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Applied computing and artificial intelligence methods have been attracting growing
interest in recent years due to their effectiveness in solving technical problems. The recent
developments in applied mathematics have largely led to benefits in many industrial tasks
in different fields, including the aerospace industry, manufacturing, transportation, energy,
robotics, materials, informatics, etc. The objective of this Special Issue is to present advanced
methods in applied computing and artificial intelligence to address the practical challenges
in the related areas. The response of the scientific community has been remarkable, and a
large number of papers have been submitted. After a careful peer-review process, 22 papers
have been accepted and published at a high quality.

The paper by Saeed et al. [1] proposes an approach to building an AutoML data-
dependent CNN model (DeepPCANet) customized for DR screening automatically. This
approach tackles the limitations of the available annotated DR datasets and the problem of
a vast search space and a huge number of parameters in a deep CNN model.

The paper by Osman et al. [2] studies an important arguments nomination technique
based on the fuzzy labeling method for identifying plagiarized semantic text. The suggested
method matches the text by assigning a value to each phrase within a sentence semantically.
Semantic role labeling has several benefits for constructing semantic arguments for each
phrase. The approach proposes nominating each argument produced by the fuzzy logic
to choose key arguments. It has been determined that not all textual arguments affect
text plagiarism.

The paper by Zhang et al. [3] proposes a new estimator, which is a convex combi-
nation of the linear shrinkage estimation and the rotation-invariant estimator under the
Frobenius norm. They first obtain the optimal parameters by using grid search and cross-
validation, and then, they use these optimal parameters to demonstrate the effectiveness
and robustness of the proposed estimation in the numerical simulations.

In the paper by Park et al. [4], a method of detecting the delamination of composites
using ML sensors is presented. A convolutional autoencoder (CAE) was used to automat-
ically extract the delamination positions from light emission images, which offers better
performance compared to edge detection methods.

In the paper by Etaiwi et al. [5], their study proposes a novel semantic graph embedding
based abstractive text summarization technique for the Arabic language, namely SemG-TS.
SemG-TS employs a deep neural network to produce the abstractive summary. A set of
experiments is conducted to evaluate the performance of SemG-TS and to compare the
results to those of a popular baseline word-embedding technique called word2vec. A new
dataset was collected for the experiments.

In the paper by Lu et al. [6], they propose a deep learning method using physics-
informed neural networks (PINN) to predict the excess pore water pressure of two-
dimensional soil consolidation. The proposed deep learning approach can be used to
investigate large and complex multidirectional soil consolidation.
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Lu et al. [7] propose a deep learning-based method for a balance control ability
assessment involving an analysis of the time-series signals from the athletes. The proposed
method directly processes the raw data and provides the assessment results, with an end-
to-end structure. This straightforward structure facilitates its practical application. A deep
learning model is employed to explore the target features with a multi-headed self-attention
mechanism, which is a new approach to sports assessments.

Lu et al. [8] study a novel deep learning-based RUL prediction method for the etching
system. The transformer module and random forest are integrated in the methodology
to identify the health state of the machine and predict its RUL, through training with the
complex data of the etching machine’s sensors and exploring its underlying features.

The paper authored by Gerogiannis et al. [9] considers the single-group scheduling
models with Pegels” and DeJong’s learning effect and the single-group scheduling models
with Pegels” and DeJong’s aging effect. Compared with the classical learning model
and aging model for scheduling, the proposed models are more general and realistic. The
objective functions are to minimize the total completion time. The polynomial time methods
are proposed to solve all the studied problems.

Peng et al. [10] study the vibration of a rotating sandwich pre-twist plate with a
setting angle reinforced by graphene nanoplatelets (GPLs). Its core is made of foam
metal, and GPLs are added to the surface layers. Supposing that nanofillers are perfectly
connected with matrix material, the effective mechanical parameters of the surface layers
are calculated by the mixing law and the Halpin-Tsai model, while those of the core layers
are determined by the open-cell scheme. The governing equation of the rotating plate is
derived by employing the Hamilton principle.

