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Abstract

Many optimization problems suffer from noise, and the noise combined with the large-scale attributes makes the problem
complexity explode. Cooperative coevolution (CC) based on divide and conquer decomposes the problems and solves the
sub-problems alternately, which is a popular framework for solving large-scale optimization problems (LSOPs). Many studies
show that the CC framework is sensitive to decomposition, and the high-accuracy decomposition methods such as differential
grouping (DG), DG2, and recursive DG (RDG) are extremely sensitive to sampling accuracy, which will fail to detect
the interactions in noisy environments. Therefore, solving LSOPs in noisy environments based on the CC framework faces
unprecedented challenges. In this paper, we propose a novel decomposition method named linkage measurement minimization
(LMM). We regard the decomposition problem as a combinatorial optimization problem and design the linkage measurement
function (LMF) based on Linkage Identification by non-linearity check for real-coded GA (LINC-R). A detailed theoretical
analysis explains why our proposal can determine the interactions in noisy environments. In the optimization, we introduce
an advanced optimizer named modified differential evolution with distance-based selection (MDE-DS), and the various
mutation strategy and distance-based selection endow MDE-DS with strong anti-noise ability. Numerical experiments show
that our proposal is competitive with the state-of-the-art decomposition methods in noisy environments, and the introduction
of MDE-DS can accelerate the optimization in noisy environments significantly.

Keywords Cooperative coevolution (CC) - Linkage measurement minimization (LMM) - MDE-DS - Large-scale optimization
problems (LSOPs) - Noisy environments

Introduction

Noise widely exists in the fitness evaluation of many prob-
lems [1-3], which can mislead the direction of optimization.
In the past decade, many studies [4,5] on optimization
problems in noisy environments have been published, and
some strategies have been introduced to traditional evo-
lutionary algorithms (EAs) to tackle the noise. Examples
include explicit averaging [6], implicit averaging [7], Fourier
transform [8], fitness estimation [9], and more. Most of
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the previous research focuses on relatively low-dimensional
problems (up to 100-D), and a few studies on noisy prob-
lems with large-scale optimization problems (LSOPs) have
been published. In fact, many noisy optimization problems
are high-dimensional, such as parameters and structures opti-
mization of deep neural networks [10] and subset selection
[11].

The LSOPs in noisy environments contain challenges both
on the scalability and robustness to noise, which make the dif-
ficulties of problem-solving explosive. The main reasons are
the following aspects: (1) the complexity of the optimization
problem increases, including the increase of dimensional-
ity and the existence of the noise. (2) The search space of
LSOPs increases exponentially with the increase of dimen-
sionality, which is known as the curse of dimensionality [12].
(3) The computational cost of building a surrogate model is
expensive, and the accuracy is also affected by noise and
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the curse of dimensionality, which makes some algorithms
limited [13,14].

Many algorithms have been proposed to overcome the
challenge of the LSOPs, such as designing optimization
operators to adapt the large-scale attributes [15], building
surrogate models [16], and decomposing the problem [17],
which is known as the cooperative coevolution (CC). In this
paper, we apply the CC framework to solve LSOPs in noisy
environments. This method is inspired by the divide and con-
quer, which has achieved great success in solving large-scale
continuous [18], combinatorial [19], and constrained [20]
problems.

How to decompose the LSOPs is the key to the suc-
cessful implementation of the CC framework. Many studies
[21,22] show that the CC framework is sensitive to problem
decomposition strategies. Taking the linkage identification
by non-linearity check for real-coded GA (LINC-R) [23] as a
pioneer, many decomposition methods have been proposed.
Differential grouping (DG) [24] first extends the identical
mechanism of LINC-R to the 1000-D problem. Extend DG
(XDG) [25] improves the shortage of DG in dealing with
overlaps. DG2 [26] notices the high computational cost in
DG and utilizes the transmissibility of separability to save
the computational budget. Global DG (GDG) [27] regards
the variable interactions matrix as the adjacency matrix of a
graph and depth-first search or breadth-first search is applied
to identify the interactions and formed the sub-problems.
Recursive DG (RDG) [18] further reduces the computa-
tional cost by examining the interaction between a pair of
sets of variables rather than a pair of variables, and forms
the sub-problems recursively. Efficient RDG (ERDG) [28]
uses the historical information on interaction identification
to save the computational cost in redundant examinations
and is more efficient than RDG. These decomposition meth-
ods are considered high-accuracy decomposition methods.
These methods detect the interaction by determining the dif-
ference between fitness difference and threshold. However,
they are extremely sensitive to the fidelity of observed objec-
tive value and will completely fail to detect the interactions in
multiplicative noisy environments. We will explain the rea-
son in the section “Challenges of DG-based decomposition
methods in noisy environments”.

In this paper, we propose a novel decomposition method
named linkage measurement minimization (LMM), our pro-
posal allows an automatic decomposition that treats the
decomposition problem as a combinatorial optimization
problem, and we design the linkage measure function (LMF)
based on LINC-R as the objective function of combinatorial
optimization. In addition, the advanced optimizer: MDE-DS
is employed to optimize the sub-problems (MDE-DSCC-
LMM). More specifically, the main contributions of this
paper are as follows.
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(1) Our proposal LMM provides a novel strategy to regard
the decomposition problem as a combinatorial optimiza-
tion problem, and the genetic algorithm is employed to
actively search the interactions between decision vari-
ables. We mathematically explain the feasibility of LMF
and its relationship with LINC-R. Theoretical analysis
shows how our proposal detects interactions in noisy
environments. In addition, we analyze the time com-
plexity of LMM, and the fitness evaluation times (FEs)
consumed in decomposition are controllable. And our
proposal can be extended to decompose the higher
dimensional, multi-objective, real-world problems with
a limited computational budget.

(2) MDE-DS is applied as the optimizer for sub-problems
and is well performed on various benchmark functions
in noisy environments. The results in this paper further
demonstrate that MDE-DS can accelerate cooperative
coevolutionary optimization significantly.

(3) Numerical experiments demonstrate that LMM is com-
petitive with some state-of-the-art decomposition meth-
ods for LSOPs in noisy environments, and the introduc-
tion of MDE-DS is efficient for sub-problems optimiza-
tion. To the best of our knowledge, not much work has
been reported on employing the CC framework to solve
LSOPs in noisy environments.

The rest of the paper is organized as follows: the section “Pre-
liminaries and related work™ covers preliminaries, MDE-DS,
a brief review of the state-of-the-art decomposition method,
and reveals the challenges of DG-based decomposition
methods in multiplicative noisy environments. The sec-
tion “Our proposal:MDE-DSCC-LMM” provides a detailed
introduction to our proposal, MDE-DSCC-LMM. The sec-
tion “Numerical experiment and analysis” describes the
experiments on CEC2013 LSGO Suite [29] in noisy envi-
ronments and analyzes the experimental results. The section
“Discussion” discusses the direction of our research in the
future. Finally, the section “Conclusion” concludes the paper.

