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ABSTRACT This paper presents a novel adaptive parallel Expected Improvement (EI) infilling strategy for
Efficient Global Optimization (EGO) by introducing a two-staged Non-parametric Population Monte Carlo
Sampling (NPMS) scheme. The samples are uniformly generated from EI function in the first stage and
converge to sub-domains of high EI values thresholded by a non-parametric sampling selection method in
Population Monte Carlo (PMC) iterative succession. In the second stage, learning from potential information,
Density-Based Spatial Clustering (DBSCAN) method is used to cluster samples and converge to candidate
points. Compared to the original EI strategy, NPMS improves the minimum result by 14.6% and reduces
the number of candidate points by 15.8% on our benchmark cases of EGO. Furthermore, 13 test functions
involving different input space sizes, difficulties, and dimensions are conducted on six strategies including
NPMS, and the results showed that NPMS achieves the highest ranking in terms of result finding and
cost savings but slightly decreases optimization efficiency. Benefiting from broad sampling and dynamic
clustering, especially in large input space size cases, NPMS not only guarantees high result accuracy but
also reduces optimization costs by up to 34.9% compared to other parallel methods. Finally, our proposed
NPMS-extended EI strategy has successfully reduced the number of candidate points, which is expected to
provide a cost-practical approach to more complex problems.

INDEX TERMS Expected improvement, multi-peak characteristics, parallel infilling strategy, population
Monte Carlo, sampling method.

I. INTRODUCTION classical machine intelligence problem in decision theory
Efficient Global Optimization (EGO) is a model-based [11, [2], [3], [4]. EGO is based on the kriging model
sequential optimization technique that effectively solves the and Expected Improvement (EI) infilling strategy. Kriging

model provides cheap evaluation (prediction w(x) and

The associate editor coordinating the review of this manuscript and uncertainty measure o (x)). And El infilling strategy provides
approving it for publication was Kuo-Ching Ying = . promising candidate points (maximum EI function value),
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which effectively addresses the balance between optimization
results and optimization costs in decision making [5], [6], [7].
Since proposed by Jones et al. [8] in 1998, EGO has been
used in complex engineering. References [9], [10], [11], [12],
[13], and [14] and has become the most popular approach.
As a candidate point selection credential, infilling strategy
determines the kriging performance and EGO efficiency.
Effective infilling strategies based on different criteria are
proposed, such as the probability of improvement (PI) [15],
goal seeking [16], upper confidence bound (UCB) [17].
Among them, the most famous and widely used is El infilling
strategy due to a good balance between global exploration and
local exploitation in EGO [18], [19].

Since EI function is a greedy improvement of heuris-
tics, EI-based EGO often falls into unbalanced problems
such as over-exploration and over-exploitation, resulting
in slow optimization convergence [20], [21], [22], which
requires infilling strategies to make further enhancements
to balance and sampling efficiency. Schonlau et al. [23]
and Soébester et al. [24] introduced additional parameters
in EI function, and proposed the Generalized Expected
Improvement (GEI) and the Weighted Expected Improve-
ment (WEI), respectively. Recently, Lv et al. [25] made
up for the limitation of EI strategy by mixing multiple
individual infilling strategies and proposed a Go-Inspired
Hybrid (GO-HI) infilling strategy. Compared with indepen-
dent infilling strategies, GO-HI saves computational costs
and generates global points. However, single-point infilling
strategy is not economically viable for the multiple CPU
cores of modern computers, especially if the simulations or
physical experiments are significant time consuming [26],
[27], [28], [29].

Parallel infilling strategy focuses on inefficiency of
single-point selection and generates multi-point in each opti-
mization iteration. Although sampling accuracy is inevitably
reduced, it improves computation utilization and conver-
gence speed [30]. Based on different multi-point selection
schemes, researchers developed many parallel strategies.
Sobester et al. [31] proposed a parallel strategy to select n
local maxima of EI as new candidate points assuming given
n processors. Compared with single-point strategy, multi-
point of EI function local maxima can build an effective
global kriging model faster. Ginsbourger et al. [32] derived
q—EI based on the work by Schonlau et al. [26] and
pointed out that g—FEI strategy needs to be optimized one
time to produce g candidate points in each iteration. Still,
the dimension of optimization problem increases to ¢ x d
(d is the dimension of the design variables). Researchers
relaxed the exact EI multi-peak calculation and replaced it
with fake values or the points from high EI values sub-
domains. Ginsbourger et al. [33] proposed a heuristic strategy,
named Kriging Believer (KB) strategy, which uses the kriging
prediction replaces the actual calculation and cycle ¢ times
in a turn to obtain g samples. The KB strategy depends on
the performance of the kriging model and produces candidate
points clustered around false values. To solve this problem,
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Ginsbourger et al. [33] used a constant to replace the actual
calculation of the selected samples named the Constant Liar
(CL) strategy. However, low observation points lead to high
uncertainty in constant selection. Inspired by the KB and CL
strategies, Zhan et al. [34] used a fake function to replace
the actual EI function and cycle g times, named Pseudo EI
(PEI) strategy. PEI infilling strategy has a fast convergence
speed in constructing a good kriging model. As EI function
tends to converge, the fixation of ¢ makes it easier to generate
meaningless points, which increases the cost of optimization.

EI function changes with EGO iteration, and sequential
select ¢ multi-point often leads to additional optimization
burdens by falling into aggregation. Xie et al. [35] removed
duplicate points by calculating candidate point correlations.
Gobert et al. [36] proposed an acquisition process technique
based on design space partitioning to select valuable can-
didate points from kriging model. Since EI function has a
closed-form expression, the computational cost is negligible
compared to the optimization evaluation [27]. Researchers
devise adaptive parallel infilling strategies to reduce the
optimization burden by sacrificing EI function calculation.
Xiao et al. [3] focused on selecting global multi-point and
used a refined sampling/importance resampling to search
the points with large EI values. Moreover, the of points
needs to be set in advance. Zhan et al. [37] constructed EI
multi-peak using Latin hypercube sampling and dynamic
generation of points by each non-contiguous sub-domain.
However, EI function multi-peak selection judgments not be
discussed much. Selecting low-information peaks may not be
helpful during the optimization process.

For an excellent infilling strategy, points generated should
be global and dynamic while avoiding clustering with
each other. The difficulty lies in capturing and selecting
EI multi-peak for each EGO iteration. Population Monte
Carlo (PMC) method has the potential to solve these
problems. PMC is an unbiased sampling method consisting
of iteratively generated importance samples from global
space. Beaumont et al. [38] extended the sampling method
to Bayesian inference for approximating target distribution
P(6 | X) when likelihood function P(X | 6) hardly computed
or even unknown. As defined in PMC, given a series of
decreasing sampling thresholds €¢; > e > > €
(¢ being the final iteration) in advance, the intermediate
samples are sequentially updated in order to approximate
true distribution. The sampling threshold controls range of
samples produced and is a key to PMC generating samples
closer to target multi-peak distribution.

PO | X)x PX|6)-P@O) (1)

PMC generates approximate samples to construct unknown
distribution. For converging samples and selecting global
candidate points, density-based spatial clustering (DBSCAN)
approach is simple and effective. DBSCAN method enables
dynamic partition and reorganize samples with density
properties. The intuition for clustering is to divide the samples
as sub-domains that satisfy the minimum density. Moreover,
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these sub-domains are constrained by a minimum distance
threshold to ensure the diversity of information [39]. Samples
in same distribution or adjacent to each other are considered
to be in same cluster. In contrast, samples far apart from
each other are considered in different distributions, which
effectively solves the problem of final candidate points falling
into aggregation due to proximity.

This paper proposes an adaptive parallel sampling
scheme based on EI infilling strategy, called the parallel
Non-parametric Population Monte Carlo sampling scheme
(NPMS). The NPMS scheme follows a native idea: taking EI
function as a probability density function with a multi-peak
form. And in order to reduce parallel strategy burden caused
by points aggregation, NPMS scheme obtaines multiple
candidate points in staged manner. In the first stage, PMC
method samples from global input space and converges
samples to individual high EI value sub-domains. A non-
parametric sampling threshold method is used to determine
whether the areas are selected and save more sampling costs.
In the second stage, the neighborhood distance threshold and
the sample size threshold are adjusted according to sample
density and EI convergence information, and then DBSCAN
clustering is performed. The candidate points come from
PMC samples with the best EI value in each cluster. Above,
NPMS scheme uses the currently known information and
makes adaptive decisions by sampling EI function more in
return for a lower optimization casts. At the same time,
candidate points from interest sub-domains and far from each
other, which improving optimization benefits.