The paper by Lin et al. [11] analyzes the internal relationship between landslide
displacement and rainfall, reservoir water level, and landslide state. The maximum infor-
mation coefficient (MIC) algorithm is used to calculate the intrinsic correlation between
each subsequence of landslide displacement and rainfall, reservoir water level, and land-
slide state. Subsequences of influential factors with high correlation are selected as input
variables of the bidirectional long short-term memory (BiLSTM) model to predict each
subsequence. Finally, the predicted results of each of the subsequences are added to obtain
the final predicted displacement.

In the paper by Orts-Lacort et al. [12], they demonstrate the Collatz conjecture using
the mathematical complete induction method. They show that this conjecture is satisfied
for the first values of natural numbers, and in analyzing the sequence generated by odd
numbers, they can deduce a formula for the general term of the Collatz sequence for any
odd natural number n after several iterations. This formula is used in one case that they
analyze using the mathematical complete induction method in the process of demonstrating
the conjecture.

The paper by Qian et al. [13] considers the single machine scheduling problem with the
due window, delivery time and deteriorating job, whose goal is to minimize the window
location, window size, earliness, and tardiness. Common due window and slack due
window are considered. The delivery time depends on the actual processing time of past
sequences. The actual processing time of the job is an increasing function of the start time.
Based on the small perturbation technique and adjacent exchange technique, they obtain
the propositions of the problems.

Hao et al. [14] present an unsupervised fault diagnosis methodology to leverage
the generated MPCs of different working conditions to diagnose the actual unlabeled
MPCs. Firstly, the MPCs of six working conditions are generated with an integrated
dynamics mathematical model. Secondly, a framework named mechanism-assisted domain
adaptation network (MADAN) is proposed to minimize the distribution discrepancy
between the generated and actual MPCs.

In the paper by Wang et al. [15], an adaptive neuro-fuzzy integrated system (ANFIS)
for satellite attitude estimation and control was developed. The controller was trained with
the data provided by an optimal controller. Furthermore, a pulse modulator was used to
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generate the right ON/OFF commands of the thruster actuator. To evaluate the performance
of the proposed controller in closed-loop simulation, an ANFIS observer was also used
to estimate the attitude and angular velocities of the satellite using a magnetometer, sun
sensor, and gyro data.

In the paper by Xu et al. [16], an adaptive guided spatial compressive CS (AGSCCS)has
been proposed. It mainly aims at improving the section of the local search, which helped
enhance the exploitation of AGSCCS. The improvements have been implemented in
three steps.

The paper by Ainapure et al. [17] proposes a new cross-domain fault diagnosis method
with enhanced robustness. Noisy labels are introduced to significantly increase the gen-
eralization ability of the data-driven model. A promising diagnosis performance can be
obtained with strong noise interference in testing, as in practical cases with low-quality data.

In the paper by Li et al. [18], an image feature-extracted model based on convolution
operation is proposed. Parametric tests and effectiveness research are conducted to evaluate
the performance of the proposed model. Theoretical and practical research shows that the
image-extracted model has a significant effect on the extraction of image features from tra-
ditional engraving graphics because the image brightness processing greatly simplifies the
process of image feature extraction, and the convolution operation improves the accuracy.

In the paper by Yu et al. [19], a hybrid adaptive algorithm based on JAYA and dif-
ferential evolution (HAJAYADE) is developed. The HAJAYADE algorithm consists of
adaptive JAYA, adaptive DE, and the chaotic perturbation method. Two adaptive coeffi-
cients are introduced in adaptive JAYA to balance the local and global search. In adaptive
DE, the Rank/Best/1 mutation operator is put forward to boost the exploration and main-
tain the exploitation. The chaotic perturbation method is applied to reinforce the local
search further.

In the paper by Li et al. [20], the scaling relationships for the dual-rotor system with
bolted joints are proposed for predicting the responses of full-scale structure, which are
developed by generalized and fundamental equations of substructures (shaft, disk, and
bolted joints). Different materials between the prototype and model are considered in the
derived scaling relationships. Moreover, the effects of bolted joints on the dual-rotor system
are analyzed to demonstrate the necessity for considering bolted joints in the similitude
procedure. Furthermore, the dynamic characteristics for different working conditions
(low-pressure rotor excitation, high-pressure rotor excitation, two frequency excitations,
and counter-rotation) are predicted by the scaled model made of relatively cheap material.