Preliminaries and related work
Preliminaries
Large-scale optimization problem

Without loss of generality, an LSOP can be defined as fol-
lows:

min f(X)
st.:XeR
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Fig. 1 The flowchart of CC

where X = (x1,x2,...,x,) is an n-dimensional decision
vector, and each x; (i € [1, n]) is a decision variable. f(X)
is the objective function needed to be minimized. In our work,
the large-scale optimization problem is a special case of
black-box optimization, where the number of decision vari-
ables n is large (e.g., n > 1000).

Variables’ interaction

The concept of variable interaction is derived from biology.
In biology, if a feature at the phenotype level is contributed
by two or more genes, then we consider there are inter-
actions between these genes, and the genome composed
of these genes is called a linkage set [30]. In the defini-
tion of optimization problems. If min f(x1, x2,...,x,) =
(ming, fi(...,...), ..., ming, fi (..., ...)), then f(x) is a par-
tially separable function, and decision variables in identical
sub-problem consist of linkage set. There are two extreme
cases, when there is no interaction between all variables,
which means min f(x,x2,...,x,) = min Y ;_; f(x;),
then we call f(x) is a fully separable function. On the con-
trary, we call f(x) a completely nonseparable function if all
variables have direct or indirect interactions with each other.

Cooperative coevolution

Inspired by divide and conquer, the CC framework was pro-
posed to deal with LSOPs by decomposing the problem into
multiple nonseparable sub-problems and optimizing them
alternately. A standard CC consists of two stages: decom-
position and optimization. Figure 1 shows the main steps of
the CC framework.

CC framework first decomposes the LSOPs into k non-
separable sub-problems with a certain strategy. Due to the
sub-solution i (i € [1, k]) cannot form a complete solution
for evaluation, all sub-problems maintain a public context

vector [31] to construct a complete solution, and after opti-
mization, the latest information updates the context vector.
Some studies found that only one context vector may be too
greedy for evaluation. Therefore, the adaptive multi-context
CC framework [32] is proposed, which employs multiple
context vectors to co-evolve subcomponents.

Noise in objective functions

Additive noise [33] and multiplicative noise [34] widely exist
in the evaluation of optimization problems. Mathematically,
the noisy objective function fV(X) of a trial solution X is
represented by

NX) = fF(X) +1 (1
NX) = fX) -0 +p), )

where f (X) is thereal objective function. Equation (1) shows
the objective function in addictive noisy environments, 7 is
the amplitude of the addictive noise. Equation (2) reveals the
relationship between the real objective function and objective
function in multiplicative noisy environments. f is a random
noise (such as Gaussian noise).

Anti-noise strategies in EAs

Many optimization problems suffer from noise, and to per-
form the optimization under the existence of noise, various
anti-noise strategies have been proposed in the literature. Fol-
lowing the classification reported in Ref. [35], two categories
of noise handling methods for EAs can be mainly classified;
each category can be divided into two sub-categories:

e Methods which require an increase in the computational
cost

(1) Explicit averaging methods
(2) Implicit averaging methods.

e Methods which perform hypotheses about the noise

(1) Averaging through approximated models
(2) Modification of the selection schemes.

Explicit averaging methods consider that re-sampling and
re-evaluation can reduce the impact of noise on the fitness
landscape. Increasing the re-evaluation times is equivalent to
reducing the variance of the estimated fitness. Thus, ideally,
an infinite sample size would reduce to 0 uncertainties in the
fitness estimations.

Implicit averaging states that a larger population allows
the evaluations of neighbor solutions, and thus, the fitness
landscape in a particular portion of decision space can be
estimated. Paper [36] has shown that a large population size
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reduces the influence of noise on the optimization process,
and paper [37] has proved that a GA with an infinite popula-
tion size would be noise-insensitive.

Both explicit and implicit averaging methods consume
more fitness evaluation times (FEs) to correct the objective
value, which is improper or even unacceptable for LSOPs
under the FEs’ limitation. To obtain efficient noise filter-
ing without excessive computational cost, various techniques
have been proposed in the literature, such as the introduction
of the approximated model [38], probability-based selection
schemes [39], self-adaptative parameter adjustment [40], and
SO on.

Modified DE with distance-based selection

Differential evolution algorithm (DE) [41] was first proposed
in 1995 and has been wildly applied in data mining [42],
pattern recognition [43], artificial neural networks [44], and
other fields due to its characteristics, such as easy imple-
mentation, fast convergence speed, and strong robustness.
MDE-DS [45] is designed for continuous optimization prob-
lems in presence of noise with the modification in mutation,
crossover, and selection, and the detailed description of
MDE-DS is as follows.

Parameter control

The constants F' and Cr are unnecessary, as F is randomly
sampled from 0.5 to 2 for each mutation operation and Cr is
randomly switched between 0.3 and 1 for each target vector.
Switching F between two extreme corners of the feasible
range is conducive to attaining a balance between exploration
and exploitation of the search. And there is a new parameter
b (the blending rate) in blending crossover, whose value is
also randomly chosen from among three candidates: a low
value of 0.1, a medium value of 0.5, and a high value of 0.9.
The utility of such a switching scheme has been discussed in
paper [46] for solving LSOPs.

Mutation

MDE-DS includes two different mutation strategies and
switches them randomly with 50% probability.
In the population centrality-based mutation, the elite sub-

population (top 50%) is selected and X best,G 18 calculated by
the arithmetic mean (centroid) of the subpopulation individ-
uals. Eq. (3) is adopted to mutate the ith individual

-

Vi = X1,6 + F (Xoewo = X12.6) 3

where X 1,6 and X 2.6 are two different individuals corre-
sponding to randomly chosen indices 71 and r2. V; ¢ is the

@ Springer

newly generated mutant vector corresponding to the current
target vector for present generation G.

In the DMP-based mutation scheme, the best individual
X best, G in each generation is selected and the dimension-wise
average is implemented for both X best,G and the current target
individual X i.G- The mutation is generated in the following
way:

. - M; G
Vic=Xict+Am | —=— @)
MGl
where Ay = (Xbestyim,G — Xigim,G)» With Xbestgin.G
1 D 1 D Mig_
EZk:I Xbesty,G and Xidim»G = EZI‘ZI i, G- HMI'G” e
L,

unit vector with random direction.