The rest of this paper is organized as follows. Section II
details the NPMS scheme framework. Section III validates
the characteristics and feasibility of the NPMS scheme
through a benchmark case. The effect of the parameters
on the model is then analyzed. Section IV provides a
detailed performance comparison and analysis of the NPMS
strategy with other infilling strategies (i.e., EI, GO-HI, CL,
KB, and PEI) through benchmark function tests. Section V
summarizes the conclusion and future work.

Il. NON-PARAMETRIC POPULATION MONTE CARLO
SAMPLING SCHEME (NPMS)
This section details the Non-parametric Population Monte
Carlo sampling (NPMS) scheme. After kriging model is
constructed, NPMS scheme acts on EGO candidate selection
process. Defining EI function as a probability density
function, NPMS scheme uses two stages: non-parametric
population Monte Carlo sampling and density clustering. The
flowchart of NPMS applied to EGO as shown in Figure 1.
In the paper, we assume that EGO is applied in continuous
space, and the goal is to find a point with the minimum value
of unknown objective function f:

x~ = argminf(x) 2)
xeX

where X denotes input space of x. For convenience, the
obtained EI values are converted into negative numbers
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FIGURE 1. The flow chart of NPMS scheme in EGO framework.

shown in Eq.(3).

El(x) = 164 (ymin-f], >0 3)

where y is kriging prediction value and & is corresponding
standard deviation. The ® and ¢ are the cumulative density
function and probability density function of a normal
distribution, respectively. The multi-peak in EI function
represents the minimum value regions.

A. El MULTI-PEAK SAMPLING

Define multi-peak sub-domains in EI function as the
P(x). Samples X = ({xi,Xp,...,Xy} are obtained by
non-parametric method sampling from high EI value
sub-domains and used to construct an approximate distri-
bution of EI function P(x | X). For each EGO iteration
step, sampling method and sampling threshold selection are
performed by following two steps:

Step 1: PMC Sampling Framework Construction:

PMC method initially begins with sufficient statistics.
At the initial step £ = 1, Latin Hypercube Sampling (LHS)
method is used to generate a set of N global sample pool
X1 = {x1,x2,...,xn}, with corresponding EI value EI(X ).

17795



IEEE Access

Y. Hu et al.: Adaptive Parallel El Infilling Strategy Extended by Non-Parametric PMC Sampling Scheme

For each sample pool, reject the ineligible samples based
on the approximate constraint rule Eq.(4), and form prior
distribution P(x) from the accepted samples.

P(x | X) ~ P(x | EI(X¢) < €) “

where €, is defined as PMC sampling threshold in range
min(El) < ¢, < 0. For approximate constraint rule, samples
with the EI value greater than €, will be rejected, while
samples in high EI values (less than €;) are accepted. Use
the prior distribution P(x) to complete the sample pool X to
number N, and give initial sample pool weight Wj.
W1=[W§|w’i=%,i=1,...,N] (5)
In arbitrary step (¢ > 1) in PMC sampling iteration,
iterative sample pool X, is derived from X,_; via a
particle filter methodology under approximate constraints
€¢. Specifically, a particle x' is randomly samples from

X1 with weights (W(iﬁfl) i=1,...

x; samples from an adaptive Gaussian Markov transition
kernel q(xz,‘ |xi). In Gaussian Markov transition kernel,
the mean is x' and the variance o is twice the weighted
empirical variance of sample pool X, as shown in Eq.(6).

The weights (W&)) iy
i=l1,...,
assigned in the previous iteration is shown in Eq.(7).
As sampling threshold €, shrinks, the distribution constructed
by final sampling pool X accurately approximates current EI

function.

and the new sample

on each new sample xj € Xy

X~ g [x) = N (v, 07 ©®
i P(xiz)
Ye = N J j i

Zj:l WZ—lq (xlf_l | xga O’K*l)

Step 2: Non-Parametric Sampling Threshold Selection:

During iterative sampling, all coefficients are adaptive
except sampling threshold €,. Sampling threshold directly
affects cost and accuracy in PMC: (i) a strict threshold allows
samples to be distributed in fewer areas with higher EI values,
accompanied by high rejection sample sizes and sampling
times, (ii) a loose threshold preserves a large number of
samples and shortens sampling time in PMC, but inevitably
contains meaningless samples. Suppose that at any iteration
step £ with sampling threshold €,, another sample pool with
N, (N < Np) samples is sampled from the ©,_1 (using the
LHS method in ¢ = 1). Based on approximate constraint
rule in Eq.(4), the number of accepted samples is N,.. The
acceptable ratio Pgecepr is defined as:

(N

N, accept

P accept = N ®)
p

For accepted N actual samples after using approximate
constraint rule, the required accumulated sample size Nyeeq 1S
calculated by acceptable ratio and N as shown in Eq.(9). PMC
method should balance sampling cost and information gain
limit in multi-peak areas in each sampling iteration, which
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FIGURE 2. For each fixed El function, N4 is inversely proportional to ¢,
and will not be changed. The red circle is the elbow position of the
relationship.

means the sampling threshold €, and the number total of
samples Njeeq should both be minimum.

N N x N, 1
= I o~ ©

Naccept €¢

Nieed =
e P accept

We propose to minimize the Euclidean distance from €, —
Nyeeq relationship curve to the origin as sampling threshold
location, as shown in Figure 2 elbow area. When sampling
threshold does not stable, each sampling iteration £ is
performed according to following steps:

(1) Predefined another sample pool with N, sample size,
XNp = {xl, X2, ..., pr}. The sample pool is sampled by
PMC method without approximate constraint rule in Eq.(4),
where each sample based on Eq.(6) and Eq.(7) from the pre-
vious generation sample pool X,_1. The sampling threshold
values EI (XNp) correspond to each sample calculated by the
EI function. Sort samples according to the EI(Xy,) from
small to large. Let the sorting indexes I = 1,...,N, be
Naceepr values.

(2) Nyeea Tange is [N, N x N,]| obtained by Eq.(9). The
curve between EI (XNP)—N,Wd is inversely proportional as
discussed above. Due to the large data difference between
the EI value and N4, the logarithmic processing of Nyeeq
is defined as Np,eeq. Cost and accuracy have same status in
the balance. Normalised EI (XNp) and the Nz,eeq by Eq.(10)
(defined as Nor(EI (XNp )) and Nor(Nrpeed))-

Nor(x) = —— 10 _ (10)
max(x) — min(x)

(3) Final sampling threshold is in elbow area of
the Nor(EI(XNp)) - Nor(Npneeq) relationship. Calculate
Euclidean distance to the origin for each sample in the
relationship curve. And the sampling threshold position
corresponds to the minimum distance, with threshold value
€¢ corresponds to the EI value.

min  (Nor(Nrneea))* + Nor(Eg)? an
s.t. f (Nor(Nrpeed)s €1) =0
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FIGURE 3. DBSCAN method flowchart. The input data is final sample pool
generated by NPMS first stage. And the output data are candidate points.

(4) Samples with EI values greater than epsilony in N,
sample pool are rejected. And replenish the number of
accepted samples to N as true iterative sample pool.

B. DENSITY CLUSTERING

Non-parametric PMC sampling method finally generates
samples with EI multi-peak characteristic distribution. The
DBSCAN method redistributes the final sample pool X:
(1) Define the minimum neighborhood distance threshold
Eps and the minimum sample size threshold minPts,
(2) Select each sample in sample pool X, according to Eps
and minPts to determine whether it is a core point, if it is a
core point, select all vertices whose density is reachable to
form a cluster, (3) Find all clusters in X where the density of
all core samples are reachable, and the samples that are not
assigned to any cluster are samples as noise points (4) Select
samples in each cluster with the minimum EI value as final
candidate points. The workflow is shown in Figure 3.

