22E+05 0.00E+00 6.80E-05 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F4 Mean 1.33E+03 8.69E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 1.54E+02 2.47E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F5 Mean 4.84E+01 8.79E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 3.71E+00 1.00E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F6 Mean 1.16E-05 1.72E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 4.85E-06 4.34E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F7 Mean 1.70E+02 1.75E+02 9.86E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 1.84E+01 6.64E+01 3.38E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F8 Mean 5.44E+03 1.67E+04 1.84E-02 2.58E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 5.17E+02 5.68E+03 3.35E-02 3.68E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F9 Mean 1.67E+02 1.24E+02 0.00E+00 1.03E+00 0.00E+00 4.58E+00 0.00E+00 0.00E+00

Std. 7.63E+00 3.64E+01 0.00E+00 9.08E-01 0.00E+00 2.16E+00 0.00E+00 0.00E+00

F10 Mean 8.61E+00 1.87E+01 0.00E+00 1.07E-01 0.00E+00 1.25E+01 0.00E+00 0.00E+00

Std. 3.07E-01 3.80E+00 0.00E+00 3.26E-01 0.00E+00 6.45E+00 0.00E+00 0.00E+00

F11 Mean 1.34E+00 1.39E+00 3.52E-03 1.97E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 2.69E-02 1.01E+00 8.19E-03 6.88E-03 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F12 Mean -1.11E+03 −1.01E+03 −1.17E+03 −1.14E+03 −1.17E+03 −1.17E+03 −1.15E+03 −1.16E+03

Std. 1.02E+01 4.11E+01 1.68E-04 1.91E+01 7.24E+00 0.00E+00 3.86E+01 5.78E+01

F13 Mean 8.79E+07 5.08E+06 0.00E+00 1.90E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 1.65E+07 1.05E+07 0.00E+00 5.03E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F14 Mean 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F15 Mean 9.82E+00 6.59E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 8.35E-01 2.97E+00 0.00E+00 0.00E+00 0.00E+00 1.29E-07 0.00E+00 0.00E+00

F16 Mean −1.37E+01 −1.71E+01 −1.49E+01 −2.61E+01 −2.88E+01 −2.86E+01 −2.57E+01 −2.88E+01

Std. 4.24E-01 1.70E+00 1.61E+00 5.59E-01 2.55E-01 2.48E-01 1.28E+00 4.48E-01

The bold entries are applied to highlight the best results
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Table 36 Comparative results against popular meta-heuristic algorithms on functions F1-F15 with D=100 (Classical set)

Func. Metric GA PSO WOA DE AMPO CSDE AdaGuiDE AdaGuiDE-PS

F1 Mean 1.97E+06 5.31E+06 0.00E+00 1.36E+04 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 8.34E+04 1.58E+06 0.00E+00 6.40E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F2 Mean 2.02E+01 9.78E+02 0.00E+00 1.32E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 7.17E-01 7.84E+02 0.00E+00 6.06E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F3 Mean 1.10E+06 3.58E+06 0.00E+00 2.35E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 6.78E+04 2.12E+06 0.00E+00 1.69E+03 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F4 Mean 1.99E+04 4.98E+04 0.00E+00 1.18E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 8.51E+02 1.33E+04 0.00E+00 6.13E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F5 Mean 2.41E+03 6.11E+03 0.00E+00 1.82E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 9.90E+01 1.65E+03 0.00E+00 9.88E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F6 Mean 7.48E-05 7.86E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 2.03E-05 8.94E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F7 Mean 1.09E+03 2.57E+03 1.62E+03 2.06E+00 0.00E+00 1.12E+00 0.00E+00 0.00E+00

Std. 4.92E+01 5.87E+02 1.26E+02 2.22E+00 0.00E+00 1.11E+00 0.00E+00 0.00E+00

F8 Mean 1.38E+05 1.97E+05 3.51E+03 2.67E+03 0.00E+00 2.86E+02 0.00E+00 0.00E+00

Std. 5.36E+03 5.02E+04 5.49E+03 1.07E+03 0.00E+00 2.99E+02 0.00E+00 0.00E+00

F9 Mean 8.94E+02 7.36E+02 0.00E+00 1.26E+02 0.00E+00 8.54E+01 0.00E+00 0.00E+00

Std. 1.72E+01 8.63E+01 0.00E+00 9.72E+01 0.00E+00 1.45E+01 0.00E+00 0.00E+00

F10 Mean 1.36E+01 2.00E+01 0.00E+00 3.96E+00 0.00E+00 1.98E+01 0.00E+00 0.00E+00

Std. 1.38E-01 6.13E-03 0.00E+00 7.23E-01 0.00E+00 4.99E-02 0.00E+00 0.00E+00

F11 Mean 6.03E+00 1.40E+01 1.35E-03 8.20E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 1.88E-01 3.48E+00 4.08E-03 2.15E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F12 Mean −2.95E+03 −2.69E+03 −3.92E+03 −3.55E+03 −3.82E+03 −3.81E+03 −3.74E+03 −3.80E+03

Std. 2.99E+01 1.13E+02 6.16E-04 7.06E+01 2.86E+01 3.93E+01 9.78E+01 7.69E+01

F13 Mean 3.56E+10 1.00E+11 0.00E+00 7.98E+07 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 4.20E+09 5.23E+10 0.00E+00 6.51E+07 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F14 Mean 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F15 Mean 7.81E+01 7.86E+01 0.00E+00 7.70E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00

Std. 2.08E+00 1.38E+01 0.00E+00 6.55E-02 0.00E+00 0.00E+00 0.00E+00 0.00E+00

The bold entries are applied to highlight the best results
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Appendix F: The computational cost of compared algorithms

Table 37 Time and solution comparisons against the state-of-the-art on functions F1-F30 with D=10 (CEC2014)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 31.62 (3) 10.46 (1) 5.27 (1) 22.59 (6) 181.24 (7) 121.26 (8) 18.57 (4) 32.23 (5)
F2 32.50 (1) 9.12 (1) 4.81 (1) 23.46 (6) 159.97 (8) 65.11 (7) 9.26 (1) 16.22 (1)
F3 31.15 (1) 7.77 (1) 3.73 (1) 24.47 (6) 131.46 (7) 155.36 (8) 9.95 (1) 15.35 (1)
F4 31.90 (1) 12.00 (6) 11.58 (2) 20.85 (7) 159.25 (8) 81.88 (3) 15.86 (5) 30.83 (4)
F5 38.70 (2) 28.13 (3) 16.59 (1) 23.38 (6) 83.88 (8) 8.48 (7) 15.45 (5) 31.20 (4)
F6 42.21 (4) 13.06 (1) 8.62 (1) 26.84 (3) 200.65 (7) 40.08 (8) 18.30 (5) 32.35 (6)
F7 39.13 (2) 12.66 (1) 10.02 (3) 19.75 (6) 188.96 (8) 44.10 (7) 15.90 (5) 30.26 (4)
F8 29.42 (1) 22.32 (4) 7.48 (1) 19.57 (6) 133.50 (8) 64.69 (7) 16.90 (3) 30.20 (5)
F9 39.08 (4) 21.05 (1) 12.03 (2) 20.47 (6) 124.36 (8) 35.17 (7) 16.66 (3) 29.98 (5)
F10 37.95 (1) 30.81 (4) 15.19 (2) 23.19 (6) 187.25 (7) 55.62 (8) 17.53 (3) 30.95 (5)
F11 42.49 (3) 29.26 (1) 15.64 (2) 23.19 (4) 178.32 (7) 65.54 (8) 17.36 (5) 30.79 (6)
F12 40.43 (3) 31.19 (4) 20.99 (2) 25.15 (1) 150.72 (8) 130.45 (7) 16.20 (6) 32.22 (5)
F13 42.28 (2) 29.55 (1) 18.08 (4) 21.08 (5) 111.65 (7) 43.54 (8) 11.30 (6) 26.87 (3)
F14 43.76 (3) 30.11 (4) 19.69 (2) 20.96 (6) 76.07 (8) 21.87 (7) 3.79 (5) 23.93 (1)
F15 45.69 (3) 25.72 (2) 20.04 (1) 22.21 (5) 101.17 (8) 23.58 (7) 15.86 (6) 29.93 (4)
F16 43.16 (3) 30.79 (1) 19.63 (2) 22.98 (5) 137.72 (8) 71.85 (6) 15.87 (7) 29.79 (4)
F17 38.77 (5) 23.65 (3) 15.06 (1) 26.88 (6) 190.28 (7) 158.19 (8) 18.54 (2) 32.03 (4)
F18 44.44 (5) 34.51 (2) 22.33 (1) 26.45 (7) 177.61 (8) 10.80 (6) 17.36 (3) 32.88 (4)
F19 43.84 (3) 26.82 (2) 20.23 (1) 24.23 (6) 148.10 (8) 110.02 (7) 14.45 (5) 32.76 (4)
F20 44.01 (5) 32.60 (2) 23.04 (1) 25.48 (7) 177.73 (8) 126.13 (6) 16.14 (3) 32.21 (4)
F21 48.47 (5) 36.31 (2) 22.45 (1) 26.38 (6) 179.17 (8) 102.54 (7) 18.10 (3) 33.22 (4)
F22 45.70 (2) 36.55 (3) 22.91 (1) 24.08 (6) 131.53 (8) 132.52 (7) 17.51 (4) 33.25 (5)
F23 37.89 (1) 9.77 (4) 6.16 (4) 26.06 (4) 173.25 (8) 136.18 (7) 6.00 (2) 8.68 (2)
F24 47.21 (6) 23.56 (1) 14.89 (2) 24.28 (5) 150.23 (8) 45.51 (7) 17.55 (3) 38.50 (4)
F25 48.95 (1) 21.05 (3) 15.60 (2) 24.15 (4) 197.76 (5) 88.81 (6) 7.97 (7) 20.19 (8)
F26 54.43 (3) 33.36 (1) 31.19 (4) 35.58 (5) 114.51 (8) 42.26 (7) 14.07 (6) 39.81 (2)
F27 52.64 (3) 34.69 (5) 31.51 (4) 37.17 (7) 191.32 (6) 50.78 (8) 18.77 (1) 43.17 (2)
F28 44.63 (5) 17.81 (7) 25.19 (3) 31.16 (4) 194.77 (6) 50.61 (8) 8.68 (1) 15.76 (1)
F29 56.87 (3) 34.85 (2) 29.46 (1) 34.78 (6) 178.24 (7) 80.88 (8) 20.21 (4) 42.71 (5)
F30 49.33 (2) 30.69 (3) 29.93 (1) 36.22 (6) 181.73 (7) 128.82 (8) 20.07 (4) 43.67 (5)

Table 38 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F30 with D=10
(CEC2014)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

F1 1.68 (5) 0.50 (6) 3.17 (7) 8.12 (3) 3.43 (4) 15.12 (1) 18.57 (2)

F2 1.23 (6) 0.32 (7) 3.17 (5) 3.59 (1) 3.00 (4) 6.79 (1) 9.26 (1)

F3 1.32 (6) 0.61 (5) 3.15 (7) 3.47 (1) 3.06 (1) 6.13 (1) 9.95 (1)

F4 1.24 (6) 0.13 (7) 3.18 (5) 3.12 (4) 3.44 (1) 5.88 (3) 15.86 (2)

F5 1.68 (1) 0.58 (4) 3.18 (7) 6.01 (3) 3.41 (2) 15.08 (6) 15.45 (5)

F6 3.67 (5) 1.48 (6) 5.72 (7) 7.21 (2) 4.40 (1) 18.12 (4) 18.30 (3)

F7 1.34 (5) 0.11 (7) 3.26 (6) 7.95 (2) 3.41 (1) 15.21 (3) 15.90 (4)

F8 1.39 (5) 0.10 (6) 3.19 (7) 1.90 (2) 0.65 (3) 14.75 (1) 16.90 (4)

F9 1.37 (5) 0.14 (6) 3.06 (7) 7.72 (4) 3.39 (2) 14.92 (1) 16.66 (3)

F10 1.74 (5) 0.21 (7) 3.26 (6) 6.82 (2) 1.67 (1) 15.16 (4) 17.53 (3)

F11 1.77 (5) 0.36 (6) 3.32 (7) 7.60 (4) 3.53 (2) 15.24 (1) 17.36 (3)

F12 1.33 (7) 1.24 (3) 3.91 (6) 7.17 (5) 4.21 (2) 15.90 (1) 16.20 (4)

F13 1.31 (5) 0.21 (6) 2.90 (7) 5.17 (3) 1.03 (2) 14.82 (1) 11.30 (4)

F14 1.27 (5) 0.24 (7) 3.08 (6) 6.55 (3) 1.72 (4) 14.90 (1) 3.79 (2)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)
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Table 39 Time and solution comparisons against the state-of-the-art on functions F1-F30 with D=30 (CEC2014)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 421.57 (3) 97.34 (1) 68.36 (2) 60.82 (4) 278.59 (7) 210.37 (8) 81.06 (6) 44.94 (5)

F2 431.28 (5) 61.25 (1) 11.92 (1) 63.57 (6) 289.01 (7) 125.05 (8) 27.63 (1) 13.84 (1)

F3 368.33 (5) 55.31 (1) 9.64 (1) 65.71 (6) 262.16 (8) 613.27 (7) 36.40 (1) 15.99 (1)

F4 378.26 (2) 102.02 (1) 34.34 (3) 52.69 (6) 237.26 (7) 152.06 (8) 80.44 (5) 45.43 (4)

F5 262.60 (3) 225.81 (2) 63.01 (4) 55.37 (1) 64.18 (7) 37.64 (8) 79.21 (6) 47.46 (5)