The significance of the population centrality-based muta-
tion scheme is that it balances greediness while still main-
taining a certain extent of diversity. For example, it is less
greedy than the DE/best/1 scheme, and hence, the probabil-
ity of the optimization trapped in local optima is less. On the
other hand, the DMP-based mutation scheme prefers explo-
ration [47], and thus, in absence of any feedback about the
nature of the function, an unbiased combination of these two
methods is applied.

Crossover

Crossover plays an important role in generating promis-
ing offspring from two or more existing individuals within
the function landscape. Blending crossover is employed in
MDE-DS and described in Eq. (5)

b-xjic+{0—=b) vjic
jiG =9 él o , Q)
Jois

where u;; ¢ and v; ; ¢ are the jth dimensions of the trial
and donor vectors, respectively, corresponding to the current
index i in generation G and x; ; ¢ is the jth dimension of the
current population individual X i .- Blending recombination
has one parameter b, which is randomly selected from 0.1,
0.5, and 0.9. The concrete analysis can be referred to in Ref.
[45].

Selection

The canonical DE selects the offspring based on a simple
greedy strategy. However, if the fitness landscape gets cor-
rupted with noise, the greedy selection suffers a lot, because
in this case, the original fitness of parent and offspring is
unknown and it can be well nigh impossible to infer when
an offspring is superior or inferior to its parent. Thus, the
design of selection is the key to anti-noise. To handle the
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Fig.2 A selection works on fitness landscape in noisy environments

presence of noise, a novel distance-based selection mecha-
nism is introduced without any extra parameter. There are
three cases of the proposed selection mechanism which are
described subsequently

-

Ui,Gv lf f(Ui,G) < 1

fXig) —
XiG+1=U; g, if 296 5 1 and ps < ¢~ D (6)
’ f(Xi6)
)q(,-,(;, else.
fWUi6) :
Incase 1, when FEic) < 1, the offspring replaces the parent
y i,G

and survives to the next generation.

In case 2, although the parent performs better than the
offspring, the offspring still can be preserved and survive
into the next generation based on a stochastic principle.

And the probability is calculated by e_%, where Af =
f (l_]»,',G) - f ()? i.G) | represents the absolute fitness differ-

ence between U; ¢ and )}LG’ Dis = ZkD:I |u,~’k —xi,k|
is the Manhattan distance between those two vectors. Man-
hattan distance is applied because of its simplicity and
computational efficiency, and py is a random number gener-
ated from O to 1.

In case 3, If the parent significantly outperforms than off-
spring, then the offspring is removed and the parent persists
to the next generation.

This selection process is further illustrated in Fig. 2.

Figure 2 shows a fitness landscape scenario both in
noiseless environments and noisy environments, p and p/
represent the parent individual in the original fitness land-
scape and landscape in noisy environments, o and 0 represent
the offspring individual in original fitness landscape and
landscape in noisy environments, respectively. The fitness

information we can observe is only in noisy environments,
s0 in minimization problems, o will be rejected to replace
the p/ in the next generation. The objective value of p is bet-
ter than o in the real fitness landscape, and if we re-evaluate
the 0" and p/, the domination may be changed. The mecha-
nism of selection in MDE-DS allows the algorithm to give
us some probabilistic flexibility to select worse solutions as
in noise-affected landscapes.

In summary, the pseudocode of MDE-DS is shown in
Algorithm 1

Algorithm 1 MDE-DS

Require: Population size : s; Maximum iteration : 7'; Dimension : D
Ensure: Optimized population : X; Fitness of population X : F

1:t <0

2: X <« initialPop(s, D)

3: F <« evaluate(X)

4: while r < T and not stop criterion do

5. fori=0¢tosdo

6: » (Mutation)

7. r < rand(0, 1)

8: if r <0.5 then

9: update V; ¢ by Eq. (3)
10: else .

11: update V; ¢ by Eq. (4)
12: end if

13: » (Crossover)

14: Cr < rand(0.3, 1)

15: b < randChoice([0.1, 0.5, 0.9])
16: for j =0t0o D do

17: update u ; ; ¢ = by Eq. (5)
18: end for

19: » (Selection)

20: F; < evaluate(U,)

20 Afi= [T - K
22: Dis = Z,?:l |u,-‘k — Xik ‘
23: Ds < rgnd(O, 1)

24: choose X; g+1 by Eq. (6)
25: i<—i+1

26:  end for

27 t<t+1
28: end while
29: return X, F

A brief review of the state-of-the-art decomposition
method

Based on the divide and conquer, the CC framework decom-
poses the LSOPs into multiple nonseparable sub-problems
and optimizes them alternately, which is the mainstream
framework for solving LSOPs. In this section, we will briefly
review the state-of-the-art decomposition method.

Taking the LINC-R [30] as a pioneer, perturbation-based
decomposition methods become one of the most popular
strategies to collaborate with the CC framework. Equation
(7) defines the perturbation in the ith dimension and the jth
dimension

@ Springer
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S = (X1,X2,...,X)
Si=(X1,..., % +8,...,%,)
(N
Sji=(x1,...,xj+8,...,x,)
Sij =1, ..., X+, .., X+ 68, ..., Xxp).

LINC-R identifies the interaction between variables based
on the fitness difference of perturbation with pre-defined
hyperparameter €. More specifically

ds € Pop :
i [(fGsij) = f(si) = (f(sj) = f(s)] > &, ®)

then x; and x; are nonseparable.

¢ is the allowable error. DG extends Eq. (8) first to LSOPs up
to 1000-D. Due to the FEs’ limitation in LSOPs, the fitness
difference from the lower bound of search space to the upper
bound can be accepted. The reuse of fitness and negligence of

indirect interactions decreases the needed FEs to O (’fn—z), and
m is the number of sub-problems. In paper [24], a sensitivity
test for threshold € is also implemented, the experimental
results show that the DG is sensitive to the threshold €, and
€ = 1073 is a recommended value.

Subsequently, the extended DG (XDG) [25] noticed that
DG cannot identify the overlapping; thus, it divides all direct
and indirect interacting variables into a sub-problem, and
then, the overlappings between sub-problems are checked to
identify conditional interactions. The needed FEs of XDG
are approximately n”. The complexity of the XDG results
in an unsuitable allocation of computational cost between
decomposition and optimization and limits the development
of XDG to deal with higher dimensional problems.