Not each peak in EI function corresponds to a cluster, and
emphasis should be placed on the diversity of information
for candidate points. The minimum neighborhood distance
threshold Eps and the minimum sample size threshold
minPts constrain the clustering behavior. Lower Eps and
minPts correspond to more candidate points selection. On the
contrary, there will be a single-choice phenomenon. NPMS
scheme proposes adaptive Eps and minPts. The Eps is shown
as follows:

Eps = y x o(d(X)) (12)
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Algorithm 1 The Framework of NPMS Scheme
Input: Constructed kriging model, N,, N, y, B
Output: Candidate points Xpext

1: Sampling initial pool Xy, from LHS method, and sorting
by EI value

2: Establishing the relationship between the Ny, and
E1(Xy,) using Eq.(9) and Eq.(10)

3: Calculating the sampling threshold €; with the minimum
distance

4: Retaining the samples using Eq.(4), and getting the prior

distribution P(x)

Completing Xy, to N as first sample pool X

Setting weight W1 = le’ e, le

while sampling threshold does not stable do
Sampling Xy, from X,—; by PMC method using
Eq.(6)

9:  Getting the sampling threshold €, using step 2-3

10:  Completing the iterative sample pool X, to number N

® AW

11:  Setting 0112 <« 2Cov(0y)

12:  Setting W, through Eq.(7)

13: end while

14: Calculating the cluster threshold Eps and minPts by
Eq.(12) and Eq.(13)

15: Clustering the final sample pool X

16: Selecting the minimum EI value in each cluster as final
candidate points Xpext

50 —5.0

FIGURE 4. Contour plot of the Camel3 case, where “X" are two local
minimums. The global minima and the maximum corresponding to the
asterisk and triangle.

where d(-) represents the distance from each sample to the
origin, o is the standard deviation of X. Eps defines a distance
threshold based on overall sample dispersion, regulated by y
parameter. minPts varies as EI converges and is defined as
follows:

p
1+exp(’;

min(eis)

minPts = [N x | (13)

)
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FIGURE 5. NPMS scheme sampling process at the 15¢ EGO iteration, where the background contour is the El function.

where € is the final sampling threshold value in NPMS.
min(eis) represents the minimum sampling threshold of EGO
iteration history. In the end, NPMS scheme pseudocode can
be expressed as Algorithm. 1.

Ill. BENCHMARK

In this section, a benchmark case is used to analyze the
properties of NPMS scheme. First, we validate characteristics
of scheme itself and its performance in EGO applications.
And then compare it with the original EI strategy to illustrate
the feasibility and advantages. Finally, model parameters’
effect is analyzed, and reasonable values are given.

The benchmark is named Three-hump camel-back
(Camel3) function, and formula is shown in Eq.(14). Camel3
has a regular U-shaped structure in space shown in Figure 4,
with one global minimum, two local minimums, and one
global maximum. The difficulty of capturing changes in
function values around global and local minima makes
optimization take a long to converge.

2 4N 2
f(x) =2x7 — 1.05x] + 3 + x1x2 + x5, x; € [=5,5] (14)

Five indicators are involved in quantifying the impact
of strategy. The standardized average LOO CV (CV) and
coefficient of determination (R?) [40] are used to evaluate the
prediction performance of kriging model:

VIS (i —50)°

CcV = (15)
range of y1, ...,y
T A2

R2—1_ 2z (i = 9i)” (16)
> 0i—)?

where n and T are the numbers of observable points and
test points. y; and y; denote the true responses and predicted
responses. y is the mean of true responses. CV < 0.1 is used
as the EGO stopping condition in the benchmark.

To evaluate the performance of NPMS applied in EGO,
I, Ny, and Res are proposed. I is the total number of EGO
sequential iterations and also measures the speed of EGO
optimization convergence. N; is the total number of candidate
points required by infilling strategy when EGO meets
stopping condition. N determines the computational cost
optimization. Res is defined as residual of global minimum
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and optimal result, with more accurate optimization results
implying a smaller Res. For the above metrics, higher R* and
lower CV, I, Ng, Res are usually desired. During benchmark,
all initial points [41] and test points [25] are generated by
the LHS method following the maximin criterion. And all
benchmarks are independently repeated 30 times.

A. CONVERGENCE AND ADAPTIVE

First, we verify the convergence of the NPMS scheme itself.
In the non-parametric PMC sampling stage, the NPMS
scheme aims to converge the sample pool to high EI value
sub-domains. The initial NPMS scheme generates a uniform
sample pool containing multi-peak information. As sampling
iterative, samples inherit from the previous sample pool
and converge to target multi-peak constrained by sampling
threshold, as shown in Figure 5 (b). Until sampling threshold
becomes stable, PMC sampling process is complete. Samples
are finally distributed among the EI function multi-peak from
entire space, while the areas with EI values smaller than
sampling threshold are considered meaningless. NPMS aims
to converge the samples to candidate points during clustering
stage. Based on density features, the sample pool is re-divided
into new clusters, ensuring each cluster adequately expresses
information gain of EI function. The candidate points are
selected with the best EI values in each new cluster, as shown
in Figure (c) red points. Non-parametric sampling can sample
from high EI value areas, while clustering can select global
points. Thus, the NPMS scheme itself is convergent.

When applied to EGO, NPMS scheme has good sampling
threshold convergence and dynamics candidate points selec-
tion. For each EGO iteration, the fixed EI function ensures
that sampling threshold relationship in NPMS scheme does
not change. Furthermore, the actual sampling threshold
position will not change either. Due to sampling uncertainty,
the threshold will fluctuate during sampling iterative and
tend to be stable. Figure 6 shows the history of sampling
threshold in NPMS scheme when at 20", 40 and 60™
EGO iterations, respectively. Each NPMS scheme can obtain
a stable final sampling threshold. And as EGO iteration
proceeds, sampling threshold tends to zero as shown in
Figure 6 (d). Secondly, adaptive clustering based on sample
density ensures NPMS scheme dynamics candidate points
selection. With the requirement that each cluster maintains
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FIGURE 6. The sampling threshold selection history. Figure (a), (b) and (c) represent the sampling thresholds history generated in 40 times
NPMS sampling iterations. Each figure corresponds to one EGO iteration. The black lines are the sampling threshold value, and the blue bars
are the statistical standard deviation. Figure (d) is the history of final sampling threshold generated in EGO iteration.
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FIGURE 7. Sample clustering and the number of candidate points selected. Figure (a), (b) and (c) are the clustering results and
candidate points of NPMS scheme at EGO iteration in 20, 0% and 60th, where samples of different colors belong to different
clusters. (d) is NPMS scheme candidate point selected number in each EGO iteration.

—%— CVorNPMS

The performance of kriging
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EGO iteration step

FIGURE 8. The CV and R2 convergence history (mean = std) for El
strategy and NPMS scheme.

El
e

100 150
EGO iteration step
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FIGURE 9. The Res convergence history (mean =+ std) for El strategy and
NPMS scheme.

its distance, avoiding the problem of selected candidates
falling into aggregation. Figure 7 shows the NPMS scheme
clustering and points selection in the EGO iteration. Samples
come from global sub-domains with high EI values, and the
candidate points are derived from these promising samples,
which effective collaboration in sampling and clustering.
As shown in Figure 7 (d), NPMS scheme maintains the
candidate point selection dynamics when EI function changes
and tends to single-point as EI function convergence.
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To illustrate the performance of NPEI scheme, we compare
it with original EI strategy. Figure 8 and Figure 9 show the
convergence histories of EI strategy and NPMS scheme for
the Camel3 case. Benchmark is conducted in 30 independent
trials, and the average results are shown in Table 1, where
the best results are marked in bold. Result shows that
samples selected by the two strategies can construct useful
models. In the iterative history of EGO, NPMS scheme is
faster in building kriging models in the initial steps and has
a significant tendency to converge in finding the optimal
values. The performance improvement of EGO comes from
the broader range of EI function calls and efficient multi-point
selection in NPMS scheme. In the first stage, the PMC
method generates more samples and performs EI calculations
during the iterative process, resulting in the sample size that
can be selected being much larger than that of the original
EI strategy. The average time consumed internally in each
NPMS scheme increased by 77.1% compared to the EI
strategy. A large number of samples is more likely to contain
optimal values, which results in a residual reduction of 14.6%
compared to EI strategy. Meanwhile, the clustering in NPMS
second stage can efficiently filter out representative candidate
points, reducing 15.8% candidate point number compared
to EI strategy. The cost of computing candidate points in
EGO is often much higher than calling EI functions, and it
is worthwhile for NPMS solutions to improve optimization
results and reduce the number of evaluations by calling more
EI functions.

For demonstrating global and efficient nature of NPMS, the
candidate points distribution of EI and NPMS is analyzed,
as shown in Figure 10 (a) and (b). The objective function
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FIGURE 10. (a) Contour plot of total candidate points generated by El strategy, where the red dashed line
connects the global minimum and two local minima of the objective function. Each solid red line differs
from the dashed line by a distance of 2. (b) Contour plot of total candidate points generated by NPMS
scheme. (c) Relative frequency of points in El strategy and NPMS scheme on the A-B transversal, where

the transversal range focuses on convergence area.

TABLE 1. The results of El strategy and NPMS scheme in Camel3 case.

Strategy Res N I cVv R2
EI 0.0041 253.6 247.6 0.0997 0.886
NPMS 0.0035 213.7 110.2 0.0996 0.864

has one global minimum and two local minima on the
same line A-B, as shown in red dashed line. Both EI
and NPMS strategies can converge to a global minimum
during optimization. However, EI strategy is prone to falling
into local optima and tends to fall into a state of point
aggregation. In contrast, NPMS scheme is more decentralized
in the objective function space. To better represent the
distribution, candidate points within selected range (solid
lines) are projected onto dashed line. Their distances to the
global minimum are counted, yielding the statistics shown in
Figure 10 (c). EI strategy produces a fluctuation distribution
of candidate points and often higher relative frequencies of
points in the two local minima regions. In contrast, NPMS
distribution is more uniform, with no significant low peaks,
while focusing more on the global minimum area.