F6 319.15 (6) 91.05 (1) 73.69 (3) 95.84 (2) 386.14 (7) 137.42 (8) 66.12 (4) 69.12 (5)

F7 333.05 (1) 42.60 (1) 7.15 (4) 48.86 (5) 364.59 (7) 127.30 (8) 39.29 (6) 19.99 (1)

F8 316.11 (1) 149.91 (5) 19.77 (1) 57.98 (6) 239.24 (8) 119.43 (7) 69.38 (4) 43.48 (3)

F9 312.54 (6) 179.36 (1) 28.79 (5) 59.04 (4) 357.52 (8) 121.08 (7) 64.55 (2) 44.14 (3)

F10 289.44 (2) 202.10 (5) 45.43 (1) 58.03 (6) 186.09 (7) 118.25 (8) 75.70 (4) 45.49 (3)

F11 277.40 (1) 213.18 (6) 50.90 (5) 56.37 (2) 183.03 (7) 163.80 (8) 77.76 (3) 39.49 (4)

F12 260.45 (3) 237.52 (4) 73.92 (2) 68.97 (1) 169.44 (8) 177.76 (7) 85.82 (6) 41.28 (5)

F13 334.39 (3) 176.80 (2) 56.48 (4) 57.43 (5) 215.37 (8) 86.32 (7) 40.31 (6) 43.25 (1)

F14 384.00 (2) 175.39 (4) 53.55 (5) 58.51 (6) 365.56 (7) 124.98 (8) 10.95 (3) 33.94 (1)

F15 409.48 (3) 204.32 (1) 66.11 (2) 64.37 (4) 323.18 (8) 665.71 (7) 76.23 (5) 48.69 (6)

F16 273.09 (4) 212.95 (1) 66.54 (2) 62.69 (5) 316.51 (7) 15.01 (8) 71.98 (6) 48.13 (3)

F17 335.40 (3) 189.79 (1) 72.31 (2) 65.32 (4) 461.96 (8) 189.18 (7) 84.93 (6) 49.68 (5)

F18 328.01 (5) 196.59 (1) 70.20 (4) 62.12 (6) 369.42 (8) 145.10 (7) 84.90 (2) 49.45 (3)

F19 430.62 (3) 187.43 (2) 77.90 (1) 75.48 (6) 239.09 (8) 192.12 (7) 89.37 (5) 53.87 (4)

F20 469.13 (5) 193.86 (1) 69.32 (4) 74.52 (6) 237.56 (8) 397.01 (7) 86.97 (2) 49.21 (3)

F21 354.87 (4) 214.93 (1) 78.78 (2) 74.24 (6) 275.47 (7) 232.62 (8) 83.49 (5) 39.25 (3)

F22 316.23 (5) 216.94 (3) 75.75 (4) 71.57 (6) 223.91 (8) 450.58 (7) 83.45 (2) 39.24 (1)

F23 494.16 (6) 99.32 (3) 19.70 (3) 101.01 (5) 194.17 (8) 90.66 (7) 13.37 (1) 7.13 (1)

F24 406.89 (6) 257.48 (4) 134.19 (5) 233.24 (3) 221.50 (8) 61.10 (7) 14.69 (1) 3.88 (1)

F25 425.57 (4) 161.52 (3) 47.37 (5) 57.39 (6) 146.76 (8) 225.77 (7) 6.27 (1) 3.35 (1)

F26 449.35 (2) 305.85 (1) 167.00 (3) 394.44 (8) 347.71 (6) 378.26 (4) 112.00 (5) 137.21 (7)

F27 488.77 (6) 154.14 (3) 174.93 (5) 106.01 (4) 409.67 (7) 143.20 (8) 16.64 (1) 9.50 (1)

F28 373.72 (6) 156.94 (4) 18.51 (5) 58.48 (3) 377.20 (7) 112.76 (8) 10.82 (1) 8.07 (1)

F29 505.49 (4) 245.60 (3) 52.73 (6) 270.66 (5) 389.95 (8) 286.68 (7) 57.79 (1) 53.14 (2)

F30 415.78 (4) 268.64 (1) 72.72 (3) 231.21 (6) 414.52 (8) 427.37 (7) 90.53 (5) 55.51 (2)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

Table 40 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F30 with D=30
(CEC2014)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

F1 8.77 (6) 1.33 (7) 19.51 (5) 35.31 (3) 22.54 (4) 67.18 (1) 81.06 (2)

F2 8.08 (6) 0.92 (7) 18.75 (5) 18.70 (4) 4.52 (3) 19.80 (1) 27.63 (1)

F3 7.31 (7) 1.76 (6) 18.04 (5) 25.12 (3) 6.35 (4) 21.80 (1) 36.40 (1)

F4 9.05 (6) 0.78 (7) 19.63 (5) 17.04 (4) 20.73 (3) 66.92 (1) 80.44 (2)

F5 8.46 (7) 5.86 (3) 19.55 (4) 22.22 (6) 20.49 (1) 67.08 (2) 79.21 (5)

F6 33.50 (5) 6.89 (6) 59.86 (7) 59.14 (1) 59.79 (3) 105.09 (4) 66.12 (2)

F7 8.62 (6) 0.96 (7) 18.15 (5) 17.99 (3) 5.52 (2) 19.42 (1) 39.29 (4)

F8 6.64 (5) 0.62 (6) 17.13 (7) 23.89 (1) 17.15 (3) 64.31 (2) 69.38 (4)

F9 9.63 (5) 0.78 (6) 17.45 (7) 27.85 (4) 19.84 (3) 63.36 (2) 64.55 (1)

F10 10.26 (7) 0.79 (5) 19.37 (6) 35.75 (4) 18.55 (1) 68.12 (3) 75.70 (2)
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Table 40 continued Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

F11 9.61 (7) 3.25 (4) 19.89 (6) 27.25 (5) 21.25 (3) 69.38 (2) 77.76 (1)

F12 14.24 (7) 14.86 (2) 30.23 (6) 33.84 (5) 31.59 (3) 79.18 (1) 85.82 (4)

F13 7.52 (5) 0.81 (7) 17.18 (6) 25.43 (3) 8.02 (2) 67.66 (1) 40.31 (4)

F14 6.14 (6) 0.59 (7) 17.55 (4) 24.64 (3) 6.58 (2) 67.71 (5) 10.95 (1)

F15 6.46 (5) 1.39 (7) 17.75 (6) 25.63 (4) 20.80 (3) 67.27 (1) 76.23 (2)

F16 8.39 (7) 4.07 (6) 20.04 (5) 25.38 (3) 20.70 (2) 68.10 (1) 71.98 (4)

F17 8.65 (5) 2.04 (7) 22.59 (6) 37.76 (4) 23.96 (3) 71.31 (1) 84.93 (2)

F18 9.54 (6) 1.27 (7) 21.62 (5) 37.70 (4) 23.70 (3) 70.38 (2) 84.90 (1)

F19 13.04 (5) 1.74 (7) 30.15 (6) 46.20 (4) 32.46 (3) 80.70 (1) 89.37 (2)

F20 8.85 (5) 7.04 (7) 21.45 (6) 37.34 (3) 24.13 (4) 71.78 (2) 86.97 (1)

F21 9.78 (5) 1.84 (6) 26.44 (7) 37.89 (3) 24.13 (4) 70.73 (1) 83.49 (2)

F22 11.65 (3) 2.09 (6) 23.42 (7) 37.31 (5) 24.80 (4) 71.72 (2) 83.45 (1)

F23 38.10 (5) 1.46 (7) 73.49 (6) 30.31 (4) 0.44 (1) 37.68 (3) 13.37 (1)

F24 13.29 (6) 1.83 (7) 34.42 (4) 63.35 (5) 0.25 (1) 108.88 (3) 14.69 (1)

F25 17.40 (5) 2.35 (7) 27.62 (6) 53.71 (4) 0.36 (1) 99.59 (3) 6.27 (1)

F26 77.11 (3) 12.90 (7) 130.20 (4) 119.90 (5) 54.04 (2) 196.33 (1) 112.00 (6)

F27 59.17 (5) 12.76 (7) 98.79 (6) 101.61 (3) 1.34 (1) 137.75 (4) 16.64 (1)

F28 21.29 (5) 4.08 (6) 49.77 (7) 103.03 (4) 0.70 (1) 93.13 (3) 10.82 (1)

F29 25.58 (4) 3.94 (7) 23.10 (6) 79.62 (3) 7.21 (1) 115.07 (5) 57.79 (2)

F30 28.37 (5) 2.15 (7) 62.87 (6) 48.69 (3) 10.86 (1) 118.83 (4) 90.53 (2)

Table 41 Time and solution comparisons against the state-of-the-art on functions F1-F30 with D=100 (CEC2014)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 2838.22 (4) 1515.15 (1) 8234.87 (2) 165.30 (3) 0.87 (8) 292.90 (7) 201.74 (5) 107.66 (6)

F2 3215.71 (5) 1323.59 (1) 9061.23 (2) 158.72 (3) 1.02 (8) 209.51 (7) 209.18 (6) 108.47 (4)

F3 3012.30 (3) 1475.64 (1) 8868.74 (2) 181.07 (5) 0.66 (8) 1569.37 (7) 194.77 (4) 107.86 (6)

F4 2893.27 (6) 1571.25 (1) 8227.57 (2) 146.11 (5) 0.54 (8) 145.28 (7) 204.86 (3) 103.76 (4)

F5 920.67 (4) 2667.91 (2) 9430.10 (3) 163.67 (1) 0.36 (8) 18.15 (7) 188.78 (6) 97.65 (5)

F6 2157.55 (6) 1866.85 (1) 11557.66 (5) 418.98 (2) 1.04 (8) 253.98 (7) 216.08 (3) 246.28 (4)

F7 3092.60 (6) 1000.14 (1) 1768.87 (4) 133.60 (3) 0.98 (8) 233.55 (7) 71.88 (5) 53.78 (1)

F8 2560.22 (2) 1406.43 (4) 3894.32 (1) 142.84 (6) 0.88 (8) 232.18 (7) 148.05 (5) 99.66 (3)

F9 1965.64 (5) 1377.84 (1) 2714.30 (6) 166.26 (4) 0.51 (8) 295.73 (7) 168.50 (3) 100.49 (2)

F10 2138.21 (2) 2031.51 (6) 8286.92 (1) 144.11 (5) 0.68 (8) 247.36 (7) 170.49 (3) 105.31 (4)

F11 1618.20 (6) 2135.03 (5) 9148.23 (4) 174.90 (1) 0.34 (8) 254.64 (7) 192.74 (2) 111.60 (3)

F12 1397.58 (3) 2895.52 (4) 10101.24 (2) 243.43 (1) 1.19 (8) 170.37 (7) 261.94 (6) 126.06 (5)

F13 2946.95 (3) 1418.01 (2) 6780.79 (4) 170.19 (5) 0.29 (8) 165.04 (7) 109.56 (6) 91.83 (1)

F14 2920.06 (3) 1360.00 (6) 6061.01 (5) 170.04 (4) 0.67 (8) 149.27 (7) 49.80 (2) 48.79 (1)

F15 2724.79 (6) 1337.47 (1) 6391.99 (4) 176.79 (3) 0.78 (8) 1111.66 (7) 188.95 (2) 107.92 (5)

F16 1279.80 (4) 2299.97 (3) 8550.98 (1) 147.45 (5) 1.03 (8) 38.40 (7) 175.56 (6) 97.01 (2)

F17 2313.08 (4) 1551.70 (1) 9121.99 (2) 157.98 (3) 0.97 (8) 479.87 (7) 214.36 (5) 119.37 (6)

F18 2656.01 (4) 1542.83 (1) 8934.43 (6) 145.77 (2) 0.65 (8) 293.52 (7) 211.36 (3) 123.78 (5)

F19 2497.60 (6) 1652.76 (2) 9169.84 (3) 202.72 (1) 0.80 (8) 554.98 (7) 281.83 (5) 153.18 (4)

F20 2454.94 (3) 1715.04 (1) 7046.30 (2) 155.73 (6) 0.69 (8) 1432.60 (7) 212.95 (4) 113.30 (5)

F21 2555.63 (2) 1595.46 (1) 6477.99 (3) 159.49 (4) 1.21 (8) 259.71 (7) 215.92 (5) 125.39 (6)

F22 2115.60 (4) 1632.76 (3) 8212.98 (6) 161.98 (5) 0.82 (8) 1224.96 (7) 203.38 (1) 134.33 (2)
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Table 41 continued

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F23 4060.65 (6) 1939.24 (4) 3868.09 (3) 444.71 (5) 3.05 (8) 119.91 (7) 229.58 (1) 25.54 (1)

F24 3348.56 (6) 1763.12 (5) 9135.69 (3) 392.38 (4) 0.83 (8) 142.56 (7) 280.07 (2) 12.23 (1)

F25 1682.28 (5) 1846.64 (3) 2836.24 (6) 348.66 (4) 0.61 (8) 130.46 (7) 213.90 (1) 7.80 (1)

F26 3439.79 (1) 3006.89 (5) 15752.64 (2) 913.35 (6) 2.25 (8) 326.78 (7) 390.67 (4) 76.38 (3)

F27 3565.90 (6) 2582.87 (3) 17516.94 (5) 743.20 (4) 3.09 (8) 309.23 (7) 126.93 (1) 30.86 (2)

F28 2836.35 (5) 3277.69 (3) 13256.48 (4) 655.32 (6) 2.29 (8) 286.19 (7) 46.15 (1) 56.31 (2)

F29 3014.91 (5) 2566.45 (3) 6466.49 (6) 652.58 (4) 0.91 (8) 395.63 (7) 92.55 (1) 22.40 (1)

F30 1400.07 (5) 2932.73 (3) 12440.05 (4) 350.34 (6) 1.24 (8) 623.83 (7) 63.70 (1) 47.41 (1)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