Qian et al. [21] consider a single-machine scheduling problem with past-sequence-
dependent delivery times and the truncated sum-of-processing-times-based learning effect.
The goal is to minimize the total costs that comprise the number of early jobs, the number of
tardy jobs and due dates. The due date is a decision variable. There will be corresponding
penalties for jobs that are not completed on time.

Raouf et al. [22] propose an extensive review of the main features of ADAS, the types
of faults in each different sensor, and the research efforts related to PHM from the published
literature. A detailed discussion of the possible shortcomings and commonly occurring
defects is summarized for different ADAS components.

As the Guest Editor, I appreciate that the authors contributed their articles to the
Special Issue. I would also like to express my gratitude to all reviewers for their valuable
comments for significant improvements to the manuscripts. The goal of this Special Issue
was to attract quality and novel papers in the field of “Applied Computing and Artificial
Intelligence”. It is hoped that the published papers will be impactful for international
scholars in this field and promote further remarkable research in this area.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: This paper considers a single-machine scheduling problem with past-sequence-dependent
delivery times and the truncated sum-of-processing-times-based learning effect. The goal is to
minimize the total costs that comprise the number of early jobs, the number of tardy jobs and due
date. The due date is a decision variable. There will be corresponding penalties for jobs that are not
completed on time. Under the common due date, slack due date and different due date, we prove
that these problems are polynomial time solvable. Three polynomial time algorithms are proposed to
obtain the optimal sequence.

Keywords: scheduling; delivery times; learning effect; common due date; slack due date; different
due date

1. Introduction

Scheduling problems are widely used in manufacturing, logistics, and other practical
applications. For a real-word example of our scheduling problems, consider a processing
enterprise that has no inventory capacity. As the processing time increases, the processing
technology improves. The processing time of the product becomes shorter. The pick-up
time of each product is determined by the customer. If the product is produced before the
pick-up time or after the pick-up time, an additional delivery fee will be incurred. The
delivery price of each early (tardy) job is a fixed charge.

The following three forms of pick-up time are often considered:

(1) All products have a uniform delivery time;
(2) The pick-up time of each product is related to its own processing time and a constant;
(3) Each product has its own independent pick-up time.

The scheduling problem is a very classic discrete combinatorial optimization prob-
lem. The methods to solve the scheduling problem mainly include two types: the exact
algorithm and approximate algorithm. Exact algorithms mainly include mathematical
programming methods, dynamic programming, and branch and bound algorithms. Ap-
proximate algorithms mainly include heuristic algorithms and intelligent algorithms. For
large-scale non-polynomial time-solvable scheduling problems, intelligent algorithms and
machine learning algorithms can be used to solve them. In this paper, a single-machine
scheduling problem is considered that contains due dates, the delivery time and learning
effect. The actual processing time of a job is a learning function of the previous processing
time. The objective function is to minimize the number of early jobs, the number of tardy
jobs and due date. Under the common due date, slack due date and different due date,
three polynomial time algorithms are proposed to obtain the optimal sequence.

2. Literature Review

In traditional scheduling problems, it is considered that the processing time of jobs
is constant. However, in reality, the processing time is often reduced with the increase in

Mathematics 2021, 9, 3085. https:/ /doi.org/10.3390/math9233085
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workers’ skills and abilities. That means the processing time is no longer a constant. In
2011, Cheng et al. developed the branch-and-bound algorithm and simulated an annealing
algorithm in order to study the single-machine scheduling problem with a learning effect
and truncation processing time [1]. In 2013, Li et al. analyzed the polynomial time algorithm
of the single-machine scheduling problem with a truncation processing time [2]. In 2013,
Cheng et al. used a genetic algorithm and branch-and-bound algorithm to solve the two-
machine flow-shop scheduling problem with a truncated learning function [3]. In 2016, Wu
and Wang studied a single-machine scheduling problem with a learning effect and delivery
times [4]. In 2017, Wang et al. solved the single-machine scheduling problem with resource
allocation and deterioration effects by using the polynomial time algorithm [5]. In 2018,
Wau et al. studied a two-stage scheduling problem with a position-based learning effect [6].
In 2018, Yin studied a single-scheduling problem with resource allocation and a learning
effect [7]. In 2020, Zhang studied the scheduling problem with the sum-of-processing-
times-based learning effect [8]. In 2020, Qian et al. designed a heuristic algorithm to study
the single-scheduling problem with release times and a learning factor [9]. In 2020, Zou et
al. studied a multi-machine scheduling problem with the sum-of-processing-times-based
learning effect [10]. In 2021, Wu et al. studied a flow-shop scheduling problem with a
truncated learning function [11].