B. MODEL PARAMETER ANALYSIS
The NPMS scheme involves four parameters in optimization
process: N, Ny, ¥, and B. N and N, are sampling parameters

17800

of NPMS first stage, representing the sampling number
in actual sample pool and pre-sample pool, respectively.
N, involves generating a non-parametric sampling thresh-
old. N significantly influences the NPMS scheme, which
determines sampling cost and candidate selection accuracy.
Large sample sizes can be stably distributed over multi-peak
regions, resulting in a high sampling cost. Small sample
size can maintain a low sampling cost but cannot accurately
capture the multiple peaks of the EI function, resulting in
an unstable candidate selection capability. y and B are the
clustering parameters, which influence the ability of the
NPMS scheme to balance informativeness and diversity at
candidate points. High y and 8 can cause NPMS scheme to
fail to select enough multiple points and degrade to a single-
point strategy. Conversely, low y and g will cause NPMS
scheme to produce aggregated candidate points, resulting in
redundancy. As mentioned above, since scheme does not
require the highest sampling accuracy, setting N, = 200d
as a recommended reference value. N sets to the ratio of N,
taking the range in [0, 1]. The range of y and 8 are in [0,1].

Figure 11 shows mean and standard deviation of the
optimization results Res and the optimization iterations I (N
has no significant difference) under parameter N in [0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9] where y and B are fixed as
a median value 0.5. For optimization result Res, the mean
and standard deviation fluctuate as N rises. The mean and
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TABLE 2. The optimization results and rankings in different combinations of parameters.

B ¥ Res (ranking) N, (ranking) I (ranking) Average rank
0.1 0.1 0.0045 4+ 0.0055 (7) 254.0000 =+ 26.8663 (24) 64.1000 %+ 12.3730 (1) 10.7 (7)
0.1 0.3 0.0127 4 0.0111 (17) 207.7000 £ 12.4503 (11) 140.7500 + 12.7784 (19) 15.7 21)
0.1 0.5 0.0304 4+ 0.0253 (24) 203.9500 +£ 13.5553 (9) 136.3500 + 13.3427 (16) 16.3 (23)
0.1 0.7 0.0340 4 0.0362 (25) 209.4000 =+ 13.4253 (14) 142.6500 4 14.0188 (20) 19.7 (25)
0.1 0.9 0.0191 4 0.0207 (21) 206.1000 £ 11.7979 (10) 139.3000 + 12.4222 (18) 16.3 (24)
0.3 0.1 0.0017 4+ 0.0018 (1) 257.4500 + 20.5048 (25) 70.9500 + 7.7361 (2) 9.3(2)
0.3 0.3 0.0024 4+ 0.0022 (2) 226.3500 4 19.1214 (22) 110.7000 + 10.3976 (9) 11.0 (10)
0.3 0.5 0.0102 £ 0.0067 (16) 182.9000 + 10.4014 (5) 163.9000 + 9.4175 (23) 14.7 (18)
0.3 0.7 0.0187 4 0.0246 (20) 175.2500 =+ 9.9693 (3) 167.4000 + 10.4422 (24) 15.7 22)
0.3 0.9 0.0185 4+ 0.0191 (19) 174.9000 £ 13.9173 (2) 169.8000 + 13.4818 (25) 15.3 (20)
0.5 0.1 0.0056 4 0.0075 (10) 213.8500 4 18.0867 (17) 95.1500 + 9.4777 (3) 10.0 (4)
0.5 0.3 0.0033 4 0.0036 (3) 227.3000 £ 17.9697 (23) 103.6500 =+ 8.4396 (4) 10.0 (3)
0.5 0.5 0.0036 4 0.0041 (4) 209.2000 + 17.2093 (13) 112.2500 + 8.6884 (11) 9.3 (1)
0.5 0.7 0.0093 4 0.0141 (15) 194.2500 + 15.1059 (7) 146.5500 £ 9.9019 (21) 14.3 (17)
0.5 0.9 0.0283 4 0.0326 (23) 173.6000 + 8.8848 (1) 159.5000 + 8.4705 (22) 15.3 (19)
0.7 0.1 0.0064 4+ 0.0061 (13) 198.3500 £ 15.7616 (8) 115.9500 + 10.3705 (12) 11.0 (8)
0.7 0.3 0.0041 4= 0.0050 (5) 212.0500 + 19.2366 (16) 110.9500 +£ 10.9292 (10) 10.3 (5)
0.7 0.5 0.0060 4= 0.0094 (11) 215.8500 &£ 19.9581 (19) 107.5500 +£ 9.9523 (5) 11.7(11)
0.7 0.7 0.0072 4 0.0095 (14) 218.4500 + 18.1727 (21) 108.3500 =+ 9.6968 (6) 13.7 (15)
0.7 0.9 0.0053 4 0.0054 (9) 211.7500 + 15.498 (15) 126.8000 + 7.9787 (15) 13.0 (13)
0.9 0.1 0.0217 4 0.0287 (22) 181.3500 + 16.6231 (4) 137.1000 + 14.4323 (17) 14.3 (16)
0.9 0.3 0.0158 4 0.0240 (18) 189.4000 + 20.2322 (6) 121.9000 + 14.3698 (14) 12.7 (12)
0.9 0.5 0.0049 4 0.0068 (8) 208.0500 =+ 13.4888 (12) 116.8000 + 6.4545 (13) 11.0 (9)
0.9 0.7 0.0042 4+ 0.0041 (6) 214.6500 + 23.6332 (18) 110.4500 + 12.8354 (8) 10.7 (6)
0.9 0.9 0.0061 4 0.0058 (12) 217.6000 £ 17.2812 (20) 109.2000 =+ 8.4593 (7) 13.0 (14)
TABLE 3. Benchmark cases functions.
Group Dimension  Function Formulation Range
2 Leon (Leo) f(x) =100 (22 — 22)* + (1 — 21)? z; € [-1.2,1.2]
group 1 2 Alpine 2 (Alp) f(x) = —y/Fi@z sin (z1) sin (z2) z; € [0,10]
2 Bukin 6 (Buk) f(x) =100/ |22 — 0.01%| + 0.01 |21 + 10| 21 € [-15,-5], z2 € [-3, 3]
2 Cube (Cub) f(x) =100 (z2 — %)% + (1 — 21)2 z; € [—10, 10]
group2 Holder table 2 (Hol) fx) = — ‘sin (1) cos (z2) exp (‘1 — (a2 +z3)°'5/ﬂ])‘ #; € [~10,10]
2 Cross-in tray (Cro) f(x) = —0.0001 (‘sin (1) sin (z2) exp (‘100 — (22 +22)°° /TFD‘ + 1)0'1 z; € [~10,10]
2 El-Attar-Vidyasagar-Dutta (EAVD)  f(x) = (23 + a2 — 10)° + (w1 + 23 —7)° + (a7 + 23 — 1) z; € [~500,500]
group3 2 Bohachevsky 1 (Boh) f(x) = a? + 222 — 0.3 cos (37x1) — 0.4 cos (4ma2) + 0.7 z; € [~100,100]
2 Bartels Conn (Bar) F(x) = |2} + 23 + 21@a] + [sin (z1)] + |cos (x2)| x; € [~500, 500]
4 DIXON-PRICE (Dix) f(x) = (21— 12+ 0,0 (202 —2i-1)° z; € [-10,10]
goups 6 Hartmann 6 (Hart) F) = = Sy avexp (= X0 Aiy (25— Py)?) i €10,1]
8 Trid Function 8 (Trid) Fx) =38 (@ —1)? = 8w z; € [—64,64]

S

Levy Function 10 (Levy)

f(x) = sin? (mw1) + Z?:l (wi —1)2 [1+10sin? (mw; + 1)] + (w10 — 1)2 [1+sin? (27w10)] @ € [-10,10]

standard deviation of Res decrease as N increases until N is
0.3. When N is greater than 0.5, NPMS scheme could find
a good optimization result, but the average of Res tends to
increase. In contrast, N is more optimally stable between
0.3 and 0.5. The mean value of total optimization iterations
I; tends to increase as N increases, while the standard
deviation of I; does not change significantly during the
change. In detail, the iteration I increases slightly between
N = 0.3 and N = 0.4. Overall, N = 0.3 is a good choice for
the trade-off between optimization results and iteration speed.