The high computational cost of decomposition is a criti-
cal problem. DG2 [26], a faster and more accurate DG-based
decomposition method, was proposed to address this issue.
DGQG2 utilizes the transmissibility of separability to save the
FEs. For example, if x; interacts with x» and x3, the identi-
fication between x, and x3 is unnecessary, as they belong to
the same sub-problem, and the computational cost of DG2 is
reduced to ’ﬁzﬂ

One of the most popular DG-based methods is Recur-
sive DG (RDG) [48]. The RDG examines the interactions
between a pair of sub-problems rather than a pair of single
variables. For f : RP — Ris an objective function, X; C X
and X» C X are two mutually exclusive subsets of variables:
X1 N X, = @. If there are two unit vectors u; € Uy, and
u; € Uy,, two real numbers /{, [ > 0 and a solution x* to
satisfy Eq. (9)

F&* +luy +hup) — f&X* +hup) # F&* +luy) — F(x),
9
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then there are some interactions between variables in X| and
X»; otherwise, X1 and X, are considered as separable sets.
If X; and X, interact with each other, and RDG divides X,
into two equal-sized and mutually exclusive subsets, then
interactions between X and the two subsets are detected.
Repeat the above process until RDG finds the variables which
interact with X. The computational complexity of RDG is
O (nlog, n), which is better than DG, XDG, and DG2, and
more friendly to higher dimensional problems.

The hyperparameter ¢ also plays an important role in inter-
action identification, and different problems have various
fitness landscape characteristics, and the identical thresh-
old may not be suitable for all problems. Inspired by DG2,
RDG?2 [49] introduces an upper bound of the round-off errors
incurred by the calculation of the non-linearity term and
applies it as the threshold value. The experimental results
in Ref. [49] showed that RDG2 improves the accuracy of
RDG in identifying the interactions between variables.

Challenges of DG-based decomposition methods in
noisy environments

Additive noise and multiplicative noise are two representa-
tive noises. Additive noise is often irrelevant to the fitness
landscape, so we can carefully adjust the parameters to over-
come the additive noise in the decomposition, although it
is not easy [50]. However, multiplicative noise is related to
the fitness landscape, so fitness can amplify the noise. Deal-
ing with multiplicative noise is more difficult than additive
noise in the decomposition stage. Taking the LINC-R as an
example

ds € Pop :
AY = N = N ) = )+ B — f)A+ B2)
AY = NGy = N Gsj) = flsip T+ B3) — Fs)(1+ Ba)
if |AY — AN > ¢,

then x; and x; are nonseparable (10)

Bi is Gaussian noise. |AéV — A11v| =[Ay— A1+ f(sij)B3 —
f(s))Ba— [ (si)B1+ £ (s)B2l. When the noise 8 ~ N (0, o2),
we define the noise term ¢;; = f(s;j)B3 — f(s;)Bs —
f(si)B1 + f(s)B2 which follows the distribution: ¢;; ~
N, (f2(sip)+ f2(s))+ f2(s))+ f2(s))o?). In noisy envi-
ronments with multiplicative noise, LINC-R cannot identify
that the fitness difference is caused by interaction or noise and
the probability of ¢;; = 0 being satisfied is almost 0 [50]. In
practice, the decomposition methods developed on the LINC-
R, suchas DG, DG2, RDG, etc. will fail in environments with
multiplicative noise. We will provide experimental results
of decomposition in the section “Performance of LMM”.
Therefore, grouping methods that detect interactions by per-
turbation face severe challenges.
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Our proposal: MDE-DSCC-LMM

In this section, we will introduce the details of our proposal.
Our proposal consists of two stages: decomposition and
optimization. In the decomposition, we divide the decision
variables into sub-problems with our proposal: LMM, and in
the optimization, MDE-DS is employed as a basic optimizer
to optimize the sub-problems. Next, the concrete procedures
of decomposition and optimization will be explained.

Decomposition: LMM

First, we provide the flowchart of our proposal in decompo-
sition: LMM. The flowchart is shown in Fig. 3.

The basic idea is that we regard the decomposition prob-
lem as a combinatorial optimization problem and design the
LMEF based on LINC-R to lead the direction of searching for
a better decomposition solution. The specific derivation of
LMF is as follows.

The original LINC-R is defined as Eq. (11)

ds € Pop:
i [(f(sij) — f(s7)) — (f (i) — ()] > &, (11

then x; and x; are nonseparable

where the size of Pop is m, FEs consumed in a pair of vari-
ables based on Pop is 4m, and the interaction between every

X X

fGsp)
(sif)
f(Si;

f(s)

f(s)

Xi Xi

() (b)

Fig.4 a LINC-R works on the separable variables. b Variant LINC-R
works on the separable variables

Xk

f(si) %

Fig.5 The variant LINC-R works on 3-D space [53]

pair of variables is identified in LINC-R. Thus, in the n—D
problem, the necessary FEs is 2mn(n + 1), which is unaf-
fordable for LSOPs. Many studies [18,24,51] only detect the
interactions by calculating the fitness difference from the
lower bound of search space to the upper bound to save the
FEs in decomposition, and we adopt the same strategy in our
proposal, although it is not so robust and may fail to detect
the interactions in trap functions [52].

We also notice that the original LINC-R can be trans-
formed into the vector addition form. Equation (12) shows
this variant LINC-R

if|(f(sij) — f()) = ((f(si) = f()) + (f(sj) — f())I
< ethen x; and x; are separable.
(12)

Figure 4 shows how LINC-R and the variant LINC-R work
on the separable variables x; and x;. Although the form is
different, the mechanisms of LINC-R and variant LINC-R
are identical.

Based on this interesting finding, we derive LINC-R to 3-D
and higher dimensions. In 3-D space, the schematic diagram
is shown in Fig. 5.
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Here, we define the fitness difference in 3-D

Ai = f(si) — f(s)

Aj = f(sj)— f(s)

Ag = fsk) — f(s)
Ajji = f(sije) — f(5).

(13)

When the variant LINC-R is applied simultaneously to
determine the interactions between x;, xj, and x

if [Ajjk — (A + Aj+ APl <&,

(14)
then x;, x;, and x; are separable.

Therefore, we can reasonably infer that when the dimen-
sion reaches n

if Ao n— A1+ 204+ -+ A <ce

(15)
., .X are separable.

then xp, xp, ..

However, when Eq. (15) is not satisfied, we only know
that interactions exist in some variables, but we cannot know
in which pairs of variables. Taking 3-D space as an example

if |Ajje — (Ai + Aj + Ap)| > e and [Ajjr — (A
+ Ap)| < ethen x;, x; are nonseparabale and xj (16)

is separable from x;, x;.

Therefore, in the n-dimensional space, although it is dif-
ficult to detect the interactions between multiple variables
through high-dimensional LINC-R directly, we can actively
search for the interactions between variables through heuris-
tic algorithms. According to the above description, in the
n-dimensional problem, the linkage measurement function
(LMF) is defined in Eq. (17)

2

m
LMF(s) = | A1an— Y Ao | (17)
i,J

m is the number of sub-problems. LMF in noisy environ-
ments is defined in Eq. (18)

2

m
LMFN(s) = [ A}, — Z A{Yjw_ , (18)
i

where AY, = fN(s1a..0) = fN() = fs12..0)(1+
Bi) — f(s)(1 + B;). To optimize the LMFN(s), EGA is
employed as the basic optimizer. Figure 6 demonstrates that
how to decode from genotype to decomposition.