Table 42 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F30 with D=100
(CEC2014)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

F1 30.28 (6) 5.23 (7) 64.82 (5) 103.46 (4) 80.30 (2) 170.58 (1) 201.74 (3)

F2 30.75 (6) 5.81 (7) 62.39 (3) 48.02 (5) 75.14 (1) 170.44 (2) 209.18 (4)

F3 33.95 (7) 5.63 (6) 61.01 (5) 106.85 (4) 77.00 (2) 162.22 (1) 194.77 (3)

F4 32.83 (6) 6.10 (7) 60.20 (4) 53.70 (5) 76.49 (2) 169.24 (1) 204.86 (3)

F5 29.83 (7) 36.18 (2) 62.13 (4) 54.35 (6) 73.10 (1) 163.50 (3) 188.78 (5)

F6 200.05 (5) 42.84 (6) 333.10 (7) 273.97 (3) 345.99 (2) 433.22 (4) 216.08 (1)

F7 28.60 (6) 4.05 (7) 58.91 (4) 33.01 (5) 70.67 (2) 59.59 (1) 71.88 (3)

F8 20.71 (6) 1.37 (7) 48.22 (5) 82.37 (4) 62.75 (3) 146.70 (2) 148.05 (1)

F9 27.49 (6) 4.45 (7) 58.86 (5) 72.53 (4) 73.57 (3) 155.75 (2) 168.50 (1)

F10 27.48 (7) 3.55 (6) 51.25 (5) 90.17 (4) 66.50 (1) 156.57 (3) 170.49 (2)

F11 26.58 (6) 16.81 (4) 68.01 (5) 77.29 (7) 79.05 (3) 174.29 (2) 192.74 (1)

F12 66.13 (7) 104.55 (3) 140.58 (5) 114.96 (6) 152.77 (4) 243.76 (1) 261.94 (2)

F13 29.97 (6) 1.55 (7) 54.23 (4) 60.56 (3) 23.94 (2) 164.14 (1) 109.56 (5)

F14 25.92 (6) 3.23 (7) 56.20 (4) 50.51 (3) 21.68 (2) 164.13 (5) 49.80 (1)

F15 30.30 (6) 4.61 (7) 61.13 (5) 85.30 (4) 75.81 (3) 166.92 (2) 188.95 (1)

F16 29.83 (7) 28.99 (4) 60.93 (6) 61.25 (5) 75.82 (2) 165.94 (1) 175.56 (3)

F17 39.24 (6) 10.62 (7) 73.80 (5) 105.40 (4) 94.74 (3) 185.19 (1) 214.36 (2)

F18 33.36 (6) 11.37 (7) 73.23 (5) 51.94 (3) 90.95 (2) 178.26 (4) 211.36 (1)

F19 72.10 (5) 11.32 (7) 127.68 (6) 113.04 (4) 142.30 (3) 232.58 (1) 281.83 (2)

F20 35.77 (6) 7.31 (7) 70.84 (5) 117.86 (3) 96.14 (4) 181.03 (1) 212.95 (2)

F21 37.06 (6) 13.13 (7) 73.24 (5) 101.01 (4) 100.67 (3) 187.07 (1) 215.92 (2)

F22 38.62 (5) 10.21 (7) 81.38 (6) 117.30 (4) 98.92 (3) 191.67 (2) 203.38 (1)

F23 134.11 (6) 25.41 (7) 113.43 (3) 139.07 (5) 1.77 (1) 307.78 (4) 229.58 (1)

F24 72.52 (6) 11.98 (7) 139.43 (3) 79.87 (5) 2.60 (1) 455.43 (4) 280.07 (1)

F25 83.99 (6) 17.86 (7) 62.65 (1) 63.40 (5) 0.97 (1) 755.72 (4) 213.90 (1)

F26 567.64 (1) 71.49 (7) 321.83 (2) 1167.74 (5) 4.65 (2) 985.55 (6) 390.67 (2)

F27 434.55 (5) 76.86 (6) 775.08 (7) 508.58 (3) 6.30 (1) 1955.07 (4) 126.93 (1)

F28 137.55 (5) 37.92 (6) 320.99 (7) 493.75 (4) 5.00 (1) 681.34 (3) 46.15 (1)

F29 195.82 (4) 95.04 (7) 269.80 (6) 523.82 (3) 1.93 (1) 542.81 (5) 92.55 (1)

F30 73.64 (5) 30.31 (7) 164.53 (6) 134.82 (4) 3.71 (1) 1090.68 (3) 63.70 (1)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)
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Table 43 Time and solution comparisons against the state-of-the-art on functions F1-F10 with D=10 (CEC2021)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

B-F1 43.32 (1) 8.63 (1) 3.80 (1) 48.55 (6) 157.67 (8) 48.89 (7) 1.42 (1) 2.47 (1)

B-F2 45.49 (1) 41.27 (5) 16.44 (4) 45.54 (6) 174.79 (7) 48.85 (8) 1.27 (1) 2.10 (1)

B-F3 45.79 (1) 43.03 (5) 29.87 (4) 48.69 (6) 128.49 (7) 3.70 (8) 1.00 (1) 1.75 (1)

B-F4 66.21 (3) 47.70 (5) 34.76 (4) 48.78 (6) 85.18 (8) 124.38 (7) 0.40 (1) 0.52 (1)

B-F5 43.17 (1) 28.98 (5) 7.41 (1) 48.44 (6) 146.88 (8) 25.97 (7) 1.52 (1) 2.52 (1)

B-F6 65.39 (3) 57.67 (5) 40.67 (4) 46.58 (6) 130.11 (7) 114.29 (8) 3.27 (1) 6.01 (1)

B-F7 102.52 (3) 55.18 (5) 39.51 (4) 46.79 (6) 134.58 (7) 33.78 (8) 3.77 (1) 5.69 (1)

B-F8 60.50 (1) 11.99 (1) 5.74 (1) 45.95 (6) 134.18 (8) 90.81 (7) 1.00 (1) 1.72 (1)

B-F9 47.06 (1) 10.04 (1) 4.44 (1) 47.69 (1) 107.64 (8) 69.23 (7) 1.56 (1) 3.11 (1)

B-F10 70.51 (3) 43.90 (5) 21.29 (4) 47.07 (6) 115.85 (8) 89.14 (7) 3.15 (1) 5.25 (1)

S-F1 43.35 (1) 8.85 (1) 3.82 (1) 45.57 (6) 116.51 (8) 80.28 (7) 6.02 (1) 10.51 (1)

S-F2 46.85 (1) 47.68 (3) 17.62 (2) 45.73 (6) 120.58 (7) 25.34 (8) 33.17 (4) 59.24 (5)

S-F3 62.16 (1) 42.95 (4) 31.69 (1) 48.02 (6) 109.18 (7) 12.34 (8) 32.67 (3) 59.44 (5)

S-F4 66.50 (1) 49.38 (4) 34.40 (2) 43.57 (6) 93.83 (8) 10.10 (7) 31.88 (5) 58.96 (3)

S-F5 44.47 (1) 34.54 (5) 8.55 (2) 48.26 (6) 162.12 (8) 32.88 (7) 23.30 (4) 48.83 (3)

S-F6 70.37 (1) 64.67 (5) 40.59 (2) 42.48 (6) 144.95 (8) 62.44 (7) 27.92 (4) 59.41 (3)

S-F7 72.16 (1) 61.72 (5) 39.10 (3) 46.35 (6) 144.00 (8) 79.51 (7) 24.11 (4) 60.57 (2)

S-F8 51.12 (1) 18.50 (5) 13.17 (4) 44.85 (6) 151.49 (8) 58.22 (7) 27.91 (2) 61.58 (3)

S-F9 53.34 (1) 27.92 (3) 18.22 (2) 41.54 (6) 141.98 (7) 48.23 (8) 26.10 (4) 59.90 (5)

S-F10 62.57 (1) 21.45 (1) 12.46 (1) 44.41 (6) 145.20 (8) 51.37 (7) 12.99 (5) 34.12 (1)

BS-F1 57.77 (1) 8.83 (1) 3.77 (1) 45.03 (6) 132.35 (8) 77.10 (7) 6.07 (1) 10.46 (1)

BS-F2 51.07 (1) 49.01 (4) 16.86 (2) 45.54 (6) 125.12 (7) 24.57 (8) 34.45 (3) 59.88 (5)

BS-F3 69.82 (1) 38.51 (5) 15.65 (1) 45.02 (6) 82.36 (7) 12.01 (8) 32.42 (3) 59.46 (4)

BS-F4 62.25 (1) 38.17 (4) 28.67 (2) 38.25 (6) 70.68 (8) 10.71 (7) 32.59 (5) 58.34 (3)

BS-F5 44.41 (1) 28.13 (5) 8.14 (2) 46.00 (6) 165.00 (8) 33.33 (7) 24.77 (4) 47.82 (3)

BS-F6 68.23 (1) 65.38 (5) 39.86 (2) 42.65 (6) 111.48 (8) 59.88 (7) 28.75 (4) 59.25 (3)

BS-F7 71.12 (1) 63.37 (5) 39.68 (2) 45.99 (6) 157.54 (7) 83.21 (8) 22.86 (4) 61.08 (3)

BS-F8 53.92 (1) 17.12 (5) 11.18 (3) 41.28 (6) 151.29 (8) 18.32 (7) 26.74 (2) 62.77 (4)

BS-F9 55.13 (1) 26.39 (5) 14.23 (2) 38.66 (4) 156.44 (8) 50.31 (7) 22.98 (3) 58.19 (6)

BS-F10 54.32 (1) 15.54 (1) 8.01 (1) 44.59 (6) 144.58 (8) 53.11 (7) 13.13 (1) 20.04 (1)

SR-F1 47.85 (1) 10.56 (1) 5.12 (1) 46.83 (6) 131.63 (8) 70.71 (7) 13.61 (1) 23.23 (1)

SR-F2 55.34 (3) 40.61 (1) 23.73 (4) 47.24 (6) 143.37 (7) 41.37 (8) 34.24 (2) 59.34 (5)

SR-F3 61.89 (5) 43.97 (1) 31.75 (3) 48.55 (6) 102.53 (7) 70.15 (8) 33.08 (2) 58.66 (4)

SR-F4 72.86 (1) 51.55 (2) 30.73 (3) 44.03 (6) 99.83 (8) 32.11 (7) 31.26 (5) 59.40 (4)

SR-F5 53.07 (5) 39.00 (4) 25.83 (1) 50.14 (6) 119.93 (8) 146.21 (7) 35.26 (2) 60.74 (3)

SR-F6 67.75 (2) 63.09 (3) 40.88 (1) 43.74 (7) 100.64 (8) 80.19 (6) 27.64 (5) 58.83 (4)

SR-F7 69.96 (5) 64.06 (3) 41.01 (1) 49.12 (6) 160.78 (8) 102.70 (7) 33.44 (4) 61.76 (2)

SR-F8 58.50 (1) 18.83 (3) 13.85 (4) 45.39 (6) 170.96 (8) 38.89 (7) 26.69 (5) 60.83 (2)

SR-F9 49.38 (1) 31.14 (3) 16.84 (2) 41.24 (6) 156.54 (7) 73.35 (8) 32.15 (4) 59.70 (5)

SR-F10 48.50 (1) 23.69 (5) 11.09 (4) 41.83 (6) 150.55 (8) 151.26 (7) 19.44 (2) 59.59 (3)

BSR-F1 47.31 (1) 10.61 (1) 5.14 (1) 45.78 (6) 140.02 (8) 73.87 (7) 13.26 (1) 23.04 (1)

BSR-F2 56.63 (2) 43.93 (1) 22.17 (4) 45.70 (6) 159.00 (7) 41.72 (8) 33.92 (3) 59.17 (5)
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Table 43 continued

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

BSR-F3 53.44 (5) 35.66 (2) 17.09 (4) 43.97 (6) 108.84 (7) 70.55 (8) 32.85 (1) 58.18 (3)

BSR-F4 69.76 (1) 41.13 (3) 25.84 (2) 40.79 (6) 110.19 (8) 74.93 (7) 32.52 (5) 58.82 (4)

BSR-F5 49.93 (5) 31.65 (4) 17.53 (1) 49.70 (6) 141.56 (8) 135.31 (7) 35.19 (2) 61.60 (3)

BSR-F6 68.32 (3) 59.71 (2) 41.11 (1) 45.10 (7) 100.08 (8) 87.56 (6) 29.36 (5) 58.50 (4)

BSR-F7 69.82 (4) 67.54 (3) 41.00 (1) 49.16 (6) 106.86 (8) 114.38 (7) 32.51 (5) 61.71 (2)

BSR-F8 48.24 (1) 17.24 (5) 12.02 (3) 41.85 (6) 111.65 (7) 31.24 (8) 26.67 (2) 60.80 (4)

BSR-F9 52.69 (1) 24.73 (3) 13.96 (2) 37.65 (6) 160.55 (8) 53.84 (7) 31.17 (4) 59.51 (5)

BSR-F10 49.17 (1) 17.54 (5) 8.35 (4) 39.12 (6) 145.49 (8) 154.11 (7) 19.60 (2) 56.15 (3)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

Table 44 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F10 with D=10
(CEC2021)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

B-F1 2.92 (7) 0.82 (6) 1.56 (1) 0.94 (1) 0.06 (1) 4.37 (1) 1.42 (1)

B-F2 6.21 (6) 0.59 (7) 1.85 (5) 7.16 (3) 0.05 (1) 30.22 (4) 1.27 (1)

B-F3 3.33 (7) 0.87 (6) 1.18 (1) 11.66 (4) 0.04 (1) 30.11 (5) 1.00 (1)