Table 2 shows the results of y and S in different
combinations, and values after ““+” represent the standard
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deviations. Average rank is calculated by Res, I;, and Nj.
Parameters are taken at 0.2 intervals, and N is fixed at the
suggested value. The y and § have synergistic effects. When
both y and g are less than 0.3, NPMS scheme had fewer EGO
iterations but produced more candidate points. When both y
and B are greater than 0.5, EGO results are stable, but /; and
N; tend to rise. NPMS scheme loses advantage of adaptive
multi-point, resulting in poorer rankings. When a parameter
is too small, and the other is dominant, too large value choices
can lead to poor I and Ng and unstable optimization results.
It is difficult to make a set of parameters that will give NPMS
the best I, Ny, and Res in the optimization process. Based on
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FIGURE 11. The required /s and Res under the different values of N.

the average ranking, y = 0.5 and 8 = 0.5 are reasonable
choices and then applied in the subsequent sections.

IV. PERFORMANCE COMPARISON WITH OTHER
STRATEGIES

This section compares NPMS with two single-point infilling
strategies (i.e., EI and GO-HI) and three parallel strategies
(i.e., CL, KB, and PEI) under four test groups. NPMS scheme
uses the parameters discussed above. The tests are conducted
independently 30 times, with kriging reaching CV < 0.1 first
time as EGO convergence condition.

The benchmark cases are provided in Table 3. Nine cases of
the same dimension are divided into three groups according
to the input space size (V), which is defined by its Euclidean
volume:

d
V=1 wbi — b (17)
i=1

where ub; and [b; denote the input space’s upper and lower
bound. The input space size is categorized into three classes,
small (V < 100), medium (100 < V < 400), and large
(V > 400). And the cases in each group are selected
in increasing order of difficulty (modality, separability),
as discussed in Jamil and Yang [42].

Group 4 focuses on testing the adaptability of each infilling
strategy to dimensional changes, in which DIXON-PRICE,
Hartmann, Trid Function, and Levy Function dimensions
correspond to 4, 6, 8, and 10, respectively. The «, A and P
in Har6 case and w; in Levy case is defined as follow:

a=(1.0,1.2,3.0,32)7 (18)
10 3 17 35017 8
00510 17 0.1 8 14
A=1"33517 10 17 8 (19)

17 8 0.05 10 0.1 14

1312 1696 5569 124 8283 5886
2329 4135 8307 3736 1004 9991

_ 104
P=10""1 1348 1451 3522 2883 3047 6650 | ¥
4047 8828 8732 5743 1091 381
xi— 1
wi=1+ ’4 (1)
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Table 4 and Table 5 show the performance of kriging
model for strategies, where the name of parallel infilling
strategies are tilted, and the best results marked in bold. The
optimization results (Res, N; and [I;) for each strategy are
shown in Table 6 and Table 7. The Friedman test results are
shown in Table 8.

For group 1, due to small input space size for cases,
all infilling strategies can build a useful kriging model
and find a good minimum at a low computational cost.
The parallel infilling strategy requires more candidate point
numbers while shorter iterations. In the Leo case, GO-HI
infilling strategy shows the lowest candidate point number
but needs more iterations than NPMS scheme. The PEI
strategy shows the best kriging model performance but has a
computational cost close to twice as high as NPMS scheme.
In the Alp case, NPMS scheme saves at least 20% of the
average optimization computational cost and needs 39.1%
of the average number of iterations compared to single-
point strategies. NPMS scheme has the lowest computational
cost compared to other parallel strategies and has unstable
optimization and kriging performance. The NPMS scheme
demonstrates a cost-saving advantage in Buk case, which
needs only 77% of N; compared to other strategies but has the
worst kriging model. NPMS scheme has a slight advantage
over other infilling strategies for the small input size group
and has a poor EGO iteration time. Still, it ranks first in
candidate point savings and optimization results.

For group 2 (Cub, Hol, Cro), as optimization difficulty
increases, strategies require more candidate points and EGO
iterations. The fitting ability of constructed kriging model
also decreases. In the Cub case, all strategies keep a R> score
of kriging above 0.9, and NPMS scheme does not get the best
results. However, NPMS scheme can find better results in the
same iterations compared to other parallel strategies while
saving at least 52.5% of the average candidate point number.
In the Hol case and Cro case, all strategies do not build a valid
kriging model, and complex functions often slow single-point
strategies to reach EGO-stopping conditions. While parallel
infilling strategies reach EGO-stopping conditions with fewer
iterations. However, apart from the NPMS scheme, other
parallel strategies required more candidate points than single-
point strategies. Compared to single-point strategies, the N
required for NPMS scheme is reduced by at least 16.8% with
similar optimization results found. Compared to CL strategy,
NPMS scheme saves at least 13% of the computational cost
and improves the results by 41.1%. In the medium space case,
NPMS scheme provides excellent result accuracy and cost
savings in comparison while requiring more optimization
iterations.

For group 3 (Boh, Bar, EAVD), due to the increased
search range, the optimal value is not always found accurately
in each strategy experiment, but NPMS is shown to have
the best average optimization results and minor result
fluctuations. Figure 12 and Figure 13 show residual results
and convergence history for each infilling strategy. The large
input size resulted in infilling strategies failing to construct
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TABLE 4. The kriging performance in group 1 and group 2.

Ccv R2
Function Strategy - -
mean=std min max mean=std min max
Leo (d=2) EI 0.0960 + 0.0047 0.0844 0.0999 0.9903 + 0.0039 0.9845 0.9972
GO-HI 0.0813 + 0.0140 0.0554 0.0988 0.9950 + 0.0023 0.9884 0.9984
CL 0.0966 + 0.0045 0.0806 0.1000 0.9953 + 0.0029 0.9837 0.9991
KB 0.0911 £ 0.0063 0.0779 0.0982 0.9878 + 0.0044 0.9746 0.9946
PEI 0.0977 £ 0.0013 0.0942 0.0998 0.9988 + 0.0005 0.9970 0.9992
NPMS 0.0979 +£ 0.0016 0.0937 0.0998 0.9900 + 0.0017 0.9873 0.9954
Alp (d=2) EI 0.0985 £ 0.0013 0.0944 0.0999 0.9854 + 0.0043 0.9780 0.9970
GO-HI 0.0980 + 0.0025 0.0881 0.0999 0.9846 + 0.0058 0.9697 0.9981
CL 0.0968 + 0.0034 0.0851 0.1000 0.8344 + 0.1436 0.5941 0.9694
KB 0.0947 + 0.0047 0.0804 0.0998 0.9672 + 0.0021 0.9599 0.9696
PEI 0.0966 £ 0.0031 0.0893 0.1000 0.9658 + 0.0047 0.9470 0.9695
NPMS 0.0974 £ 0.0017 0.0942 0.0999 0.9861 + 0.0072 0.9696 0.9950
Buk (d=2) EI 0.0954 +£ 0.0057 0.0781 0.0999 0.8279 + 0.466 -1.5389 0.9931
GO-HI 0.0952 + 0.0052 0.0815 0.0999 0.9464 + 0.0418 0.8312 0.9871
CL 0.0953 + 0.0042 0.0823 0.0998 0.9534 + 0.0419 0.8363 0.9939
KB 0.0909 + 0.0066 0.0755 0.0992 0.9132 + 0.1230 0.3576 0.9934
PEI 0.0917 +£ 0.0083 0.0611 0.0997 0.9310 % 0.0999 0.4308 0.9949
NPMS 0.0859 + 0.0163 0.0520 0.0999 0.6736 + 0.3660 -0.5319 0.9982
Cub (d=2) EI 0.0996 + 0.0002 0.0992 0.0999 0.9291 % 0.0055 0.9160 0.9352
GO-HI 0.0990 +£ 0.0009 0.0958 0.1000 0.9765 + 0.0059 0.9653 0.9875
CL 0.0995 + 0.0003 0.0992 0.1000 0.9241 + 0.0068 0.9030 0.9323
KB 0.0995 + 0.0003 0.0989 0.1000 0.9146 + 0.0079 0.8981 0.9292
PEI 0.0996 + 0.0003 0.0989 0.1000 0.9229 + 0.0159 0.8945 0.9592
NPMS 0.0989 + 0.0010 0.0954 0.1000 0.9275 + 0.0055 0.9164 0.9349
Hol (d=2) EI 0.0988 £ 0.0018 0.0914 0.1000 0.3648 + 0.2291 -0.3914 0.8051
GO-HI 0.0993 +£ 0.0006 0.0972 0.1000 0.3430 + 0.1624 0.1028 0.7955
CL 0.0986 £ 0.0014 0.0942 0.1000 0.1436 + 0.3776 -0.8477 0.8019
KB 0.0982 + 0.0020 0.0921 0.0999 0.3650 + 0.1813 -0.0491 0.8789
PEI 0.0985 £ 0.0015 0.0931 0.0999 0.3483 + 0.1292 0.1669 0.7218
NPMS 0.0990 + 0.0007 0.0970 0.1000 0.3790 + 0.1366 0.0419 0.5496
Cro (d=2) EI 0.0984 + 0.0050 0.0722 0.1000 0.3823 + 0.3153 -0.7719 0.7268
GO-HI 0.0985 +£ 0.0027 0.0867 0.1000 0.5763 + 0.1354 0.1701 0.7320
CL 0.0975 £ 0.0028 0.0885 0.1000 0.2275 + 0.9430 -4.4112 0.8179
KB 0.0983 £ 0.0013 0.0936 0.1000 0.5424 + 0.5930 -2.4865 0.7851
PEI 0.0981 +£ 0.0016 0.0936 0.1000 0.1954 + 1.0158 -3.7730 0.8358
NPMS 0.0960 + 0.0026 0.0849 0.0982 0.3814 + 0.2964 -0.3686 0.7386
EAVD Boh Bar
1200 = (@) | 1507 © (b) ()
1000{ == 1251 3004
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FIGURE 12. The boxplots of the residuals for different strategies in group 3.