The length of a chromosome is LD, L is the genome
length, and D is the dimension of the problem.
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We decode the binary chromosome to decimal phenotype
level and divide the decision variables into corresponding
sub-problems, and the decision variables assigned to sub-
problem 0 are regarded as separable variables. This procedure
of optimization guided by LMF is named linkage mea-
surement minimization (LMM), and the pseudocode of the
decomposition is shown in Algorithm 2

Algorithm 2 The Pseudocode of decomposition

Require: Population size s; Genome length
L; Maximum iteration : 7 Dimension : D

Ensure: The best decomposition : E

1: » (Decomposition solution initialization)

2: fori =0to0 sy do

3: for j=0¢t0o Ddo

4: n < randint(0, 25-1 — 1)
5: bn < binary(n)

6: Pif j<bn

7:  end for

8: end for

9: F' < evaluate(P’)

10: E < bestIndi(P’, F") # save the best solution

11: » (Optimization by EGA)

12: whilet =0andt < T do

13: Pl < selection(P’, F', 5)

14: P! < crossover(P't!)

15: P! « mutation(P't!)

16:  F't! « evaluate(P't))

17:  P't! < replace(P!t!, E)#elite is inherited to next generation
18: E < bestIndi(P'*!, Fy41) # update the current best individual
190 t<«t+1

20: end while

21: return E

As the general process of GA, we first initialize the decom-
position solutions randomly in Algorithm 2, from line 2 to 8.
The object E saves the best decomposition solution. Then, we
repeat the procedure of selection, crossover, mutation, eval-
uation, and inheritance until the iteration reaches the stop
criterion from line 12 to 19. The elitist strategy [54] directly
replicates the best individual to the next generation, which
can prevent the elite individual from destroying the superior
gene and chromosome structure during optimization.

Time complexity analysis

FEs consumed in interaction identification are analyzed in
this section. As the structure of an individual in Fig. 6, the
best and worst time complexity for evaluating an individual is
O (1) and O (D), when all decision variables are identified as
nonseparable and separable, respectively. D is the dimension
of problems. Suppose that the population size is N, maximum
iteration is M. Thus, the best and worst time complexity of
our proposal LMM is O(NM) and O(DNM).
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Theoretical support for LMM in noisy environments

It is evident that the optimization guided by LMF can iden-
tify the interactions in the noiseless environment, because
the individuals containing correct linkage information have
lower linkage measurement values and higher fitness, which
prefer to survive in the selection of EGA. An example we
mentioned before is Eq. (16). And an important explanation
is why LMM can identify the interactions in noisy environ-
ments. Here, we provide theoretical support.

Corollary Let x; and x j be separable decision variables, and
Xm and x, be nonseparable decision variables. I (x;, x;) =
(f(sij) — f(s) — (f(s)) — f(s) and IV (x;,xj) =
(FNGij) = N = (N (sj)— £ (s)) represent the inten-
sity of interaction between x; and x j in noiseless environment
and noisy environments, respectively. In noisy environ-
ments, if we prove that the probability P(IN (xp, xp) >
v (xi,x;)) > 0, which means it is possible that the inten-
sity of the interaction between nonseparable variables can
be stronger than separable variables in noisy environments,
then the minimization of LMF can guide the direction to
search for more interactions.

Proposition In noisy environments, the probability
PN (X, xp) > IN(xi,xj)) > 0, and individuals con-
taining correct detected interactions have better fitness to
survive.

Proof In noisy environments, the noise 8 ~ N (0, 0?). The
relationship between [/ N(.) and I(-) is defined in Eq. (19)

IV (xi, xj) = T(xi, x) + (B f (sij) — Baf (s0))
— (Baf(s;) — Baf(s) = [ (xi, x;) + ¢ij’
(19)

where ¢;; = (B1f(sij) — B2f (5:)) — (B3 f(sj) — Ba f(s)),

and ¢;; follows the distribution:

¢ij ~ N, (f2(sij) + £2(s))

Nonsep. group: group 12 Nonsep. group: group 18

+ 1)) + ), (20)
and I (x;, x ;) follows the distribution:
IV (xi, xj) ~ N (i, xp), (F2Gsip) + £2(s))
+£2(s)) + fH)TD). 1)

Due to x; and x; are separable variables, x,, and x, are
nonseparable variables; similarly

IV Gixg) ~ NO, (FPGip) + 27+ £2G5))
+ 126N DN (i, x0) ~ N Com Xn)s (2 (Smn)
12 Gm) + fn) + )0, (22)

Here, we introduce a distribution ¥ = IV (x, x,) —
IN (xi, x 1), and the problem is transformed to prove P(Y >
0) > 0. Y follows the distribution:

Y ~ NU Gy ), (F2Gsip) + £2G57) + £2(5)) + f2(5))o?
+ (2 Smn) + 2 m) + f2(50) + f2(5))0?)

~ N (xm, Xn), 0‘ijmn)-
(23)

The expectation of Y is I (x,,, x,,), and there are two cases
that need to be discussed:

Case 1: I (x,,, x;,) > 0: In this case, P(Y > 0) > 0.5.

Case2: I (x;,, x;) < O:Inthiscase,0 < P(Y > 0) < 0.5.

In summary, PN (e, xn) > IV (x5, x;)) > 0is true,
and the optimization of LMF has the probability to detect
more interactions in noisy environments, which can be
employed as the objective function in our experiment. O

Optimization: MDE-DSCC
Figure 7 shows the procedure of optimization.
In the optimization, we first introduce the decomposition

from Algorithm 2 to divide the decision variables into k sub-
problems, and an empty set of the context vector is initialized.
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LSOPs

decompose by Alg. 2

sub-problem i

| Population initialization |

o .

Context vector

participates in

Mutation and
crossover by MDE-DS

l

| Evaluate the offspring

| Selection by MDE-DS

MDE-DS (Alg. 1)

Update the sub-solution i and
form a complete solution

Optimization (Alg. 3)
Fig.7 The flowchart of optimization (MDE-DSCC)
For each sub-problem i (i € [1, k]), we alternately optimize

it with MDE-DS. The pseudocode of the whole optimization
stage is shown in Algorithm 3.