B-F4 3.23 (7) 1.17 (6) 0.52 (3) 14.51 (5) 0.03 (1) 29.85 (4) 0.40 (1)

B-F5 2.94 (7) 0.42 (6) 1.55 (1) 2.03 (5) 0.05 (1) 11.97 (1) 1.52 (1)

B-F6 2.84 (6) 0.71 (7) 6.03 (4) 16.89 (5) 0.11 (1) 29.85 (3) 3.27 (1)

B-F7 2.99 (7) 0.37 (6) 6.16 (3) 17.17 (5) 0.11 (1) 29.72 (4) 3.77 (1)

B-F8 2.34 (6) 0.58 (7) 1.06 (1) 1.70 (1) 0.05 (1) 6.55 (1) 1.00 (1)

B-F9 3.57 (7) 0.27 (6) 2.37 (5) 1.15 (1) 0.07 (1) 5.53 (1) 1.56 (1)

B-F10 2.69 (6) 0.85 (7) 6.41 (3) 7.90 (5) 0.12 (1) 30.46 (4) 3.15 (1)

S-F1 2.86 (6) 0.22 (7) 6.40 (5) 0.93 (1) 1.08 (1) 4.51 (1) 6.02 (1)

S-F2 3.66 (5) 0.32 (6) 6.67 (7) 8.26 (4) 2.55 (1) 30.39 (2) 33.17 (3)

S-F3 3.17 (6) 0.33 (5) 6.51 (7) 11.15 (2) 4.78 (3) 30.12 (1) 32.67 (4)

S-F4 2.51 (5) 0.71 (7) 6.45 (6) 14.21 (3) 7.11 (1) 30.35 (2) 31.88 (4)

S-F5 2.66 (6) 0.44 (5) 6.62 (7) 2.81 (4) 0.98 (3) 11.86 (1) 23.30 (2)

S-F6 2.94 (5) 0.76 (6) 6.60 (7) 16.66 (4) 6.83 (3) 30.20 (1) 27.92 (2)

S-F7 3.92 (6) 0.45 (5) 6.59 (7) 16.80 (4) 6.56 (2) 30.08 (1) 24.11 (3)

S-F8 2.93 (6) 0.32 (7) 7.18 (5) 8.75 (4) 3.93 (1) 27.77 (2) 27.91 (3)

S-F9 2.95 (5) 0.39 (7) 7.12 (6) 5.37 (2) 5.97 (1) 11.92 (4) 26.10 (3)

S-F10 2.37 (5) 0.36 (7) 7.05 (6) 5.57 (4) 2.89 (1) 16.62 (1) 12.99 (1)

BS-F1 2.54 (6) 0.18 (7) 6.37 (5) 0.94 (1) 1.24 (1) 4.36 (1) 6.07 (1)

BS-F2 3.29 (5) 0.38 (6) 6.66 (7) 8.11 (4) 4.81 (1) 29.60 (2) 34.45 (3)

BS-F3 2.62 (6) 0.16 (5) 6.43 (7) 4.12 (1) 1.74 (3) 29.34 (2) 32.42 (4)

BS-F4 2.80 (5) 0.58 (7) 6.39 (6) 13.28 (3) 6.91 (1) 29.15 (2) 32.59 (4)

BS-F5 3.02 (6) 0.38 (5) 6.62 (7) 4.64 (4) 1.02 (3) 12.73 (1) 24.77 (2)

BS-F6 2.92 (5) 0.79 (6) 6.69 (7) 31.40 (4) 5.98 (2) 37.19 (1) 28.75 (3)

BS-F7 2.63 (6) 0.39 (5) 7.24 (7) 16.83 (4) 5.29 (2) 35.06 (3) 22.86 (1)

BS-F8 3.19 (6) 0.23 (7) 7.17 (5) 9.15 (4) 3.09 (3) 27.24 (1) 26.74 (2)

BS-F9 3.22 (5) 0.16 (6) 7.13 (7) 3.82 (2) 5.31 (1) 11.31 (4) 22.98 (3)

BS-F10 2.58 (6) 0.34 (7) 7.12 (4) 3.30 (5) 3.94 (1) 7.77 (1) 13.13 (1)

SR-F1 2.79 (6) 0.31 (7) 6.42 (5) 4.63 (1) 4.55 (4) 9.52 (1) 13.61 (1)

SR-F2 3.31 (5) 0.72 (6) 6.64 (7) 15.53 (3) 6.93 (1) 29.34 (4) 34.24 (2)
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Table 44 continued Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

SR-F3 3.29 (6) 0.49 (5) 6.55 (7) 15.60 (2) 6.96 (3) 29.22 (4) 33.08 (1)

SR-F4 3.59 (5) 0.71 (7) 6.45 (6) 13.39 (4) 6.98 (2) 29.10 (1) 31.26 (3)

SR-F5 3.54 (5) 1.15 (6) 6.62 (7) 16.58 (3) 7.15 (4) 29.41 (2) 35.26 (1)

SR-F6 2.89 (5) 0.53 (6) 6.66 (7) 15.69 (4) 6.83 (1) 29.41 (3) 27.64 (2)

SR-F7 3.23 (6) 1.18 (5) 6.68 (7) 16.77 (4) 6.83 (3) 29.36 (1) 33.44 (2)

SR-F8 3.54 (5) 0.53 (7) 7.23 (6) 16.79 (3) 7.44 (2) 30.39 (4) 26.69 (1)

SR-F9 3.61 (5) 0.38 (6) 7.20 (7) 15.13 (2) 7.48 (1) 29.86 (4) 32.15 (3)

SR-F10 3.34 (5) 0.34 (7) 7.17 (6) 10.19 (4) 7.37 (3) 24.22 (2) 19.44 (1)

BSR-F1 3.00 (6) 0.34 (7) 6.44 (5) 4.72 (1) 4.10 (4) 9.73 (1) 13.26 (1)

BSR-F2 3.64 (5) 0.45 (6) 6.71 (7) 15.32 (3) 6.67 (1) 29.95 (4) 33.92 (2)

BSR-F3 3.00 (6) 0.10 (5) 6.53 (7) 15.45 (4) 6.67 (2) 29.62 (3) 32.85 (1)

BSR-F4 2.84 (5) 0.44 (7) 6.53 (6) 13.22 (4) 6.93 (3) 29.54 (1) 32.52 (2)

BSR-F5 3.46 (5) 0.76 (6) 6.66 (7) 16.68 (4) 12.74 (3) 29.83 (2) 35.19 (1)

BSR-F6 2.81 (5) 0.51 (6) 6.62 (7) 15.87 (3) 9.79 (1) 29.74 (4) 29.36 (2)

BSR-F7 2.22 (6) 1.23 (5) 6.72 (7) 16.59 (4) 6.64 (2) 29.76 (1) 32.51 (3)

BSR-F8 3.90 (5) 0.20 (7) 7.21 (6) 16.78 (2) 7.23 (3) 29.91 (4) 26.67 (1)

BSR-F9 3.52 (5) 0.28 (7) 7.20 (6) 14.45 (2) 7.26 (1) 29.87 (4) 31.17 (3)

BSR-F10 2.46 (5) 0.18 (7) 7.11 (6) 12.39 (4) 6.95 (2) 24.38 (3) 19.60 (1)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

Table 45 Time and solution comparisons against the state-of-the-art on functions F1-F10 with D=20 (CEC2021)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

B-F1 260.16 (1) 30.53 (1) 3.29 (1) 116.83 (6) 69.71 (7) 19.55 (8) 1.29 (1) 1.32 (1)

B-F2 249.90 (1) 183.66 (5) 35.62 (4) 109.56 (6) 71.84 (7) 25.18 (8) 1.20 (1) 1.12 (1)

B-F3 230.34 (1) 250.28 (6) 78.14 (5) 116.02 (4) 56.98 (7) 23.50 (8) 0.93 (1) 0.85 (1)

B-F4 357.88 (3) 313.36 (5) 84.65 (4) 116.20 (6) 57.48 (7) 71.69 (8) 0.34 (1) 0.33 (1)

B-F5 250.85 (1) 207.24 (5) 15.06 (4) 114.13 (6) 72.80 (8) 75.96 (7) 1.30 (1) 1.36 (1)

B-F6 364.27 (3) 308.82 (5) 112.84 (4) 112.74 (6) 62.11 (7) 22.43 (8) 4.07 (2) 3.25 (1)

B-F7 381.56 (3) 262.93 (5) 111.47 (4) 110.12 (6) 71.03 (8) 75.61 (7) 4.38 (2) 3.30 (1)

B-F8 223.22 (1) 33.12 (1) 6.65 (1) 116.62 (6) 63.88 (7) 20.71 (8) 1.04 (1) 0.95 (1)

B-F9 271.76 (1) 34.29 (1) 4.18 (1) 117.05 (1) 68.93 (7) 18.99 (8) 1.70 (1) 1.70 (1)

B-F10 380.20 (3) 233.37 (4) 39.43 (6) 117.53 (5) 61.29 (7) 45.57 (8) 3.24 (1) 2.99 (1)

S-F1 259.83 (1) 31.14 (1) 3.28 (1) 102.84 (6) 63.93 (7) 28.63 (8) 23.79 (1) 22.61 (1)

S-F2 256.90 (1) 247.04 (5) 41.07 (2) 108.75 (6) 62.73 (7) 22.56 (8) 109.19 (4) 166.08 (3)

S-F3 345.75 (1) 250.10 (5) 87.96 (1) 123.08 (6) 67.61 (7) 19.73 (8) 147.51 (4) 170.47 (3)

S-F4 373.70 (1) 326.89 (4) 102.04 (2) 106.20 (6) 76.39 (7) 93.30 (8) 160.40 (5) 169.20 (3)

S-F5 263.11 (1) 219.06 (5) 21.03 (2) 113.92 (6) 70.99 (8) 78.48 (7) 89.91 (4) 102.00 (3)

S-F6 386.85 (1) 291.79 (3) 106.25 (2) 107.22 (6) 67.10 (7) 21.07 (8) 127.80 (5) 173.74 (4)

S-F7 404.26 (1) 281.98 (5) 101.62 (2) 109.22 (6) 72.36 (8) 45.78 (7) 132.59 (3) 167.66 (4)

S-F8 296.24 (1) 62.82 (2) 13.56 (2) 114.82 (6) 63.91 (7) 38.45 (8) 64.81 (5) 55.67 (2)

S-F9 349.68 (1) 181.96 (4) 58.45 (2) 107.93 (3) 71.22 (8) 34.48 (7) 76.51 (6) 149.19 (5)

S-F10 321.34 (1) 119.90 (4) 24.79 (2) 96.24 (6) 66.20 (8) 61.32 (7) 88.66 (5) 77.30 (3)

BS-F1 259.73 (1) 31.18 (1) 3.33 (1) 103.72 (6) 73.13 (7) 33.49 (8) 24.07 (1) 23.05 (1)

BS-F2 256.25 (1) 260.90 (5) 31.88 (2) 109.27 (6) 76.01 (7) 28.44 (8) 105.56 (4) 168.83 (3)
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Table 45 continued

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

BS-F3 281.07 (1) 206.78 (5) 16.30 (1) 108.58 (6) 53.01 (7) 23.21 (8) 147.49 (4) 164.79 (3)

BS-F4 353.99 (1) 283.01 (4) 79.51 (2) 94.43 (6) 35.33 (7) 82.62 (8) 163.96 (5) 171.38 (3)

BS-F5 260.95 (1) 198.75 (5) 25.64 (2) 120.02 (6) 67.66 (8) 65.69 (7) 89.49 (4) 101.04 (3)

BS-F6 383.68 (1) 287.48 (3) 113.07 (2) 107.66 (6) 57.25 (7) 38.63 (8) 144.66 (5) 175.88 (4)

BS-F7 392.99 (1) 247.48 (5) 107.47 (2) 109.90 (6) 69.79 (8) 88.14 (7) 134.66 (3) 177.40 (4)

BS-F8 284.04 (1) 119.20 (2) 28.36 (5) 112.77 (6) 73.30 (7) 38.17 (8) 73.81 (4) 36.11 (2)

BS-F9 326.84 (1) 77.48 (4) 61.54 (2) 100.99 (3) 60.08 (8) 19.66 (7) 74.29 (6) 118.21 (5)

BS-F10 341.93 (1) 59.54 (3) 30.02 (2) 86.34 (6) 70.74 (8) 39.60 (7) 95.67 (5) 82.23 (4)

SR-F1 290.42 (1) 36.87 (1) 4.73 (1) 111.29 (6) 75.67 (7) 21.97 (8) 47.40 (1) 43.27 (1)

SR-F2 299.55 (1) 253.37 (5) 53.23 (4) 109.79 (6) 71.98 (7) 29.14 (8) 130.16 (3) 170.86 (2)

SR-F3 356.98 (1) 261.99 (5) 93.76 (4) 115.87 (6) 56.31 (7) 35.77 (8) 152.81 (3) 171.05 (2)

SR-F4 399.02 (1) 314.29 (4) 93.24 (2) 105.98 (6) 44.05 (7) 274.25 (8) 171.36 (5) 172.31 (3)

SR-F5 306.70 (5) 198.22 (2) 48.70 (1) 115.11 (6) 65.07 (8) 75.24 (7) 183.10 (4) 175.77 (3)

SR-F6 386.30 (1) 298.97 (3) 113.62 (2) 105.10 (6) 62.14 (7) 16.18 (8) 140.44 (5) 164.08 (4)

SR-F7 385.43 (5) 307.75 (3) 112.96 (4) 123.17 (6) 70.03 (7) 61.11 (8) 188.40 (1) 179.07 (2)