kriging models with good predictive power. Each strategy
required more candidate points and iterations to sample
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from the uncertainty

sub-domains. The parallel strategy
has the advantage of reducing optimization iterations. In
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TABLE 5. The kriging performance in group 3 and group 4.

7 CvV R2
Function Strategy - -
mean+std min max mean+std min max
EAVD (d=2) EI 0.0996 + 0.0002 0.0993 0.1000 0.1581 + 0.0497 0.0377 0.2367
GO-HI 0.0996 + 0.0002 0.0993 0.1000 0.6134 + 0.0525 0.5317 0.7173
CL 0.0997 + 0.0002 0.0991 0.1000 0.0438 + 0.026 0.0038 0.0953
KB 0.0996 + 0.0002 0.0992 0.1000 0.0378 + 0.0229 -0.0128 0.0745
PEI 0.0997 + 0.0002 0.0992 0.1000 0.0464 + 0.0235 -0.0101 0.0866
NPMS 0.0996 + 0.0003 0.0991 0.1000 -0.0618 £ 0.0315 -0.1290 -0.0003
Boh (d=2) ElI 0.0998 + 0.0001 0.0995 0.1000 -1.1693 £ 0.0924 -1.3206 -0.9965
GO-HI 0.0996 + 0.0002 0.0989 0.1000 0.0738 + 0.0107 0.0579 0.1003
CL 0.0997 + 0.0002 0.0995 0.1000 -1.3213 £ 0.0570 -1.4360 -1.2097
KB 0.0998 + 0.0002 0.0995 0.1000 -1.3518 £ 0.0521 -1.4735 -1.2529
PEI 0.0998 + 0.0002 0.0995 0.1000 -1.1962 £ 0.0442 -1.2870 -1.1146
NPMS 0.0997 + 0.0002 0.0995 0.1000 -0.9085 £ 0.0522 -1.0106 -0.7778
Bar (d=2) EI 0.0992 + 0.0030 0.0842 0.1000 -0.0667 £ 0.0302 -0.1471 -0.0103
GO-HI 0.0992 + 0.0034 0.0812 0.1000 -0.0047 £ 0.0071 -0.0221 0.0062
CL 0.0990 + 0.0033 0.0816 0.1000 -0.1273 £ 0.0395 -0.2023 -0.0503
KB 0.0995 + 0.0009 0.0959 0.1000 -0.1709 £ 0.0379 -0.2846 -0.0965
PEI 0.0996 + 0.0002 0.0992 0.1000 -0.1259 £ 0.0322 -0.1819 -0.0658
NPMS 0.0997 + 0.0002 0.0993 0.1000 -0.5083 =+ 0.0485 -0.6104 -0.4014
Dix (d=4) EI 0.0998 + 0.0001 0.0996 0.1000 -1.2143 £ 0.0405 -1.2867 -1.1368
GO-HI 0.0997 + 0.0002 0.0994 0.1000 -0.5258 + 0.0389 -0.6024 -0.4428
CL 0.0989 + 0.0006 0.0977 0.0999 -1.1066 =+ 0.0609 -1.1825 -0.9505
KB 0.0990 + 0.0006 0.0978 0.1000 -1.0672 £ 0.0666 -1.1700 -0.9074
PEI 0.0994 + 0.0003 0.0991 0.0999 -0.9028 + 0.0340 -0.9964 -0.8382
NPMS 0.0996 + 0.0002 0.0989 0.0999 -1.0262 £ 0.0795 -1.1904 -0.8600
Hart (d=6) EI 0.0984 + 0.0016 0.0924 0.1000 0.1679 + 0.2257 -0.5601 0.5024
GO-HI 0.0985 + 0.0018 0.0917 0.1000 0.5373 4+ 0.0692 0.4183 0.6573
CL 0.0984 + 0.0013 0.0945 0.1000 0.6033 + 0.0635 0.4809 0.7265
KB 0.0980 + 0.0017 0.0928 0.0999 0.3839 + 0.1977 -0.4654 0.6076
PEI 0.0979 + 0.0018 0.0922 0.0999 0.5311 % 0.0990 0.3380 0.6894
NPMS 0.0984 + 0.0020 0.0908 0.1000 -0.0596 £ 0.2861 -0.8196 0.3221
Trid (d=8) EI 0.0966 + 0.0103 0.0474 0.1000 -0.0062 =+ 0.0080 -0.0310 0
GO-HI 0.0974 + 0.0059 0.0813 0.1000 -0.0065 £ 0.0078 -0.0297 0
CL 0.0986 + 0.0035 0.0858 0.1000 -0.0018 £ 0.0026 -0.0105 0
KB 0.0979 + 0.0035 0.0879 0.1000 -0.0027 £ 0.0031 -0.0135 0
PEI 0.0982 + 0.0037 0.0853 0.1000 -0.0014 £ 0.0020 -0.0082 0
NPMS 0.0993 + 0.0004 0.0986 0.0999 -0.0932 £+ 0.0374 -0.1897 -0.0283
Levy (d=10) ElI 0.0985 + 0.0038 0.0827 0.1000 -0.2221 £0.1175 -0.4829 -0.0062
GO-HI 0.0988 + 0.0027 0.089 0.1000 -0.5405 £ 0.2004 -0.9911 -0.1866
CL 0.0996 + 0.0004 0.0978 0.1000 -0.0215 £ 0.0350 -0.1750 0
KB 0.0987 + 0.0043 0.0779 0.1000 -0.0215 £ 0.0298 -0.1105 0
PEI 0.0990 + 0.0022 0.0885 0.1000 -3.2098 £ 0.2852 -3.9556 -2.5890
NPMS 0.0996 + 0.0003 0.0990 0.1000 -3.039 + 0.8231 -5.0872 -1.8736

the case of EAVD, NPMS scheme has a clear tendency
towards optimal values in initial EGO iteration. Compared
to other parallel strategies, NPMS scheme reduces the cost
of optimization by at least 62.3% and achieves 20.6%
improvement in result accuracy. In the Boh case, NPMS
scheme does not have good iterative convergence. Compared
to EI strategy, NPMS scheme requires only 75.4% of I
and 151.5% of N; on average while improving Res by
65.2%. Compared to other parallel infilling strategies, NPMS
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scheme has the lowest computational cost and reduces at
least 36.4%. In the Bar case, compared to other infilling
strategies, the NPMS scheme reduces at least 22.9% of N;
and 14.6% of I;, while the residual mean is shortened by
54.6%. CL strategy has better kriging model performance
in comparison. As shown in Figure 14, at the first EGO
iteration, NPMS generates nine candidate points, which are
widely distributed. In comparison, the CL strategy is fixed
to generate four candidate points. As the EGO iteration
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TABLE 6. The optimization performance in group 1 and group 2.