Algorithm 3 Pseudocode of optimization

Require: Dimension D; Computational budget
C; Population size : M Maximum iteration : T

Ensure: The best solution : E

: SP < LMM() # Alg. 2 decomposes the original problem

: » (Initialization)

1V < [0] x D # empty context vector

: fori =0¢tolen(SP) do

P! < initialPop(S P;, M)

O} <« evaluate(SP;, V)

E <« bestIndi(P/, O))

V < update(V, E)

9: end for

10: » (Optimization)

11: whiler =0andt < T do

12:  fori =0tolen(SP) do

A

13: P,.’“, 0,.’“ < MDE-DS(P!, O}, V) #Alg. 1
14: E < bestIndi(P/ ™', 0/

15: V <« update(V, E)

16:  end for

17: t<t+1

18: end while

19: return E

In Algorithm 3, the initialization of optimization is exe-
cuted from line 3 to 10. Here, we randomly generate
the sub-populations for each sub-problem and update the
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context vector after evaluating the sub-populations. Then,
sub-problems are optimized alternately from line 12 to 20
until all FEs consumed. The context vector is updated after
every generation of optimization is finished.

Numerical experiment and analysis

In this section, a set of experiments are implemented to
evaluate our proposal, MDE-DSCC-LMM. In the section
“Experiment settings”, we introduce the experiment settings,
including benchmark functions, comparing methods, and
performance indicators. In the section “Performance of our
proposal: MDE-DSCC-LMM”, we provide the experimen-
tal results of our proposal and comparing methods. Finally,
we analyze our proposal both in the decomposition and opti-
mization in the section “Analysis”.

Experiment settings
Benchmark functions

We design 15 test functions in noisy environments based on
CEC2013 LSGO Suite, and Eq. (24) defines the benchmark
functions in our experiments

@) = fix) -+ p), iell,15] (24)

B ~ N(0,0.01). Briefly, this benchmark suite consists of 15
test functions with 4 categories.

(1) le (x) to f3N (x): fully separable functions in noisy envi-
ronments;

2) f4N (x) to f7N (x): partially separable functions with 7
none-separable parts in noisy environments;

3) ng (x) to flAl/ (x): partially separable functions with 20
none-separable parts in noisy environments;

@ fllg (x)to f{g (x): functions with overlapping sub-problems
in noisy environments;
f13 and fi4 consist of 905 decision variables, and the rest
functions are 1000-D problems.

Comparing methods and parameters

In our experiment design, we compare the decomposition
strategy of our proposal with various grouping methods, and
the algorithms applied in the comparisons are listed in Tables
1 and 2 shows the parameters of our proposal in the decom-
position stage. We also conduct the experiment between
MDE-DSCC-LMM and DECC-LMM to show the effect of
the introduction of MDE-DS. The maximum FEs including
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Table 1 A summary of the algorithms under comparison

Algorithms Decomposition methods
DECC-D Delta grouping [55]
DECC-G Random grouping [56]
DECC-DG DG [51]

DECC-RDG RDG [18]

DECC-DG2 DG?2 [26]

DECC-LMM LMM

MDE-DSCC-LMM

decomposition and optimization are 3,000,000, and the pop-
ulation size of optimization for each sub-problem is set to
30.

Performance indicators

There are two stages of our proposal that need to be evaluated:
LMM and MDE-DSCC.

To evaluate the LMM, three metrics are employed: FEs
consumed in decomposition, decomposition accuracy (DA),
and optimization results. We adopt the calculation method

Table 3 The detailed decomposition results of DG, DG2, and RDG on CEC2013 LSGO Suite in noisy environments

Func Sep. vars Nonsep. vars Nonsep. groups DG(e = 10~3)/DG2/RDG(ax = 10~10)
Grouped sep. vars Grouped nonsep. vars Formed group’s number

fi 1000 0 0/0/0 1000/1000/1000 /11

f 1000 0 0/0/0 1000/1000/1000 1/111

3 1000 0 0 0/0/0 1000/1000/1000 1/111

fa 700 300 7 0/0/0 1000/1000/1000 1/111

fs 700 300 7 0/0/0 1000/1000/1000 17111

f6 700 300 7 0/0/0 1000/1000/1000 17111

f 700 300 7 0/0/0 1000/1000/1000 1/111

f3 0 1000 20 0/0/0 1000/1000/1000 17111

fo 0 1000 20 0/0/0 1000/1000/1000 17111

fio 0 1000 20 0/0/0 1000/1000/1000 17111

S 0 1000 20 0/0/0 1000/1000/1000 17111

fi2 0 1000 1 0/0/0 1000/1000/1000 17111

f13 0 905 1 0/0/0 905/905/905 17111

fi4 0 905 1 0/0/0 905/905/905 1/1/1

fis 0 1000 1 0/0/0 1000/1000/1000 17111

faled Dy M emnel b Ly

LMM on CEC2013 LSGO Suite DA FEs DA FEs DA FEs DA FEs

in noisy environments
fi - 2.00e+03 - 5.01e+05 - 6.16e+03 - 6.14e+04
i) - 2.00e+03 - 5.01e+05 - 6.16e+03 - 6.21e+04
f3 - 2.00e+03 - 5.01e+05 - 6.16e+03 - 6.17e+04
fa 10.0% 2.00e+03 10.0% 5.01e+05 10.0% 6.16e+03 16.1% 5.82e+04
fs 10.0% 2.00e+03 10.0% 5.01e+05 10.0% 6.16e+03 15.8% 5.82e+04
fe 10.0% 2.00e+03 10.0% 5.01e+05 10.0% 6.16e+03 16.4% 5.82e+04
f 10.0% 2.00e+03 10.0% 5.01e+05 10.0% 6.16e+03 17.1% 5.82e+04
I3 10.0% 2.00e+03 10.0% 5.01e+05 10.0% 6.16e+03 14.1% 5.12e+04
fo 10.0% 2.00e+03 10.0% 5.01e+05 10.0% 6.16e+03 13.4% 4.56e+04
fio 10.0% 2.00e+03 10.0% 5.01e+05 10.0% 6.16e+03 13.8% 4.67e+04
fu 10.0% 2.00e+03 10.0% 5.01e+05 10.0% 6.16e+03 14.2% 4.12e+04
fiz 100% 2.00e+03 100% 5.01e+05 100% 6.16e+03 11.9% 4.80e+04
fi3 - 1.81e+03 - 4.09e+05 - 5.43+03 - 4.66e+04
Sfia - 1.81e+03 - 4.09e+05 - 5.43+03 - 4.76e+04
fis 100% 2.00e+03 100% 5.01e+05 100% 6.16e+03 12.7% 4.80e+04
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Table 2 The parameters of decomposition optimization

Parameter Value

Minimization
EGA

Optimization direction

Optimizer

Population size 10
Maximum iteration 100
Genome length 5

of the DA in [49]. Essentially, DA is the ratio of the number
of interacting variables that are correctly grouped to the total
number of interacting variables. And to determine the exis-
tence of significance, we apply the Kruskal-Wallis test to the
fitness at the end of the optimization in 25 trial runs between
different decomposition methods. If significance exists, then
we apply the p value acquired from the Mann—Whitney U
test to do the Holm test. If LMM is significantly better than
the second-best algorithm, we mark * (significance level 5%)
or ** (significance level 10%) in the convergence curve.