In the field of scheduling, the delivery time has attracted extensive attention. The
extra time required for a completed job to be delivered to the customer is called the p
ast-sequence-dependent (psd) delivery time. In 2011, Yang et al. studied a single-machine
scheduling problem with delivery times and a learning effect [12]. In 2012, Yang et al.
studied a single-machine scheduling problem with delivery times and position-dependent
processing times [13]. In 2013, Liu studied a scheduling problem with delivery times
and deteriorating jobs [14]. In 2014, Zhao et al. studied a single-machine scheduling
problem with delivery times and general position-dependent processing times [15]. In
2021, Qian et al. studied a single-machine scheduling problem with delivery times and
deteriorating jobs [16].

In actual production scheduling, the jobs often have due dates. If a job is completed
ahead of the due date, it will have an earliness cost; if a job is completed behind the due date,
it will have a tardiness cost. In 2013, Yin et al. studied a single-machine scheduling problem
with a due date, delivery times and learning effect [17]. In 2014, Lu et al. studied a single-
machine scheduling problem with a due date, learning effect and resource allocation [18].
In 2015, Li et al. studied a single-machine scheduling problem with a slack due window,
learning effect and resource allocation [19]. In 2016, Sun et al. studied a single-machine
scheduling problem with a due date and convex resource allocation [20]. In 2019, Geng et
al. studied a flow-shop scheduling problem with a common due date, resource allocation
and learning effect [21]. In 2020, Liu et al. studied a single-machine scheduling problem
with a due date, learning effect and resource allocation [22]. In 2021, Tian studied a
single-machine scheduling problem with resource allocation and generalized earliness—
tardiness penalties [23]. In 2021, Wang studied a single-machine scheduling problem with
proportional setup times and earliness—tardiness penalties [24]. In 1996, Lann et al. studied
a single-machine scheduling problem whose goal was to minimize the number of early and
tardy jobs [25]. In 2017, Yuan studied a single-machine scheduling problem to minimize the
number of tardy jobs [26]. In 2021, Hermelin studied a single-machine scheduling problem
to minimize the weighted number of tardy jobs [27].

The problem is described in the Section 3. The research methods are discussed in the
Section 4. Discussion of results is in the Section 5. The conclusion is given in the Section 6.

3. Notation and Problem Statement

Some notations used in this paper are introduced in Table 1.
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Table 1. Symbol definition.

Symbol Meaning
n the number of jobs
p; the normal processing time of J;
P the normal processing time for the jth position
pﬁ] the actual processing time of J;

w the waiting time of J};

J]
i the completion time of J|;,

C
CHE;X the makespan
qp) the delivery time of J;
d the due date
a the learning index, a < 0
r the delivery rate, » > 0
B the truncation parameter, 0 < < 1
«, 0,14 the weights
] the job arranged at the jth position
CON the common due date
SLK the slack due date
DIF the different due date

Suppose there were n independent jobs | = {J;, - - - ], } continuously processed on a
single machine. The machine can handle one job at a time. The actual processing time of ;
at the kth position was:

k-1
P}?k] = pjmax{(1+ ) p)" B}- @
i=1
The delivery time qp; of J|; was:
j-1
7 =) =7 L Pl )
1=

j—1
where wy;) = El p?]. The completion time of J;:

Cyj = wy + pfj +4y. ®)

The common due date, slack due date and different due date were considered in this
paper. For the CON model, the due date of each job was the same. For the SLK model, the
due date was the sum of the processing time and certain parameter q. For the DIF model,
each job had its own due date. The due date was a decision variable. If ]; was an early job,
Uj =1, V] =0.1If ]j was a tardy job, Uj =0, V] = 1. By the three-field notation [28], the
models could be defined as:

k—1 n
Hpfly = pymax{(1+ X pig)*s B} psts CON| ]; (all; + 8V; + d), )
N k—1 n
1pfy = pjmax{(1+ )_ pp)", B}, apsa, SLK| ) (all; + 6V +1q), ®)
i=1 =1
A k—1 n
1pjjy = pjmax{(1+ l; pii)" B} psa, DIF| ];(“uj +0Vj +nd;), (6)

where g,54 represents the past-sequence-dependent delivery times. The following Figure 1
shows the just-in-time common due date scheduling model.
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<«— early Jjob — <«— tardy Jjob — >

Jo e e Ji-1 Jie Jiwr | e In

common due date

Figure 1. The just-in-time CON scheduling model.