Function Strategy fes - N - fs p

mean=std min max mean=std min  max mean=std min  max

Leo (d=2) EI 0.0222 4+ 0.0970 0 0.5352 28.3000 + 7.9401 17 54 28.3000 4+ 7.9401 17 54
GO-HI 0.2146 4+ 0.1577 0.0133  0.6777 21.1667 + 3.3742 17 32 21.1667 4+ 3.3742 17 32

CL 0.0161 £ 0.0111 0.0028  0.0583 44.6667 + 23.9789 28 160 11.1667 £ 5.9947 7 40

KB 0.1645 4+ 0.0387 0.0389  0.1990 25.3333 + 1.9179 24 28 6.3333 + 0.4795 6 7

PEI 0.0164 4+ 0.0125 0.0005  0.0427 47.8667 + 3.0596 40 52 11.9667 4+ 0.7649 10 13

NPMS 0.0119 £+ 0.0196 0 0.0861 27.9667 + 3.5862 17 35 13.2333 £ 2.1922 7 17

Alp (d=2) EI 0.0044 £ 0.0046 0.0001 0.0147 69.5667 + 2.4731 65 75 69.5667 £+ 2.4731 65 75
GO-HI 0.0095 £+ 0.0112 0.0001 0.0412 64.5667 + 3.1259 58 71 64.5667 £+ 3.1259 58 71

CL 0.0106 4+ 0.0151 0 0.0553 60.8000 + 18.0849 24 104 15.2000 + 4.5212 6 26

KB 0.0013 4 0.0024 0.0001 0.0100 105.2000 =+ 5.9562 92 120 26.3000 + 1.4890 23 30

PEI 0.0013 £+ 0.0019 0.0001 0.0066 95.4667 +9.6123 72 112 23.8667 £+ 2.4031 18 28

NPMS 0.0038 4 0.0058 0 0.0267 51.6333 + 3.8371 40 58 25.2667 + 2.3479 20 30
Buk (d=2) EI 6.1320 £ 3.4850 0.6490  12.5022 178.3333 £ 28.0681 144 266  178.3333 +28.0681 144 266
GO-HI 8.0522 + 4.0250 2.1141  16.4217 147.4000 + 12.1786 122 175  147.4000 £+ 12.1786 122 175

CL 7.6126 4 4.2485 0.6239  18.8112 171.2000 + 31.7125 96 224 42.8000 + 7.9281 24 56

KB 7.7736 £+ 3.3516 1.8068  13.6882 182.8000 £ 24.9502 120 232 45.7200 + 6.2375 30 58

PEI 7.7391 4+ 4.1051 0.6358  15.2155 166.8000 + 20.2645 136 208 41.7200 + 5.0661 34 52
NPMS 5.6399 + 2.9097 1.3320 12.3313 113.4333 + 57.4244 40 279 54.1667 + 28.4885 17 137
Cub (d=2) EI 3.2207 + 1.8966 0.3232  8.6466 282.9000 + 5.9674 271 293 282.9000 + 5.9674 271 293
GO-HI 14.6299 +17.3183  0.1068  59.6449 219.8000 + 8.9420 198 236 219.8000 =+ 8.9420 198 236
CL 2.0856 £ 1.7512 0.0603  7.0230 454.4000 + 31.5765 384 504 113.6000 + 7.8941 96 126
KB 1.7449 + 1.3773 0.0243  4.7014 538.1333 + 13.6451 512 560 134.5333 + 3.4113 128 140
PEI 1.9463 +2.1115 0.0599 11.2466  522.9333 +19.0515 484 556 130.7333 + 4.7629 121 139
NPMS 1.7142 + 1.3996 0.1331 6.2850 280.4333 + 13.2371 260 312 144.4333 + 8.4596 129 168
Hol (d=2) EI 0.0028 4 0.0037 0 0.0195 229.2667 + 70.5192 161 425  229.2667 +70.5192 161 425
GO-HI 0.0581 4 0.0794 0.0010  0.3313 149.4000 £ 61.1418 69 316 149.4000 £+ 61.1418 69 316
CL 0.0275 4+ 0.0538 0 0.2806 166.8000 4+ 69.0998 52 448 41.7000 + 17.2750 13 112

KB 0.0022 4+ 0.0039 0 0.0196 241.0667 + 82.8122 144 524 60.2667 4+ 20.7030 36 131
PEI 0.0021 £ 0.0027 0 0.0113 219.2000 + 60.5210 152 424 54.8000 £ 15.1302 38 106
NPMS 0.0162 4+ 0.0132 0.0001 0.0583 145.0000 + 36.2282 64 214 83.9333 £+ 24.0774 36 142
Cro (d=2) EI 0.0009 =+ 0.0005 0.0004  0.0025 147.5667 £ 31.7986 107 247  147.5667 £+ 31.7986 107 247
GO-HI 0.0049 4+ 0.0051 0.0006  0.0214 138.9333 4 24.2372 93 212 138.9333 £24.2372 93 212
CL 0.0011 4 0.0009 0.0004  0.0049  275.7333 £+ 168.7371 52 616 68.9333 4 42.1843 13 154
KB 0.0009 =+ 0.0005 0.0004  0.0023 243.4667 £+ 79.3055 144 476 60.8667 £ 19.8264 36 119
PEI 0.0014 4 0.0017 0.0004  0.0072  288.8000 £ 105.3305 168 580 72.2000 =+ 26.3326 42 145

NPMS 0.0005 =+ 0.0003 0.0004  0.0016 115.5333 + 23.3160 78 194 60.5333 1 12.2326 40 97

Boh
(a) i (b) 400 4
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13004 }
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FIGURE 13. The residual convergence histories (mean + std) of different strategies in group 3. The horizontal solid line and dotted line
represent the median and average values of each group of residuals, respectively, and the white dots represent outliers for each set of
data.
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TABLE 7. The optimization performance in group 3 and group 4.

. Res N Is
Function Strategy - - -

mean-+std min max mean-std min  max mean-std min  max

EAVD (d=2) EI 1025.8945 + 410.9340 59.0236 1247.8480 239.1667 £ 41.7035 161 309 239.1667 £ 41.7035 161 309
GO-HI 1208.2002 + 217.1569 58.4299 1247.8480 339.7333 + 28.8204 299 402 339.7333 £28.8204 299 402

CL 808.4358 + 523.9784 58.4627 1247.8480 607.0667 + 87.4382 416 780 151.7667 £21.8596 104 195

KB 656.7351 + 485.1830 98.5620 1247.8480 590.2667 £ 66.2758 472 712 147.5667 £ 16.5689 118 178

PEI 628.3088 + 459.5476 43.1150 1247.8480 608.8000 £ 78.1539 444 780 152.2000 + 19.5385 111 195

NPMS 168.7145 + 116.5422 34.2246 509.8543 222.4333 £+ 55.3214 90 346 95.2000 £ 23.2504 39 145

Boh (d=2) ElL 11.7189 + 15.0011 0.6389 49.7938 261.8667 £ 34.6597 189 330 261.8667 £ 34.6597 189 330
GO-HI 51.2125 + 39.0036 0.6870 150.7431 302.2667 £ 12.8276 274 325 302.2667 £ 12.8276 274 325

CL 8.8722 + 10.7008 0.4926 38.1390 624.1333 £ 103.0968 384 876 156.0333 + 25.7742 96 219

KB 3.3884 + 4.4218 0.0889 18.0787 707.3333 £ 116.0931 496 1012  176.8333 £29.0233 124 253

PEI 6.6636 + 7.9489 0.6099 38.2460 747.7333 4 88.9785 552 952 186.9333 4+-22.2446 138 238

NPMS 2.7612 + 3.1135 0.0970 14.8688 396.7333 £ 44.7213 285 469 197.4333 £21.6853 145 233

Bar (d=2) EI 225.6782 + 127.2151 29.9056 365.1407 375.4000 + 31.2472 316 428 375.4000 + 31.2472 316 428
GO-HI 262.9216 £ 105.4551 71.7701 365.1407 358.6667 £ 27.9314 301 403 358.6607 £27.9314 301 403

CL 172.7855 £ 119.4521 8.8329 365.1407 657.3333 £ 58.7158 528 796 164.3333 + 14.6789 132 199

KB 182.7480 + 135.6031 10.0354 365.1407 797.2000 £ 69.9332 612 944 199.3000 £ 17.4833 153 236

PEI 208.2317 + 125.8893 8.6488 365.1407 700.9333 + 86.7159 488 848 175.2333 £21.6790 122 212

NPMS 78.4190 + 75.4158 0.6014 263.5427 276.6667 + 50.5141 161 375 140.3000 + 20.0931 98 182

Dix (d=4) EI 4.5608 + 3.5148 1.1825 16.0900 139.0000 + 37.8062 102 226 139.0000 £ 37.8062 102 226
GO-HI 5.8470 + 6.9227 0.6111 36.2462 384.0333 + 10.0567 364 404 384.0333 £ 10.0567 364 404

CL 6.4936 + 5.5885 1.0169 21.0338 95.4667 £ 14.0043 80 132 23.8667 + 3.5011 20 33

KB 6.4338 £ 6.9963 0.8927 34.6958 100.5333 £ 16.4332 84 144 25.1333 + 4.1083 21 36

PEI 3.0189 + 1.6736 0.8445 8.4242 521.2000 £ 50.4343 400 604 130.3000 + 12.6086 100 151

NPMS 1.6280 + 1.4432 0.3181 7.3564 78.8333 + 12.3765 65 111 71.8667 £+ 11.7230 58 103

Hart (d=6) EI 0.6306 + 0.1864 0.2660 1.1551 269.4667 £ 23.5793 225 311 269.4667 £23.5793 225 311
GO-HI 0.6188 £ 0.2158 0.1982 1.2379 336.8667 £ 40.0609 220 403 336.8667 £ 40.0609 220 403