To evaluate the MDE-DS, we apply the Mann—Whitney U
test between MDE-DSCC-LMM and DECC-LMM. If MDE-
DSCC-LMM is significantly better than DECC-LMM, we
mark *(significance level 5%) or **(significance level 10%)
at the end of optimization.

Performance of our proposal: MDE-DSCC-LMM

In this section, the performance of MDE-DSCC-LMM is
studied, both on the decomposition and optimization. Exper-

iments are conducted on the benchmark functions presented
in the section “Benchmark functions”.

Performance of LMM

To verify the analysis in the section “Challenges of DG-based
decomposition methods in noisy environments” that DG-
based decomposition methods cannot detect the interactions
in noisy environments, we apply DG, DG2, and RDG to
decompose the benchmark functions. Table 3 shows the
decomposition results.

The decomposition results of DG-based methods prove
our analysis, all variables are divided into a sub-problem,
and interactions failed to be detected completely. Next, we
provide the DA and FEs for the decomposition of DG, RDG,
DG2, and LMM in Table 4, because the decomposition results
of LMM are different in every trial run, the DA and consumed
FEs are calculated with the mean of 25 trial runs. The best
DA is in bold.

Finally, the optimization results of DECC-D, DECC-G,
DECC-DG, DECC-DG2, DECC-RDG, and DECC-LMM
are provided in Table 5, and the best solution is in bold.

Performance of MDE-DSCC

The mean and standard deviation of the optimum between
DECC-LMM and MDE-DSCC-LMM are shown in Table 6.

And the convergence curve of 25 independent runs of all
compared methods is shown in Fig. 8.

Table 5 Optimization results of DECC-D, DECC-G, DECC-DG, DECC-DG2, DECC-RDG, and DECC-LMM

Func DECC-D DECC-G DECC-DG DECC-DG2 DECC-RDG DECC-LMM
Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std

fi 1.52e+08 2.81e+07 1.49e+08 2.9e+07 1.92e+09 2.81e+08 2.44e+09 2.56e+08 2.00e+09 2.62e+08 6.10e+07 1.65e+07
fo 8.10e+04 3.30e+03 7.89e+04 3.19e+03 9.16e+04 3.35¢+03 9.24e+04 2.43e+03 9.09e+04 3.43e+03 5.65e+04 9.39¢+03
f3 2.11e+01 8.01e—02 2.12e+01 5.07e—02 2.11e+01 1.07e—01 2.12e+01 8.75e—02 2.11e+01 1.11e—01 2.11e+01 8.62e—02
fa 148e+12 6.30e+11 1.38e+12 6.36e+11 9.69e+11 2.4le+1l 1.12e+12 2.34e+11 8.7le+11 23le+1l1 6.75e+11 2.31e+11
fs  1.36e+07 1.47e+06 1.27e+07 1.60e+06 1.53e+07 1.15e+06 1.54e+07 1.30e+06 1.56e+07 1.73e+06 1.06e+07 1.03e+06
fo  1.048e+06 2.98e+03 1.049e+06 3.33e+03 1.048e+06 3.16e+03 1.051e+06 3.70e+03 1.050e+06 3.94e+03 1.044e+06 5.88e+03
f7 3.77e+09 1.65e+09 3.70e+09 1.06e+09 3.40e+09 7.28e+08 3.84e+09 1.21e+09 4.04e+09 6.31e+08 2.88e+09 1.14e+09
fs 2.73e+16 1.20e+16 3.26e+16 2.13e+16 4.76e+16 1.79e+16 5.16e+16 1.84e+16 4.87e+16 2.07e+16 1.99e+16 5.33e+15
fo  9.41e+08 1.86e+08 9.38e+08 1.81e+08 1.15e+09 1.16e+08 1.20e+09 7.30e+07 1.14e+09 9.42e+07 8.22e+08 1.07e+08
fio 9.33e+07 3.98e+05 9.31e+07 4.12e+05 9.31e+07 3.79e+05 9.33e+07 4.43e+05 9.32e+07 5.21e+05 9.21e+07 6.88e+05
fi1r 44le+1l 1.63e+11 5.46e+11 2.40e+11 4.57e+11 1.63e+11 5.05e+11 1.26e+11 4.77e+11 1.23e+11 2.54e+11 8.98e+10
fio 5.82e+12 2.68e+11 5.88e+12 2.05e+11 6.54e+12 2.46e+11 6.55e+12 2.0le+1l 6.47e+12 2.06e+11 3.55e+12 3.59e+11
f13 2.79e+10  9.27e+09 2.63e+10 5.61e+09 3.69e+10 6.90e+09 4.11e+10 7.81e+09 3.92e+10 8.94e+09 1.81e+10 3.42e+09
fia  594e+11 1.69e+11 5.60e+11 1.47e+11 6.96e+11 1.5le+1l 7.97e+11 1.45e+11 7.15e+11 1.17e+11 3.68e+11 6.65e+10
fi5  4.34e+07 7.92e+06 4.04e+07 5.55e+06 6.03e+07 1.42e+07 7.05e+07 1.29e+07 5.65e+07 8.69e+06 2.20e+07 2.37e+06
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Table 6 Optimization results between DECC-LMM and MDE-DSCC-
LMM

Func DECC-LMM

MDE-DSCC-LMM

Mean Std Mean Std

f 6.10e+07 1.65e+07 4.95¢+06 2.49¢+06
f 5.65e+04 9.39¢+03 1.48e+04 9.15e+02
f3 2.11e+01 8.62e—02 2.09¢+01 4.02e—02
fa 6.75e+11 2.31e+11 2.75e+11 1.64e+11
fs 1.06e+07 1.03e+06 9.79¢+06 1.63e+06
Jo 1.044e+06 5.88e+03 1.040e+06 2.72¢+03
] 2.88e+09 1.14e+09 1.08e+09 3.03e+08
f3 1.99e+16 5.33e+15 5.3%e+15 1.53e+15
fo 8.22e+08 1.07e+08 8.80e+08 9.42e+07
Jio 9.21e+07 6.88e+05 9.39e+07 4.77e+05
fi 2.54e+11 8.98e+10 1.61e+11 8.12e+10
fi2 3.55e+12 3.5%+11 5.11e+08 1.27e+08
Ji3 1.81e+10 3.42e+09 1.17e+10 3.10e+09
fia 3.68e+11 6.65e+10 2.5%e+11 7.79e+10
Jis 2.20e+07 2.37e+06 9.58e+06 1.44e+06
Analysis

In this section, we will analyze the performance of LMM and
MDE-DS.