SR-F8 292.94 (1) 63.78 (2) 15.59 (2) 117.26 (6) 75.88 (7) 48.86 (8) 69.69 (5) 75.49 (2)

SR-F9 292.49 (1) 161.84 (2) 48.63 (6) 104.00 (3) 68.91 (8) 23.98 (7) 108.09 (5) 168.09 (4)

SR-F10 305.45 (2) 92.04 (5) 28.78 (1) 96.37 (6) 67.33 (7) 58.11 (8) 95.34 (4) 93.55 (3)

BSR-F1 293.30 (1) 36.94 (1) 5.22 (1) 110.99 (6) 106.15 (8) 22.87 (7) 46.96 (1) 43.98 (1)

BSR-F2 297.46 (1) 262.65 (5) 46.82 (4) 109.38 (6) 81.86 (8) 18.75 (7) 126.95 (3) 172.96 (2)

BSR-F3 305.92 (2) 199.81 (5) 26.51 (4) 109.15 (6) 68.70 (7) 22.79 (8) 153.61 (3) 170.24 (1)

BSR-F4 379.39 (1) 296.21 (4) 72.26 (2) 97.69 (6) 52.87 (7) 152.53 (8) 165.76 (5) 172.95 (3)

BSR-F5 293.70 (5) 175.81 (2) 35.68 (3) 115.85 (6) 68.31 (8) 93.12 (7) 182.50 (4) 176.40 (1)

BSR-F6 380.61 (1) 290.05 (3) 103.90 (2) 105.50 (6) 65.15 (7) 19.75 (8) 121.87 (5) 170.08 (4)

BSR-F7 387.73 (5) 295.48 (2) 109.90 (3) 113.24 (6) 60.18 (8) 75.77 (7) 184.39 (4) 170.22 (1)

BSR-F8 256.21 (1) 128.35 (2) 17.78 (5) 112.25 (6) 57.47 (7) 27.52 (8) 65.31 (4) 45.23 (2)

BSR-F9 290.68 (1) 81.78 (2) 14.31 (6) 101.20 (3) 56.42 (8) 28.87 (7) 112.35 (5) 159.53 (4)

BSR-F10 286.25 (1) 53.76 (5) 31.25 (2) 89.11 (6) 79.24 (8) 57.27 (7) 101.97 (4) 85.52 (3)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

Table 46 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F10 with D=20
(CEC2021)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

B-F1 12.79 (7) 0.55 (6) 4.09 (1) 1.53 (1) 0.07 (1) 16.86 (1) 1.29 (1)

B-F2 16.19 (7) 0.72 (6) 4.69 (1) 29.53 (4) 0.05 (1) 154.61 (5) 1.20 (1)

B-F3 15.85 (6) 0.53 (7) 2.07 (1) 64.36 (4) 0.05 (1) 149.68 (5) 0.93 (1)

B-F4 14.49 (7) 1.23 (6) 5.05 (3) 72.79 (5) 0.02 (1) 152.40 (4) 0.34 (1)

B-F5 16.30 (6) 0.56 (7) 4.08 (1) 11.17 (5) 0.06 (1) 69.62 (4) 1.30 (1)

B-F6 16.56 (6) 0.50 (7) 34.41 (3) 87.08 (5) 0.12 (1) 151.66 (4) 4.07 (1)

B-F7 17.97 (7) 0.70 (6) 34.09 (3) 87.50 (5) 0.13 (1) 151.91 (4) 4.38 (1)

B-F8 12.65 (6) 2.00 (7) 1.92 (1) 29.34 (5) 0.06 (1) 42.67 (4) 1.04 (1)

B-F9 16.58 (7) 2.50 (6) 7.08 (1) 1.90 (1) 0.09 (1) 19.99 (1) 1.70 (1)

B-F10 18.47 (6) 2.50 (7) 41.08 (3) 32.55 (5) 0.15 (1) 159.79 (4) 3.24 (1)

S-F1 14.73 (6) 0.43 (7) 35.35 (5) 1.56 (1) 1.28 (1) 17.16 (1) 23.79 (1)

S-F2 17.64 (5) 1.62 (6) 37.90 (7) 38.48 (3) 21.07 (2) 157.02 (4) 109.19 (1)
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Table 46 continued Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

S-F3 15.80 (5) 0.63 (6) 35.85 (7) 63.75 (2) 26.69 (4) 152.94 (1) 147.51 (3)

S-F4 17.40 (5) 0.77 (7) 36.26 (6) 75.78 (4) 37.86 (2) 154.04 (1) 160.40 (3)

S-F5 18.71 (5) 0.80 (7) 37.53 (6) 16.68 (4) 5.46 (2) 77.84 (3) 89.91 (1)

S-F6 17.48 (5) 0.91 (6) 37.18 (7) 86.42 (3) 37.38 (1) 157.14 (4) 127.80 (2)

S-F7 14.68 (5) 0.85 (7) 37.13 (6) 85.86 (4) 36.04 (2) 157.72 (3) 132.59 (1)

S-F8 18.29 (5) 2.38 (7) 43.35 (6) 16.16 (3) 14.04 (1) 99.69 (4) 64.81 (2)

S-F9 16.88 (5) 1.74 (6) 43.59 (7) 37.22 (2) 18.56 (3) 98.05 (4) 76.51 (1)

S-F10 20.39 (6) 2.15 (7) 43.22 (5) 26.52 (2) 23.79 (1) 57.23 (4) 88.66 (3)

BS-F1 14.18 (6) 0.40 (7) 33.77 (5) 1.55 (1) 1.30 (1) 16.68 (1) 24.07 (1)

BS-F2 17.39 (5) 1.11 (6) 36.09 (7) 40.11 (3) 21.42 (2) 152.57 (4) 105.56 (1)

BS-F3 17.54 (5) 0.66 (6) 32.95 (7) 21.44 (2) 12.89 (4) 139.62 (1) 147.49 (3)

BS-F4 14.08 (5) 0.52 (7) 34.76 (6) 75.53 (4) 37.34 (2) 150.18 (1) 163.96 (3)

BS-F5 15.64 (5) 0.51 (7) 35.89 (6) 19.27 (4) 8.42 (2) 71.08 (3) 89.49 (1)

BS-F6 16.96 (5) 1.02 (6) 35.45 (7) 85.59 (4) 34.26 (1) 151.29 (3) 144.66 (2)

BS-F7 19.27 (6) 0.70 (7) 35.54 (5) 83.73 (4) 30.62 (2) 151.94 (3) 134.66 (1)

BS-F8 17.90 (5) 1.62 (7) 41.21 (6) 8.15 (3) 3.15 (1) 65.30 (4) 73.81 (2)

BS-F9 20.08 (5) 0.53 (6) 41.85 (7) 15.60 (1) 5.57 (3) 41.07 (4) 74.29 (2)

BS-F10 20.88 (6) 1.03 (7) 41.55 (5) 12.52 (2) 22.92 (1) 42.42 (3) 95.67 (4)

SR-F1 16.64 (6) 0.63 (7) 33.90 (5) 7.74 (1) 5.53 (1) 33.07 (1) 47.40 (1)

SR-F2 17.42 (5) 1.90 (6) 36.47 (7) 86.14 (4) 23.52 (1) 156.09 (3) 130.16 (2)

SR-F3 17.38 (5) 0.81 (6) 33.29 (7) 85.49 (1) 30.96 (2) 152.57 (4) 152.81 (3)

SR-F4 16.10 (5) 1.22 (7) 34.90 (6) 73.55 (4) 37.55 (3) 153.70 (1) 171.36 (2)

SR-F5 13.51 (5) 1.76 (7) 36.19 (6) 86.87 (3) 38.72 (4) 156.11 (1) 183.10 (2)

SR-F6 16.00 (5) 0.81 (6) 35.71 (7) 86.23 (4) 37.04 (1) 154.74 (3) 140.44 (2)

SR-F7 16.74 (5) 1.19 (7) 35.27 (6) 86.24 (3) 38.32 (4) 155.14 (1) 188.40 (2)

SR-F8 19.33 (4) 6.24 (7) 41.84 (6) 20.85 (3) 18.42 (2) 120.92 (5) 69.69 (1)

SR-F9 18.99 (5) 3.79 (6) 42.31 (7) 85.56 (4) 35.30 (2) 152.56 (3) 108.09 (1)

SR-F10 20.22 (5) 2.45 (7) 42.21 (6) 50.99 (4) 30.27 (3) 72.49 (2) 95.34 (1)

BSR-F1 14.73 (6) 0.52 (7) 34.44 (5) 7.84 (1) 6.06 (1) 32.44 (1) 46.96 (1)

BSR-F2 17.41 (5) 2.01 (7) 36.68 (6) 87.01 (4) 26.70 (1) 155.87 (3) 126.95 (2)

BSR-F3 14.65 (5) 0.59 (6) 34.20 (7) 86.32 (1) 24.92 (2) 149.60 (4) 153.61 (3)

BSR-F4 16.53 (5) 0.66 (7) 34.71 (6) 71.57 (4) 37.55 (3) 151.38 (1) 165.76 (2)

BSR-F5 14.85 (5) 1.61 (7) 36.30 (6) 86.66 (3) 38.98 (4) 153.94 (1) 182.50 (2)

BSR-F6 17.15 (5) 0.60 (6) 36.14 (7) 86.73 (4) 34.49 (2) 153.25 (3) 121.87 (1)

BSR-F7 16.00 (5) 1.72 (6) 35.91 (7) 88.48 (3) 38.47 (4) 153.22 (1) 184.39 (2)

BSR-F8 18.86 (4) 3.65 (7) 42.26 (6) 21.33 (3) 9.06 (2) 116.97 (5) 65.31 (1)

BSR-F9 17.56 (5) 1.29 (6) 42.33 (7) 84.33 (4) 34.44 (2) 139.37 (3) 112.35 (1)

BSR-F10 20.89 (4) 1.26 (7) 41.87 (6) 41.05 (5) 30.39 (3) 49.31 (2) 101.97 (1)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)
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Table 47 Time and solution comparisons against the state-of-the-art on functions F1-F16 with D=10 (Classical set)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 31.67 (1) 6.24 (1) 2.92 (1) 13.91 (1) 157.97 (8) 62.92 (7) 1.03 (1) 1.48 (1)

F2 27.33 (1) 4.52 (1) 2.02 (1) 15.41 (1) 190.58 (8) 159.25 (7) 0.58 (1) 0.80 (1)

F3 29.47 (1) 6.04 (1) 2.67 (1) 21.01 (1) 206.32 (8) 95.40 (7) 1.08 (1) 1.67 (1)

F4 28.78 (1) 9.20 (1) 5.67 (1) 21.26 (1) 182.25 (7) 75.06 (8) 1.31 (1) 2.14 (1)

F5 27.36 (1) 4.53 (1) 2.03 (1) 16.23 (1) 171.49 (8) 52.59 (7) 0.50 (1) 1.01 (1)

F6 14.88 (1) 1.65 (1) 0.61 (1) 10.34 (1) 178.59 (8) 37.69 (1) 0.17 (1) 0.31 (1)

F7 29.24 (1) 6.34 (1) 2.95 (1) 15.90 (1) 169.24 (8) 180.66 (7) 0.71 (1) 1.11 (1)

F8 32.42 (1) 7.61 (1) 4.74 (1) 19.91 (1) 188.63 (8) 112.34 (7) 1.04 (1) 1.73 (1)

F9 28.79 (1) 21.30 (5) 7.36 (1) 24.76 (6) 157.65 (7) 34.96 (8) 0.83 (1) 1.47 (1)

F10 31.39 (1) 8.24 (1) 4.23 (1) 24.09 (1) 128.72 (8) 63.67 (7) 1.56 (1) 2.63 (1)

F11 35.43 (1) 13.38 (5) 9.57 (4) 24.82 (6) 178.40 (8) 65.49 (7) 0.88 (1) 1.56 (1)

F12 20.19 (1) 4.25 (1) 1.99 (1) 14.23 (6) 204.38 (7) 41.59 (8) 4.02 (1) 6.16 (1)

F13 23.48 (1) 3.49 (1) 1.69 (1) 9.58 (1) 186.31 (8) 82.35 (7) 0.20 (1) 0.36 (1)

F14 41.28 (3) 26.86 (3) 19.82 (3) 25.64 (6) 190.88 (7) 32.78 (8) 11.14 (2) 10.45 (1)

F15 36.25 (1) 17.41 (1) 13.52 (1) 21.81 (1) 173.49 (8) 57.75 (7) 1.38 (1) 2.01 (1)

F16 31.39 (1) 24.86 (3) 7.56 (2) 25.15 (6) 195.94 (7) 65.23 (8) 16.67 (5) 30.03 (4)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

Table 48 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F16 with D=10
(Classical set)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

F1 1.41 (7) 0.05 (1) 0.62 (1) 0.70 (1) 0.04 (1) 2.84 (1) 1.03 (1)

F2 1.93 (6) 0.12 (7) 0.28 (1) 0.51 (1) 0.04 (1) 2.36 (1) 0.58 (1)

F3 1.74 (7) 0.74 (6) 0.82 (1) 0.72 (1) 0.05 (1) 2.78 (1) 1.08 (1)

F4 1.55 (6) 0.23 (5) 2.89 (7) 1.82 (1) 0.06 (1) 4.89 (1) 1.31 (1)

F5 1.61 (7) 0.05 (1) 0.34 (1) 0.50 (1) 0.04 (1) 2.31 (1) 0.50 (1)

F6 1.46 (7) 0.03 (1) 0.10 (1) 0.17 (1) 0.01 (1) 1.13 (1) 0.17 (1)

F7 1.47 (7) 0.86 (6) 3.46 (5) 2.09 (1) 0.04 (1) 5.64 (1) 0.71 (1)