CL 0.5273 £ 0.1705 0.2279 0.8837 391.7333 + 48.9327 320 524 97.9333 + 12.2332 80 131

KB 0.5629 + 0.2336 0.1617 1.3502 291.8667 + 72.9023 40 376 72.9667 + 18.2256 10 94

PEI 0.4852 + 0.1626 0.2045 0.7493 359.4667 4 41.5391 244 452 89.8667 £ 10.3848 61 113

NPMS 0.3728 £ 0.1496 0.1147 0.6803 269.3667 £ 36.7344 179 354 141.4667 + 31.2859 59 225

Trid (d=8) EIL 1784.2017 4+ 734.1346  524.6351  2981.7321 180.7000 + 28.6238 111 234 180.7000 + 28.6238 111 234
GO-HI 1943.6241 £+ 539.7416 ~ 811.5371  2960.2867 219.5333 £ 31.2043 141 289 219.5333 £31.2043 141 289

CL 1427.8249 + 435.6131  602.7944  2426.4359  663.4667 + 116.7549 448 840 165.8667 + 29.1887 112 210

KB 1357.0238 4 383.5783  444.4648  2183.4864  668.5333 + 117.3441 360 848 167.1333 + 29.336 90 212

PEI 1459.9727 4+ 474.1365 5282705  2118.6522  662.6667 + 127.7512 328 920 165.6667 £+ 31.9378 82 230

NPMS 1297.0663 £ 409.4498  576.6048  2160.7227 201.6000 4 19.4823 146 221 91.4333 + 19.3349 37 113

Levy (d=10) EI 22.4600 + 5.2451 8.9897 31.8627 239.6667 + 44.0230 165 339 239.6667 + 44.0230 165 339
GO-HI 24.6122 + 5.4479 13.1637 33.6316 224.4667 + 37.0542 138 294 224.4667 +£37.0542 138 294

CL 15.2605 =+ 4.5493 7.7262 22.8390 739.2000 4 126.2440 500 1108  184.8000 4 31.5610 125 277

KB 15.1867 £ 4.0880 5.0166 22.8545 733.8667 £ 86.4039 560 868 183.4667 + 21.6010 140 217

PEI 23.3057 £ 7.2687 8.7548 39.0612 722.0000 £ 92.3905 524 888 180.5000 + 23.0976 131 222

NPMS 9.1508 + 2.9711 4.0742 17.4957 204.4333 £+ 23.4222 156 244 149.3333 + 16.957 113 179

increases, the number of candidate points generated by
NPMS decreases and is uniformly distributed, while CL
appears as aggregating points. And the cumulative total num-
ber of candidate points in the CL strategy is significantly more
than NPMS scheme. By comparison, because of its adaptive
and global nature, NPMS makes EGO optimization more
effective. NPMS scheme can quickly establish a global search
at the beginning of optimization, generating more candidate
points in uncertain regions and increasing the likelihood of
finding the optimal value. During EI function convergence,
NPMS scheme dynamically changes the number of points
selected, leading to fewer candidate points than CL strategy
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after 80™ iteration of EGO. In addition, NPMS scheme
maintains a balance between the amount of information and
diversity of candidate points that each point kept away from
each other, which is less likely to cause points aggregation.
Above, NPMS scheme has the best result ranking in large
input space cases.

For group 4, the situation is similar to group 3, where
NPMS outperforms the other strategies in general, and the
convergence history of strategy residuals shown in Figure 15.
In Dix and Hart’s case, CL and KB reach EGO stopping
conditions faster, while NPMS scheme has better optimiza-
tion results and costs. In the Dix case, the convergence of
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TABLE 8. The Friedman test results of statistical difference between strategies.

Benchmark Result Strategy rank

EI GO-HI CL KB PEI NPMS
groupl Res 3332 5.67 (6) 3.67 (4) 3.83(5) 2.83(2) 1.67 (1)
N 15.83 (4) 12.50 (2) 14.67 3) 16.33 (5) 16.33 (5) 12.00 (1)
I 15.83 (6) 12.50 (5) 7.67 (1) 8.67 (3) 8.00 (2) 9.67 (4)
group? Res 3.50 (4) 6.00 (6) 433 (5) 2.17 (2) 3.00 (3) 2.00 (1)
N, 15.17 3) 12.17 (2) 15.67 (4) 17.33 (6) 16.67 (5) 11.67 (1)
I, 15.17 (6) 12.17 (5) 7.67 (1) 8.67 (2) 8.67 (2) 9.00 (4)
group3 Res 10.33 (5) 11.33 (6) 8.00 (3) 7.67(2) 8.33 (4) 233 (1)
N, 11.17 2) 11.83 (3) 14.67 (4) 15.33 (5) 16.00 (6) 10.67 (1)
I, 11.17 (5) 11.83 (6) 433 (1) 5.67(3) 6.00 (4) 433 (1)
groupd Res 4.500 (5) 5.250 (6) 3.705 (4) 3250 (2) 3.250 (2) 1.000 (1)
N 2.500 (2) 3.500 (3) 4750 (5) 4250 (4) 4750 (5) 1.250 (1)
I, 5.250 (5) 5.750 (6) 2.750 (4) 2.500 (3) 2.500 (2) 2.250 (1)
Average Res 7.50 (5) 8.25 (6) 6.75 (4) 6.25 (2) 6.25 (2) 4.00 (1)
N, 11.75 (2) 13.25 3) 14.50 (5) 13.75 (4) 15.25 (6) 9.75 (1)
Is 11.75 (5) 13.25 (6) 7253) 7.00 (2) 775 (4) 6.75 (1)
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FIGURE 14. The candidate points generated by CL strategy and NPMS scheme in the Bar case, where red points are the candidate points
generated by current EGO iteration, and white points are accumulated candidate points.
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FIGURE 15. The residual convergence histories (mean + std) of infilling strategies in group 4.

NPMS scheme residuals has a pronounced downward trend. and saves 17.4% of computational cost. In the Hart case,
Compared to single-point infilling strategies, NPMS scheme NPMS scheme has the worst convergence compared to
needs only 56.7% of Ny and 51.7% of I;. Compared to CL other parallel infilling strategies but achieves smaller residual
strategy, NPMS scheme has slower optimization iterations values and saves at least 7.71% of computational cost. In the
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FIGURE 16. The boxplots of the residuals for the different strategies in group 4.

Trid case, all infilling strategies fail to find good optimal
values, and NPMS scheme has well average residual value.
Compared to EI strategy, NPMS scheme can find good results
in the initial optimization iterations, and needs 112% of N;
and 55.6% of I;. In the Levy case, NPMS scheme is more
likely to find better values, needs 8.92% less computational
cost on average, and 17.3% fewer iterations than other
parallel infilling strategies. On average, NPMS scheme has
the best ranking, saving on average 45.8% of optimization
cost and 25.7% of iterations while improving optimization
results by 17.7%.

Overall, Friedman test shows that NPMS scheme is the best
at finding minima and cost savings. In small and medium
input space size cases, NPMS has a slight advantage in
optimization efficiency and performs poorly in constructing
kriging models. On the other hand, when dimensionality
or input size rise, EI function focuses more on exploring
uncertainty regions. NPMS scheme samples from global
interest areas with much EI function calculation and reduced
optimization evaluation make the scheme save costs and find
good results.

V. CONCLUSION

We have proposed an extended adaptive parallel infilling
strategy of Expected Improvement (EI) with NPMS scheme
consisting of two processing stages, that is, PMC sampling
and DBSCAN clustering. The scheme can adaptively gener-
ate samples in sub-domains with high EI values and finally
obtain the desired multi-point in a convergent manner. When
benchmarked against the three-hump hump function with
high drop characteristics, our scheme improves the result
accuracy by 14.6% and reduces the cost of optimization
evaluation by 15.8%, relative to conventional EI strategy.
In further tests with other five strategies, NPMS with
optimized parameters can achieve an increase in result
accuracy and a reduction in the number of candidate points
across 13 functions with different input spaces, difficulties,
and dimensions. When facing poor kriging prediction, espe-
cially in large input spaces and high-dimensional functions,
NPMS can surprisingly give an average of 72% higher
optimization result accuracy than the other five strategies.
Taking advantage of broad sampling and adaptive clustering,
in fact, NPMS can ensure that candidate points come from
promising sub-domains and dynamically control the number
of candidate points, making the extended EI strategy more
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efficient and less costly. Therefore, our model provides
a novel idea for the exploration-exploitation balance in
El strategy, which establishes the basis for solving more
complex EGO problems in the future.
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