LMM in noisy environment

Theoretical analysis in the section “Theoretical support for
LMM in noisy environments” shows that LMM has the
potential to correctly detect the interactions between decision
variables in noisy environments. Experimental results in the
section “Performance of LMM” further support this analysis.
The identification of interactions in noisy environments is a
difficult task, and LMM identifies the decision variables with
relatively strong intensity as nonseparable. Although the fit-
ness difference will be affected by noise, the relative intensity
of interactions between separable variables and nonseparable
variables still has a possible gap, which is the main reason
for successful implementation in noisy environments.

However, the optimization of LMF is not an easy task.
From the DA in Table 4, the interactions which can
be detected by LMM in noisy environments are limited.
Although LMF can lead the direction of optimization to
search for more correct interactions, a more powerful opti-
mizer will allow LMM to find more interactions.

LMM vs DG-based decomposition methods

DG-based decomposition methods detect the interactions by
determining the difference between the fitness difference and
a certain parameter €, and even in fully separable functions,
the fitness difference will be amplified by noise and larger
than € easily, which is the main reason of detection failure
in noisy environments, and all decision variables are divided
into a sub-problem and optimized directly. Due to the curse
of dimensionality, it is difficult for DE to find an acceptable
solution with this division. Thus, although the DA of DG-
based methods is higher than LMM in fj; and fi5, LMM
still performed better than DG-based methods in the opti-
mization of these functions, and DG-based methods are the
most environmentally sensitive grouping method among the
compared methods.

LMMvs D

The schematic diagram of Delta Grouping is shown in Fig.
9.

Delta grouping notices that the difference in coordi-
nates from the initial random population to the optimized
population is different in the separable variables and the non-
separable variables. In Fig. 9, when the A; and A ; has large
difference, Delta grouping identify x; and x; are separable.
This rough estimation is still affected by the noise, because
the Delta grouping samples in the fitness landscape and the
moving vector will still be influenced by the noise. Thus,
Delta grouping is second sensitive in our comparing meth-
ods, and experimental results from Table 4 and Fig. 8 all show
that our proposed LMM outperforms DECC-D.
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Fig.9 a Delta grouping works on the separable function. b Delta group-
ing works on the nonseparable function

LMM vs random grouping

It is unnecessary to provide any information about the fitness
landscape to Random grouping; therefore, Random group-
ing is the most environmentally insensitive decomposition
method. Although paper [56] has proven that Random group-
ing is efficient and has a high probability to capture some
interactions, it cannot detect sufficient interactions and form
sub-problems properly, and LMM can detect more corrected
interactions, which is the main reason that LMM outper-
formed than Random grouping.

The efficiency of MDE-DS

Figure 8 and Table 6 all prove that MDE-DS has a strong
ability to search for better solutions compared with the canon-
ical DE in most benchmark functions, although canonical
DE performs better in fy9 and f19. However, no optimiza-
tion algorithm can solve all optimization problems perfectly.
According to no free lunch theory [57] in optimization, the
average performance of any pair of algorithms A and B is
identical on all possible problems. Therefore, if an algorithm
performs well on a certain class of problems, it must pay for
that with performance degradation on the remaining prob-
lems, since this is the only way for all algorithms to have
the same performance on average across all functions. Thus,
although MDE-DS may perform worse than the canonical
DE in noiseless functions, it is successful to introduce MDE-
DS to solve problems in noisy environments.

Discussion

The above experimental results and analysis show that our
proposal both the LMM and the introduction of MDE-DS
have broad prospects to solve LSOPs in noisy environments.
However, there are still many aspects for improvement. Here,
we list some open topics for potential and future research.

How to improve the LMM

In this paper, we regard the decomposition problem as a
combinatorial optimization problem and design the LMF

@ Springer

to guide the direction of optimization by EGA. There
are two parts of LMM that can be improved: (1). The
design of LMF and (2). Optimizer for LMF. For LMF,
we notice that it is multi-modal, especially for separa-
ble functions. For example, f(x) = 2x; + x% — 0.5\/x_ s
((x1, x2, x3)), ((x1, x2), x3)), ((x1, x3), x2)), ((x1), (x2, x3)),
((x1), (x2), (x3)) are all global optima, and actually, ((x1),
(x2), (x3)) is our ideal decomposition. Thus, how to design
the LMF to avoid this issue is a problem that can be improved
in future research. And for the optimizer, this paper employed
EGA to optimize the LMF, and parts of correct interactions
can be detected in noisy environments. In future research, we
will apply various optimizers to optimize the LMF, and the
more powerful optimizers are expected to search for more
interactions in noisy environments.

Interactions’ identification in noisy environments

Although it is a difficult task to detect interactions in noisy
environments, it is necessary to develop an effective interac-
tion identification method to form sub-problems by a proper
strategy. Explicit averaging [6] can alleviate the uncertainty
of noise by re-evaluation. Let the re-evaluating times for
FN(X) be m and fl.N (X)) represents the ith re-evaluation
value. Then, we apply the principle of Monte Carlo integra-
tion [58], and the mean fitness estimation f N (X), standard
deviation o (£ (X)), and the standard error of the mean fit-
ness se(fN (X)) are calculated as

_ 1 &
Meo=—3% [0
i=1

1 = _
(SN = |3 (N ) = FN0) 25
i=1

o (fN(X))
T

Equation (25) shows that sampling an individual’s objec-
tive function m times can reduce se( fN (X)) by a factor of
m to improve the accuracy in the mean fitness estimation,
which means that the accuracy of sampling increases. It is a
feasible method to loosen the threshold ¢ in DG-based meth-
ods and combine the explicit averaging strategy to identify
the interactions, although it will consume lots of FEs.

se(fN (X)) =

Conclusion

In this paper, we proposed a novel strategy that regards
the decomposition problem as a combinatorial optimiza-
tion problem and designed the LMF to guide the direction
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of optimization. Besides, we introduce an advanced opti-
mizer named MDE-DS to tackle optimization problems in
noisy environments. Numerical experiments show that LMM
can detect some interactions in noisy environments, which
is competitive with the compared grouping methods. And
MDE-DS has a strong ability to search for better solutions,
which can accelerate the optimization in noisy environments.

In future research, we will focus on the improvement of
LMM and the development of efficient interaction identifi-
cation methods in noisy environments.
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