F8 3.90 (7) 4.50 (6) 7.41 (5) 3.82 (1) 0.10 (1) 8.37 (1) 1.04 (1)

F9 1.87 (7) 0.33 (6) 0.79 (1) 1.83 (1) 0.04 (1) 14.37 (1) 0.83 (1)

F10 1.84 (7) 0.19 (6) 1.25 (1) 1.09 (1) 0.08 (1) 4.01 (1) 1.56 (1)

F11 1.66 (7) 0.41 (6) 1.87 (5) 3.44 (3) 0.05 (1) 15.00 (4) 0.88 (1)

F12 1.19 (6) 0.22 (7) 1.13 (1) 0.51 (1) 0.35 (1) 1.90 (1) 4.02 (1)

F13 2.07 (7) 0.05 (1) 0.24 (1) 0.39 (1) 0.02 (1) 2.11 (1) 0.20 (1)

F14 2.18 (6) 1.16 (7) 3.47 (3) 7.59 (4) 2.31 (2) 14.78 (5) 11.14 (1)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)
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Table 49 Time and solution comparisons against the state-of-the-art on functions F1-F16 with D=30 (Classical set)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 287.98 (1) 43.21 (1) 3.84 (1) 37.37 (1) 347.41 (7) 131.09 (8) 0.72 (1) 0.81 (1)

F2 258.67 (1) 33.02 (1) 2.92 (1) 43.47 (1) 401.68 (8) 778.50 (7) 0.55 (1) 0.62 (1)

F3 317.61 (1) 41.14 (1) 5.61 (1) 52.49 (1) 315.85 (8) 231.35 (7) 0.89 (1) 1.09 (1)

F4 245.32 (6) 66.35 (1) 9.23 (1) 49.70 (1) 403.23 (7) 101.15 (8) 1.07 (1) 1.37 (1)

F5 279.14 (1) 33.43 (1) 2.89 (1) 40.72 (1) 419.07 (7) 88.09 (8) 0.52 (1) 0.61 (1)

F6 178.65 (1) 9.30 (1) 0.67 (1) 23.68 (1) 262.05 (7) 217.31 (8) 0.15 (1) 0.21 (1)

F7 277.74 (1) 62.37 (1) 9.05 (1) 38.57 (1) 269.17 (7) 474.17 (8) 0.76 (1) 1.00 (1)

F8 344.56 (1) 79.62 (1) 30.01 (1) 77.92 (1) 457.64 (8) 103.39 (7) 1.48 (1) 1.59 (1)

F9 289.53 (1) 146.07 (5) 17.80 (1) 63.39 (6) 302.56 (7) 67.34 (8) 0.63 (1) 0.84 (1)

F10 315.81 (1) 50.68 (1) 5.14 (1) 60.65 (1) 440.64 (7) 122.41 (8) 1.08 (1) 1.57 (1)

F11 294.22 (1) 40.07 (1) 3.80 (1) 50.23 (6) 467.85 (7) 134.36 (8) 0.62 (1) 0.78 (1)

F12 270.79 (1) 45.36 (3) 5.83 (1) 45.61 (4) 446.35 (7) 114.61 (8) 23.39 (6) 31.58 (5)

F13 260.40 (1) 25.74 (1) 2.18 (1) 25.94 (1) 392.13 (7) 207.43 (8) 0.26 (1) 0.22 (1)

F14 26.81 (1) 21.55 (1) 0.50 (1) 21.18 (1) 52.76 (1) 63.08 (1) 0.14 (1) 0.12 (1)

F15 277.85 (1) 113.59 (1) 29.82 (1) 52.14 (1) 308.87 (8) 114.61 (7) 1.06 (1) 1.37 (1)

F16 290.58 (2) 186.25 (4) 48.70 (1) 63.00 (5) 130.77 (8) 134.62 (7) 77.36 (6) 85.37 (3)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

Table 50 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F16 with D=30
(Classical set)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

F1 7.79 (7) 0.65 (6) 1.35 (1) 1.28 (1) 0.06 (1) 12.54 (1) 0.72 (1)

F2 9.99 (6) 0.97 (7) 0.44 (1) 1.10 (1) 0.05 (1) 11.46 (1) 0.55 (1)

F3 7.07 (6) 0.90 (7) 2.23 (1) 7.53 (5) 0.06 (1) 12.38 (1) 0.89 (1)

F4 7.14 (5) 0.69 (6) 13.76 (7) 31.15 (4) 0.07 (1) 57.13 (3) 1.07 (1)

F5 8.72 (6) 0.60 (7) 0.66 (1) 0.95 (1) 0.04 (1) 11.30 (1) 0.52 (1)

F6 7.10 (7) 0.42 (6) 0.16 (1) 0.20 (1) 0.02 (1) 7.08 (1) 0.15 (1)

F7 10.21 (7) 1.35 (6) 23.27 (5) 10.87 (1) 0.05 (1) 32.83 (1) 0.76 (1)

F8 45.48 (6) 17.16 (7) 91.61 (4) 86.19 (5) 0.23 (1) 95.40 (1) 1.48 (1)

F9 7.80 (7) 0.65 (6) 1.16 (1) 23.70 (4) 0.05 (1) 61.10 (5) 0.63 (1)

F10 11.31 (6) 1.74 (7) 3.97 (1) 2.66 (5) 0.09 (1) 15.85 (1) 1.08 (1)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

123



AdaGuiDE: An adaptive and guided differential evolution for continuous... 10901

Table 51 Time and solution comparisons against the state-of-the-art on functions F1-F16 with D=50 (Classical set)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 893.47 (6) 99.83 (1) 5.23 (1) 47.69 (1) 184.67 (7) 136.96 (8) 0.80 (1) 0.99 (1)

F2 865.96 (6) 86.92 (1) 4.05 (1) 53.06 (1) 181.63 (8) 518.33 (7) 0.59 (1) 0.59 (1)

F3 891.69 (6) 100.69 (1) 9.51 (1) 61.86 (1) 182.38 (7) 165.59 (8) 1.21 (1) 1.04 (1)

F4 414.44 (6) 151.99 (1) 12.79 (1) 64.33 (5) 140.34 (8) 150.16 (7) 1.29 (1) 1.22 (1)

F5 894.67 (6) 78.79 (1) 4.45 (1) 52.38 (1) 187.03 (7) 110.98 (8) 0.69 (1) 0.61 (1)

F6 546.56 (1) 29.80 (1) 0.85 (1) 30.49 (1) 176.42 (7) 142.78 (8) 0.20 (1) 0.18 (1)

F7 739.65 (6) 161.61 (1) 15.18 (1) 48.83 (1) 162.69 (7) 358.10 (8) 1.07 (1) 1.00 (1)

F8 980.22 (6) 227.14 (1) 122.97 (1) 128.19 (1) 148.07 (8) 139.31 (7) 2.50 (1) 2.20 (1)

F9 664.07 (4) 203.67 (5) 30.21 (1) 70.06 (6) 160.80 (8) 88.43 (7) 0.96 (1) 0.83 (1)

F10 813.99 (6) 108.01 (1) 7.02 (1) 64.97 (1) 193.52 (7) 133.59 (8) 1.38 (1) 1.36 (1)

F11 904.49 (6) 82.96 (1) 5.24 (1) 45.43 (5) 180.47 (7) 121.75 (8) 0.78 (1) 0.84 (1)

F12 661.96 (1) 109.66 (3) 11.62 (1) 66.59 (6) 173.41 (8) 125.94 (7) 37.18 (5) 52.58 (4)

F13 906.98 (6) 71.42 (1) 3.14 (1) 33.20 (1) 185.00 (7) 126.35 (8) 0.30 (1) 0.21 (1)

F14 9.28 (1) 11.86 (1) 0.09 (1) 4.30 (1) 8.76 (1) 7.78 (1) 0.03 (1) 0.03 (1)

F15 683.36 (6) 188.65 (5) 24.83 (1) 60.95 (1) 173.21 (7) 155.62 (8) 1.32 (1) 1.37 (1)

F16 650.01 (2) 263.90 (5) 70.01 (1) 74.70 (3) 162.52 (8) 132.53 (7) 99.22 (6) 91.83 (4)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

Table 52 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F16 with D=50
(Classical set)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

F1 8.94 (6) 0.62 (7) 1.95 (1) 19.03 (5) 0.07 (1) 20.21 (1) 0.80 (1)

F2 12.67 (6) 1.62 (7) 0.59 (1) 23.07 (5) 0.06 (1) 19.58 (1) 0.59 (1)

F3 11.44 (6) 1.02 (7) 2.27 (1) 21.08 (5) 0.09 (1) 20.14 (1) 1.21 (1)

F4 7.45 (5) 0.82 (6) 14.72 (7) 40.09 (4) 0.08 (1) 71.01 (3) 1.29 (1)

F5 8.13 (6) 0.64 (7) 0.74 (1) 18.54 (5) 0.06 (1) 18.77 (1) 0.69 (1)

F6 8.07 (7) 0.59 (6) 0.16 (1) 0.34 (1) 0.02 (1) 13.75 (1) 0.20 (1)

F7 12.09 (5) 2.46 (6) 24.64 (7) 41.91 (3) 0.08 (1) 81.71 (4) 1.07 (1)

F8 75.68 (6) 31.57 (7) 147.61 (5) 165.71 (4) 0.43 (1) 214.94 (3) 2.50 (1)

F9 11.45 (7) 0.70 (6) 1.28 (1) 42.42 (5) 0.06 (1) 77.22 (4) 0.96 (1)

F10 12.92 (6) 1.45 (7) 4.15 (1) 19.07 (5) 0.10 (1) 24.77 (1) 1.38 (1)

F11 10.48 (6) 0.88 (7) 2.86 (4) 17.59 (5) 0.05 (1) 22.58 (1) 0.78 (1)

F12 11.80 (6) 0.80 (7) 7.07 (1) 19.96 (5) 6.08 (3) 32.50 (2) 37.18 (4)

F13 9.90 (6) 1.59 (7) 0.45 (1) 23.50 (5) 0.04 (1) 19.86 (1) 0.30 (1)

F14 0.01 (1) 0.01 (1) 0.01 (1) 0.02 (1) 0.01 (1) 0.01 (1) 0.03 (1)

F15 10.48 (7) 1.02 (6) 2.83 (1) 4.74 (1) 0.08 (1) 32.75 (1) 1.32 (1)

F16 12.15 (7) 2.82 (5) 25.33 (6) 46.19 (4) 29.30 (1) 84.59 (2) 99.22 (3)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)
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Table 53 Time and solution comparisons against the state-of-the-art on functions F1-F15 with D=100 (Classical set)

Func. NL-SHADE-RSP NL-SHADE-LBC EA4EIG DISGSA HEBO LSSP AdaGuiDE AdaGuiDE-PS

F1 3259.87 (6) 772.51 (1) 279.04 (1) 206.61 (1) 0.66 (8) 207.06 (7) 0.76 (1) 0.39 (1)

F2 2798.81 (6) 804.61 (1) 199.65 (1) 236.02 (1) 0.65 (8) 2204.90 (7) 0.50 (1) 0.27 (1)

F3 3238.17 (6) 860.86 (1) 708.39 (1) 285.60 (1) 0.59 (8) 156.62 (7) 0.92 (1) 0.49 (1)

F4 675.66 (6) 1288.25 (4) 1345.21 (3) 282.32 (5) 0.48 (8) 125.09 (7) 0.99 (1) 0.52 (1)

F5 2704.76 (6) 710.07 (1) 289.77 (1) 234.90 (1) 0.40 (8) 120.37 (7) 0.50 (1) 0.34 (1)

F6 1957.84 (1) 419.96 (1) 41.11 (1) 135.93 (1) 0.06 (8) 502.56 (7) 0.14 (1) 0.08 (1)

F7 2975.53 (6) 1371.54 (1) 3969.47 (1) 273.28 (5) 0.53 (8) 1107.51 (7) 0.99 (1) 0.50 (1)

F8 3061.70 (6) 2491.64 (3) 13496.68 (4) 1299.18 (5) 1.13 (8) 400.29 (7) 3.39 (1) 1.45 (1)

F9 2656.30 (5) 1127.09 (4) 3442.83 (3) 302.32 (6) 0.60 (8) 117.09 (7) 0.72 (1) 0.43 (1)

F10 2094.66 (6) 814.49 (1) 373.86 (1) 299.90 (1) 0.70 (8) 94.41 (7) 1.14 (1) 0.55 (1)

F11 3304.84 (6) 731.07 (1) 328.72 (1) 189.06 (1) 0.78 (8) 219.46 (7) 0.65 (1) 0.35 (1)

F12 2587.51 (3) 1231.66 (2) 1030.26 (1) 294.03 (6) 0.69 (8) 236.84 (7) 62.95 (5) 46.41 (4)

F13 3335.67 (6) 621.73 (1) 171.63 (1) 196.80 (1) 1.34 (8) 235.19 (7) 0.23 (1) 0.13 (1)

F14 14.77 (1) 155.37 (1) 0.58 (1) 0.03 (1) 0.01 (1) 1.54 (1) 0.01 (1) 0.01 (1)

F15 1615.07 (6) 1004.31 (1) 1037.67 (1) 291.60 (5) 0.51 (8) 245.79 (7) 1.14 (1) 0.52 (1)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)

Table 54 Time and solution
comparisons against popular
meta-heuristic algorithms on
functions F1-F15 with D=100
(Classical set)

Func. GA PSO WOA DE AMPO CSDE AdaGuiDE

F1 14.82 (6) 0.60 (7) 2.24 (1) 21.89 (5) 0.07 (1) 37.04 (1) 0.76 (1)

F2 28.47 (6) 3.01 (7) 0.72 (1) 29.21 (5) 0.07 (1) 39.64 (1) 0.50 (1)

F3 17.10 (6) 1.18 (7) 3.30 (1) 25.69 (5) 0.08 (1) 38.37 (1) 0.92 (1)

F4 15.76 (7) 1.24 (6) 28.59 (5) 67.52 (3) 0.08 (1) 120.67 (4) 0.99 (1)

F5 15.30 (6) 0.75 (7) 0.98 (1) 25.40 (5) 0.05 (1) 35.49 (1) 0.50 (1)

F6 18.73 (7) 1.80 (6) 0.16 (1) 0.39 (1) 0.02 (1) 31.60 (1) 0.14 (1)

F7 19.24 (5) 2.66 (7) 43.06 (6) 81.20 (4) 0.08 (1) 135.93 (3) 0.99 (1)

F8 238.93 (6) 86.82 (7) 517.97 (5) 518.56 (4) 0.70 (1) 616.97 (3) 3.39 (1)

F9 17.87 (7) 1.01 (6) 1.35 (1) 71.07 (5) 0.05 (1) 128.37 (4) 0.72 (1)

F10 21.30 (6) 1.33 (7) 5.61 (1) 24.35 (5) 0.10 (1) 44.44 (1) 1.14 (1)

F11 17.87 (6) 1.09 (7) 1.76 (1) 20.96 (5) 0.07 (1) 38.83 (1) 0.65 (1)

F12 19.50 (6) 1.11 (7) 12.91 (1) 28.54 (5) 41.73 (2) 63.72 (3) 62.95 (4)

F13 20.17 (6) 1.60 (7) 0.43 (1) 23.80 (5) 0.04 (1) 40.26 (1) 0.23 (1)

F14 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1) 0.01 (1)

F15 15.09 (6) 1.07 (7) 3.96 (1) 27.53 (5) 0.08 (1) 49.41 (1) 1.14 (1)

• Data format: Average time (Ranking of solution quality)
• Average time unit: CPU second(s)
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Appendix G: The comparative results on the ablation study

Table 55 Comparative results of ablation study on functions F1-F30 with D=30 (CEC2014)

Func. Metric AdaGuiDE AdaGuiDE AdaGuiDE AdaGuiDE AdaGuiDE-PS AdaGuiDE

F1 Mean 1.34E+05 4.28E+05 1.51E+05 1.15E+05 1.23E+05 5.87E+05

Std. 8.80E+04 5.33E+05 9.20E+04 6.50E+04 6.39E+04 8.11E+05

F2 Mean 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02

Std. 0.00E+00 0.00E+00 0.00E+00 2.84E-01 0.00E+00 0.00E+00

F3 Mean 3.00E+02 3.00E+02 3.00E+02 3.02E+02 3.00E+02 3.00E+02

Std. 0.00E+00 0.00E+00 0.00E+00 1.86E+00 0.00E+00 0.00E+00

F4 Mean 4.01E+02 4.12E+02 4.05E+02 5.23E+02 4.23E+02 4.07E+02

Std. 4.97E-02 3.05E+01 1.57E+01 2.23E+01 3.09E+01 2.36E+01

F5 Mean 5.20E+02 5.20E+02 5.20E+02 5.20E+02 5.20E+02 5.20E+02

Std. 6.93E-02 3.57E-02 3.46E-02 1.30E-01 4.66E-02 4.08E-02

F6 Mean 6.03E+02 6.03E+02 6.04E+02 6.29E+02 6.17E+02 6.02E+02

Std. 2.25E+00 4.31E+00 2.22E+00 3.35E+00 1.39E+00 1.73E+00

F7 Mean 7.00E+02 7.00E+02 7.00E+02 7.19E+02 7.00E+02 7.00E+02

Std. 0.00E+00 0.00E+00 0.00E+00 4.04E+00 1.25E-06 0.00E+00

F8 Mean 8.04E+02 8.06E+02 8.06E+02 8.69E+02 8.11E+02 8.07E+02

Std. 2.43E+00 2.37E+00 2.19E+00 1.13E+01 2.48E+00 3.23E+00

F9 Mean 9.35E+02 9.24E+02 9.39E+02 9.86E+02 9.48E+02 9.31E+02

Std. 8.87E+00 5.75E+00 1.05E+01 1.65E+01 7.78E+00 8.61E+00

F10 Mean 1.06E+03 1.05E+03 1.10E+03 1.06E+03 1.06E+03 1.05E+03

Std. 8.65E+01 5.45E+01 8.98E+01 4.80E+01 5.68E+01 6.75E+01

F11 Mean 3.37E+03 2.66E+03 3.61E+03 3.41E+03 3.51E+03 3.11E+03

Std. 4.55E+02 5.52E+02 6.36E+02 6.05E+02 3.78E+02 4.97E+02

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 1.01E-01 1.13E-01 1.22E-01 1.77E-01 6.00E-02 1.33E-01

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03

Std. 4.56E-02 2.34E-02 5.06E-02 6.26E-01 3.02E-02 1.44E-02

F14 Mean 1.40E+03 1.40E+03 1.40E+03 1.41E+03 1.40E+03 1.40E+03

Std. 2.09E-02 3.51E-02 2.28E-02 4.31E+00 2.02E-02 2.72E-02

F15 Mean 1.50E+03 1.50E+03 1.50E+03 1.52E+03 1.51E+03 1.50E+03

Std. 1.07E+00 6.44E-01 7.18E-01 5.33E+00 1.14E+00 7.01E-01

F16 Mean 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03

Std. 6.46E-01 8.36E-01 5.05E-01 2.68E-01 2.94E-01 8.10E-01

F17 Mean 3.53E+03 1.32E+04 3.34E+03 3.24E+03 3.32E+03 6.15E+04

Std. 2.35E+03 2.19E+04 8.59E+02 7.40E+02 7.92E+02 1.51E+05

F18 Mean 1.82E+03 1.84E+03 1.82E+03 1.84E+03 1.84E+03 1.82E+03

Std. 7.87E+00 5.80E+01 8.28E+00 1.38E+01 1.07E+01 8.24E+00

F19 Mean 1.90E+03 1.90E+03 1.90E+03 1.91E+03 1.91E+03 1.90E+03

Std. 6.28E-01 9.26E-01 8.31E-01 3.40E+00 7.91E-01 7.52E-01

F20 Mean 2.01E+03 2.01E+03 2.01E+03 2.03E+03 2.02E+03 2.01E+03

Std. 3.36E+00 3.28E+00 2.78E+00 1.32E+01 4.55E+00 4.21E+00

F21 Mean 2.38E+03 2.53E+03 2.34E+03 2.39E+03 2.56E+03 4.85E+03

Std. 1.56E+02 5.62E+02 1.17E+02 1.92E+02 2.35E+02 1.23E+04

F22 Mean 2.23E+03 2.23E+03 2.23E+03 2.25E+03 2.27E+03 2.24E+03
Std. 2.25E+01 1.01E+01 2.51E+01 2.76E+01 3.80E+01 3.01E+01

F23 Mean 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
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Table 55 (Continued)

Func. Metric AdaGuiDE AdaGuiDE AdaGuiDE AdaGuiDE AdaGuiDE-PS AdaGuiDE

F24 Mean 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03
Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F25 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F26 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 5.28E-02 1.66E-02 1.79E+01 8.12E-01 4.84E-02 1.69E-02

F27 Mean 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F28 Mean 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F29 Mean 3.22E+03 3.51E+03 3.32E+03 3.30E+03 3.28E+03 3.57E+03

Std. 2.79E+02 6.42E+02 3.09E+02 3.78E+02 3.21E+02 8.14E+02

F30 Mean 4.04E+03 4.42E+03 4.08E+03 3.98E+03 3.93E+03 3.90E+03

Std. 9.22E+02 1.22E+03 9.33E+02 9.18E+02 7.98E+02 1.06E+03

Table 56 (Cont’d) Comparative results of ablation study on functions F1-F30 with D=30 (CEC2014)

Func. Metric AdaGuiDE AdaGuiDE-PS AdaGuiDE AdaGuiDE-PS AdaGuiDE AdaGuiDE-PS
DYN-GUIDED DYN-GUIDED GUIDED-BR GUIDED-BR

F1 Mean 1.50E+05 1.20E+05 3.77E+05 6.62E+05 6.43E+05 5.76E+05

Std. 8.68E+04 7.56E+04 4.27E+05 1.17E+06 8.78E+05 9.38E+05

F2 Mean 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02

Std. 1.71E-01 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F3 Mean 3.01E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02

Std. 7.64E-01 0.00E+00 1.10E-07 0.00E+00 0.00E+00 0.00E+00

F4 Mean 5.18E+02 4.25E+02 4.38E+02 4.43E+02 4.50E+02 4.25E+02

Std. 2.05E+01 3.45E+01 3.85E+01 4.30E+01 4.21E+01 3.69E+01

F5 Mean 5.20E+02 5.20E+02 5.21E+02 5.20E+02 5.21E+02 5.20E+02

Std. 1.32E-01 5.88E-02 9.62E-02 1.09E-01 1.17E-01 1.62E-01

F6 Mean 6.31E+02 6.18E+02 6.03E+02 6.03E+02 6.02E+02 6.05E+02

Std. 2.78E+00 1.98E+00 1.57E+00 3.69E+00 1.65E+00 2.97E+00

F7 Mean 7.16E+02 7.00E+02 7.01E+02 7.00E+02 7.00E+02 7.00E+02

Std. 3.92E+00 1.83E-07 4.21E-01 0.00E+00 4.24E-01 0.00E+00

F8 Mean 8.58E+02 8.14E+02 8.05E+02 8.02E+02 8.08E+02 8.04E+02

Std. 1.10E+01 4.04E+00 1.96E+00 2.06E+00 2.56E+00 3.04E+00

F9 Mean 9.93E+02 9.48E+02 9.16E+02 9.15E+02 9.19E+02 9.21E+02

Std. 1.68E+01 1.08E+01 3.98E+00 4.30E+00 4.67E+00 5.22E+00

F10 Mean 1.09E+03 1.07E+03 1.03E+03 1.04E+03 1.07E+03 1.03E+03

Std. 7.54E+01 6.36E+01 4.63E+01 4.51E+01 7.19E+01 3.07E+01

F11 Mean 3.48E+03 3.46E+03 2.59E+03 2.45E+03 2.78E+03 2.89E+03

Std. 4.57E+02 5.03E+02 5.66E+02 4.46E+02 5.01E+02 4.90E+02

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 1.65E-01 1.00E-01 1.93E-01 1.27E-01 1.49E-01 1.38E-01

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03

Std. 1.08E+00 4.44E-02 4.27E-02 1.78E-02 5.88E-02 1.52E-02

F14 Mean 1.41E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03

Std. 4.48E+00 2.35E-02 4.41E-02 3.02E-02 2.65E-02 3.26E-02
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Table 56 continued

Func. Metric AdaGuiDE AdaGuiDE-PS AdaGuiDE AdaGuiDE-PS AdaGuiDE AdaGuiDE-PS
DYN-GUIDED DYN-GUIDED GUIDED-BR GUIDED-BR

F15 Mean 1.52E+03 1.51E+03 1.50E+03 1.50E+03 1.50E+03 1.50E+03

Std. 3.69E+00 1.58E+00 7.92E-01 7.49E-01 8.72E-01 1.12E+00

F16 Mean 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03

Std. 2.59E-01 3.72E-01 2.61E-01 7.57E-01 3.85E-01 6.65E-01

F17 Mean 3.66E+03 3.08E+03 2.04E+04 1.55E+04 3.92E+04 2.58E+04

Std. 1.05E+03 7.47E+02 4.13E+04 2.54E+04 8.89E+04 5.69E+04

F18 Mean 1.83E+03 1.83E+03 1.81E+03 1.82E+03 1.82E+03 1.82E+03

Std. 1.00E+01 9.65E+00 4.77E+00 7.73E+00 8.93E+00 1.14E+01

F19 Mean 1.91E+03 1.91E+03 1.91E+03 1.90E+03 1.91E+03 1.90E+03

Std. 2.97E+00 9.93E-01 9.26E-01 7.56E-01 8.47E-01 5.15E-01

F20 Mean 2.03E+03 2.02E+03 2.01E+03 2.01E+03 2.01E+03 2.01E+03

Std. 1.17E+01 7.34E+00 2.53E+00 2.49E+00 1.94E+00 3.41E+00

F21 Mean 2.39E+03 2.48E+03 2.44E+03 2.42E+03 3.88E+03 2.38E+03

Std. 1.58E+02 1.95E+02 1.76E+02 1.86E+02 6.23E+03 1.85E+02

F22 Mean 2.25E+03 2.28E+03 2.23E+03 2.23E+03 2.24E+03 2.23E+03

Std. 2.42E+01 4.12E+01 1.54E+01 1.25E+01 3.13E+01 1.04E+01

F23 Mean 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F24 Mean 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F25 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F26 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.71E+03

Std. 1.10E+00 1.79E+01 5.48E-02 1.74E-02 1.79E+01 2.49E+01

F27 Mean 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F28 Mean 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F29 Mean 3.38E+03 3.35E+03 3.26E+03 3.30E+03 3.31E+03 3.31E+03

Std. 3.99E+02 3.30E+02 3.29E+02 3.47E+02 3.60E+02 3.28E+02

F30 Mean 4.27E+03 3.87E+03 4.38E+03 3.95E+03 4.36E+03 3.97E+03

Std. 1.17E+03 9.13E+02 1.09E+03 1.02E+03 1.21E+03 1.08E+03
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Appendix H: The comparative results on the hyper-parameter analysis

Table 57 Comparative results of hyper-parameter analysis on functions F1-F30 with D=30 (CEC2014)

Func. Metric HYPER-1 HYPER-2 HYPER-3 HYPER-4 HYPER-5 HYPER-6 HYPER-7 HYPER-8

F1 Mean 4.83E+05 7.38E+05 7.00E+05 7.61E+05 3.32E+05 2.91E+05 1.56E+06 6.72E+05

Std. 8.29E+05 1.33E+06 9.47E+05 1.17E+06 5.14E+05 3.63E+05 4.69E+06 8.55E+05

F2 Mean 3.42E+02 3.78E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02

Std. 4.62E+02 9.59E+02 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F3 Mean 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F4 Mean 4.16E+02 4.27E+02 4.22E+02 4.21E+02 4.21E+02 4.33E+02 4.17E+02 4.41E+02

Std. 2.76E+01 4.11E+01 3.68E+01 3.86E+01 3.15E+01 3.72E+01 3.48E+01 4.84E+01

F5 Mean 5.20E+02 5.20E+02 5.20E+02 5.20E+02 5.20E+02 5.20E+02 5.20E+02 5.20E+02

Std. 1.05E-01 4.06E-02 2.01E-02 1.11E-03 7.61E-02 3.99E-02 7.70E-02 1.07E-01

F6 Mean 6.02E+02 6.02E+02 6.04E+02 6.04E+02 6.11E+02 6.12E+02 6.03E+02 6.02E+02

Std. 2.61E+00 2.04E+00 3.99E+00 2.45E+00 4.97E+00 4.07E+00 3.64E+00 1.59E+00

F7 Mean 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02

Std. 4.53E-02 0.00E+00 0.00E+00 1.33E-03 4.79E-03 1.58E-04 0.00E+00 1.24E-02

F8 Mean 8.06E+02 8.04E+02 8.04E+02 8.05E+02 8.11E+02 8.11E+02 8.04E+02 8.05E+02

Std. 2.23E+00 1.97E+00 2.05E+00 2.49E+00 4.06E+00 3.89E+00 3.10E+00 2.62E+00

F9 Mean 9.14E+02 9.15E+02 9.16E+02 9.17E+02 9.30E+02 9.28E+02 9.18E+02 9.16E+02

Std. 5.01E+00 2.72E+00 4.98E+00 4.76E+00 6.86E+00 6.15E+00 5.96E+00 5.33E+00

F10 Mean 1.06E+03 1.08E+03 1.04E+03 1.04E+03 1.04E+03 1.06E+03 1.04E+03 1.06E+03

Std. 7.67E+01 8.52E+01 4.10E+01 4.08E+01 3.79E+01 6.98E+01 5.68E+01 6.65E+01

F11 Mean 1.84E+03 2.26E+03 2.47E+03 2.76E+03 3.09E+03 3.00E+03 2.85E+03 2.65E+03

Std. 4.14E+02 3.48E+02 5.52E+02 5.63E+02 5.15E+02 3.93E+02 5.16E+02 5.73E+02

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 2.02E-01 1.43E-01 1.07E-01 7.10E-02 9.95E-02 7.48E-02 1.48E-01 1.37E-01

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03

Std. 2.94E-02 1.63E-02 2.17E-02 1.91E-02 1.87E-02 2.05E-02 1.51E-02 1.70E-02

F14 Mean 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03

Std. 3.16E-02 3.92E-02 3.50E-02 3.97E-02 2.64E-02 2.82E-02 2.32E-02 2.94E-02

F15 Mean 1.50E+03 1.50E+03 1.50E+03 1.50E+03 1.51E+03 1.50E+03 1.50E+03 1.50E+03

Std. 8.12E-01 6.75E-01 4.79E-01 4.10E-01 8.27E-01 7.17E-01 7.53E-01 6.67E-01

F16 Mean 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03

Std. 1.43E+00 6.92E-01 9.16E-01 7.40E-01 6.10E-01 5.84E-01 7.17E-01 8.65E-01

F17 Mean 9.31E+03 4.17E+04 2.52E+04 5.69E+04 7.67E+03 2.07E+04 1.82E+04 2.17E+04

Std. 2.00E+04 7.25E+04 4.52E+04 1.59E+05 1.69E+04 3.43E+04 3.06E+04 6.19E+04

F18 Mean 1.83E+03 1.82E+03 1.89E+03 1.82E+03 1.82E+03 1.82E+03 1.83E+03 1.83E+03

Std. 1.74E+01 1.08E+01 3.85E+02 8.51E+00 1.05E+01 8.75E+00 6.09E+01 1.01E+01

F19 Mean 1.90E+03 1.90E+03 1.90E+03 1.90E+03 1.91E+03 1.91E+03 1.90E+03 1.90E+03

Std. 9.88E-01 8.43E-01 8.96E-01 8.52E-01 9.20E-01 7.14E-01 8.74E-01 1.00E+00

F20 Mean 2.01E+03 2.01E+03 2.01E+03 2.01E+03 2.01E+03 2.01E+03 2.01E+03 2.01E+03

Std. 6.03E+00 2.83E+00 2.49E+00 4.80E+00 4.32E+00 2.27E+00 2.33E+00 7.75E+00

F21 Mean 3.92E+03 2.66E+03 2.78E+03 3.14E+03 2.43E+03 2.96E+03 3.91E+03 2.68E+03

Std. 4.02E+03 8.48E+02 1.51E+03 1.84E+03 2.44E+02 1.98E+03 6.94E+03 6.53E+02
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Table 57 (Continued)

Func. Metric HYPER-1 HYPER-2 HYPER-3 HYPER-4 HYPER-5 HYPER-6 HYPER-7 HYPER-8

F22 Mean 2.25E+03 2.24E+03 2.24E+03 2.25E+03 2.23E+03 2.23E+03 2.24E+03 2.24E+03

Std. 5.87E+01 1.79E+01 4.87E+01 4.86E+01 6.00E+00 6.92E+00 2.68E+01 4.06E+01

F23 Mean 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F24 Mean 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F25 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F26 Mean 2.72E+03 2.71E+03 2.72E+03 2.71E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 3.72E+01 2.49E+01 3.72E+01 3.40E+01 1.79E+01 2.73E-02 1.59E-02 1.79E+01

F27 Mean 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F28 Mean 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F29 Mean 3.41E+03 3.30E+03 3.43E+03 3.41E+03 3.44E+03 3.38E+03 3.34E+03 3.27E+03

Std. 3.63E+02 3.07E+02 3.46E+02 4.11E+02 4.66E+02 4.23E+02 4.43E+02 3.25E+02

F30 Mean 4.90E+03 4.32E+03 4.26E+03 4.29E+03 3.57E+03 4.02E+03 4.33E+03 4.49E+03

Std. 1.41E+03 1.14E+03 1.26E+03 1.15E+03 7.05E+02 1.08E+03 1.21E+03 1.27E+03

Table 58 (Cont’d) Comparative results of hyper-parameter analysis on functions F1-F30 with D=30 (CEC2014)

Func. Metric HYPER-9 HYPER-10 HYPER-11 HYPER-12 HYPER-13 HYPER-14 HYPER-15 HYPER-16

F1 Mean 4.07E+05 5.53E+05 3.91E+05 4.61E+05 7.42E+05 6.88E+05 6.34E+05 5.82E+05

Std. 2.15E+05 4.64E+05 2.48E+05 3.08E+05 3.08E+05 2.67E+05 3.90E+05 2.74E+05

F2 Mean 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02 2.00E+02

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F3 Mean 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02 3.00E+02

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F4 Mean 4.16E+02 4.04E+02 4.44E+02 4.39E+02 4.01E+02 4.01E+02 4.70E+02 4.51E+02

Std. 2.95E+01 1.52E+01 3.57E+01 4.08E+01 1.43E-01 1.87E-01 2.07E+01 3.64E+01

F5 Mean 5.20E+02 5.20E+02 5.20E+02 5.21E+02 5.20E+02 5.20E+02 5.20E+02 5.20E+02

Std. 8.11E-02 8.71E-02 1.29E-01 1.39E-01 7.48E-02 1.48E-01 1.20E-01 1.14E-01

F6 Mean 6.08E+02 6.02E+02 6.22E+02 6.22E+02 6.09E+02 6.19E+02 6.16E+02 6.22E+02

Std. 5.43E+00 1.41E+00 1.27E+00 4.64E+00 7.34E+00 6.74E+00 4.58E+00 1.25E+00

F7 Mean 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02 7.00E+02

Std. 3.76E-06 0.00E+00 3.18E-05 0.00E+00 2.79E-07 0.00E+00 4.01E-04 6.46E-04

F8 Mean 8.05E+02 8.04E+02 8.28E+02 8.26E+02 8.07E+02 8.08E+02 8.13E+02 8.26E+02

Std. 4.95E+00 2.88E+00 1.04E+01 1.38E+01 5.74E+00 6.81E+00 7.98E+00 7.36E+00

F9 Mean 9.25E+02 9.26E+02 9.72E+02 9.55E+02 9.36E+02 9.43E+02 9.34E+02 9.75E+02

Std. 7.46E+00 7.04E+00 2.12E+01 2.53E+01 1.49E+01 2.27E+01 1.04E+01 1.79E+01

F10 Mean 1.09E+03 1.05E+03 1.19E+03 1.17E+03 1.26E+03 1.44E+03 1.39E+03 1.57E+03

Std. 1.04E+02 5.36E+01 1.70E+02 3.20E+02 2.54E+02 5.26E+02 3.68E+02 4.48E+02

F11 Mean 3.49E+03 3.26E+03 3.80E+03 4.10E+03 4.33E+03 4.96E+03 4.06E+03 4.48E+03

Std. 6.69E+02 4.51E+02 6.55E+02 8.59E+02 6.18E+02 6.26E+02 1.07E+03 8.77E+02

F12 Mean 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03 1.20E+03

Std. 8.86E-02 1.02E-01 1.90E-01 2.02E-01 1.55E-01 2.68E-01 1.38E-01 1.64E-01
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Table 58 continued

Func. Metric HYPER-9 HYPER-10 HYPER-11 HYPER-12 HYPER-13 HYPER-14 HYPER-15 HYPER-16

F13 Mean 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03 1.30E+03

Std. 1.77E-02 1.33E-02 2.33E-02 2.41E-02 1.97E-02 2.28E-02 2.20E-02 2.36E-02

F14 Mean 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.40E+03

Std. 2.13E-02 2.89E-02 2.32E-02 2.07E-02 2.03E-02 2.25E-02 2.52E-02 2.35E-02

F15 Mean 1.50E+03 1.50E+03 1.51E+03 1.51E+03 1.51E+03 1.51E+03 1.51E+03 1.51E+03

Std. 1.10E+00 6.63E-01 1.33E+00 1.91E+00 1.47E+00 2.13E+00 1.74E+00 2.56E+00

F16 Mean 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03 1.61E+03

Std. 4.74E-01 8.11E-01 3.51E-01 6.69E-01 5.06E-01 7.37E-01 5.09E-01 3.26E-01

F17 Mean 1.20E+04 1.23E+04 3.39E+03 3.51E+03 4.30E+03 5.32E+03 8.80E+03 4.48E+03

Std. 3.56E+04 2.37E+04 4.15E+02 7.66E+02 1.18E+03 1.94E+03 2.31E+04 1.32E+03

F18 Mean 1.82E+03 1.84E+03 1.85E+03 1.84E+03 1.85E+03 1.88E+03 1.84E+03 1.86E+03

Std. 8.65E+00 4.02E+01 1.47E+01 1.97E+01 5.21E+01 3.05E+01 8.15E+01 1.74E+01

F19 Mean 1.90E+03 1.90E+03 1.91E+03 1.91E+03 1.90E+03 1.91E+03 1.91E+03 1.91E+03

Std. 8.94E-01 7.43E-01 5.82E-01 1.24E+00 9.06E-01 1.37E+00 1.11E+00 6.66E-01

F20 Mean 2.01E+03 2.01E+03 2.02E+03 2.01E+03 2.02E+03 2.03E+03 2.01E+03 2.03E+03

Std. 2.37E+00 2.60E+00 5.12E+00 5.94E+00 8.63E+00 1.11E+01 5.65E+00 5.91E+00

F21 Mean 2.59E+03 2.72E+03 2.55E+03 2.50E+03 2.69E+03 2.84E+03 2.69E+03 2.70E+03

Std. 1.43E+02 9.89E+02 2.09E+02 1.97E+02 4.48E+02 6.80E+02 4.86E+02 2.61E+02

F22 Mean 2.23E+03 2.23E+03 2.25E+03 2.27E+03 2.24E+03 2.27E+03 2.25E+03 2.27E+03

Std. 1.26E+01 8.77E+00 1.69E+01 4.84E+01 1.80E+01 4.52E+01 2.69E+01 2.71E+01

F23 Mean 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03 2.50E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F24 Mean 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03 2.60E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F25 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F26 Mean 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03 2.70E+03

Std. 1.79E+01 1.57E-02 2.32E-02 2.03E-02 2.02E-02 3.34E-02 1.78E-02 4.03E-02

F27 Mean 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03 2.90E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F28 Mean 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03 3.00E+03

Std. 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00

F29 Mean 3.43E+03 3.25E+03 3.41E+03 3.36E+03 3.21E+03 3.38E+03 3.30E+03 3.33E+03

Std. 4.88E+02 3.81E+02 4.08E+02 4.12E+02 2.96E+02 4.32E+02 5.78E+02 4.17E+02

F30 Mean 3.90E+03 3.96E+03 4.06E+03 3.82E+03 3.69E+03 3.95E+03 3.72E+03 3.73E+03

Std. 9.19E+02 1.14E+03 1.13E+03 8.46E+02 9.18E+02 1.02E+03 9.22E+02 1.01E+03
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