4. Research Method

k-1

Lemma 1. For the 1\pﬁk] = pjmax{(1+ ¥ pp;))" B}|Cmax problem, an optimal schedule could
i=1

be obtained by the SPT rule [4].

k-1

Lemma 2. For the 1|pﬁk] = pjmax{(1+ ¥ ppi))" B}, qpsi|Cmax problem, an optimal schedule
i=1

could be obtained by the SPT rule [4].

k-1 n
4.1. The Problem 1|p]‘.?k] =pjmax{(1+ ¥ p))" B} qpsa, CON| ¥ (al; + 6V} + 1)
i=1 j=1

Lemma 3. For any job sequence, the due date d of the optimal scheduling was the completion time
of some job.

Proof. Suppose that the due date d of the optimal scheduling was not equal to the com-
pletion time of some job, i.e., C[h] <d< C[h+1]r 0<h<mn, C[O] = 0. The objective

function was:
Z=ha+ (n—h)é+ nyd. (7)

When d was equal to Cjy), the objective function was:
Z1 = (h—l)oc—f— (n—h)(S—i—myC[h], 8)

Z—7Zy=a+ny(d—Cy) > 0. )

Therefore, d was the completion time of some job. [
Lemma 4. When o > 6, the due date d was equal to 0.
Proof. When the due date d was equal to Cp, the objective function was:
Z=(h—1a+ (n—h)é+nyCp. (10)
(1) When d was equal to Cjj,_y, the objective function was:
Zy=(h—2)a+ (n—h+1)o +nyCp_q;. (11)
(2) When d was equal to Cjj,; 1), the objective function was:
Zy=ha+ (n—h—1)6+nnCpq).
when a > 6,
Z—Zy=a—=6+ny(Cpy — Cpy)) =& — 5+ ny(py +rpp-1)) >0, (12)

Z—Zy=—a+6+ HU(C[M — C[h+1]) =—a+0— Tlﬂ(P[h_H] + Tp[h]) <0, (13)
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Zy > Z > Z,. Therefore, the due date d was equal to the start time of the first job. [

For the convenience of proof, we defined two sets: G; = {Jj|1 < j < h}, Gy =
{]]|h+ 1 < ] < Yl},d = C[h]

Lemma 5. In the optimal scheduling, the jobs of set G1 were arranged in an ascending order of
normal processing time.

Proof. There were two adjacent jobs |, and J, in the Gy, and ], was in front of |, which
was at the (k + 1)th position, S; = {J1,- -, Ju, Jo,- - - , Jn}. Suppose that the starting time
of [y was0,d = C[h], 1 <k < h < n. The objective function of S; was:

Zy = (h—1)a+ (n—h)é +nyCp(S1). (14)

when [, and ], were swapped, the sequence of jobs was Sy = {J1,- -, Jo, Ju, -+ , Jn}. The
objective function of S, was:

Zy = (h=1a+ (n—h)é + nnCpy(Sa). (15)

Z1 — Zz = ﬂﬂ(C[m(Sﬁ — C[h](SZ)) (16)

From p, < p, and Lemma 2, Z; < 75, i.e., the jobs of set G; were arranged in an
ascending order of normal processing time. [

Lemma 6. In the optimal scheduling, the jobs of set Gy were arranged in any order of normal
processing time.

Proof. There were two adjacent jobs ], and J, in the G, and ], was in front of ], which was
at the (k4 1)th position, Sy = {J1, -, Ju, Jo, - - - , Ju}, h < k < n. The objective function of
51 was:

Zy = (h=1a+ (n—h)é +nnCpy(S1). (17)

when [, and ], were swapped, the sequence of jobs was S, = {J1,- -, Jo, Ju, -+ , Ju}. The
objective function of S, was:

Zy = (h—=1)a+ (n—h)é +nnCpy(Sa). (18)

71 = Zo. (19)

Therefore, the jobs of set G, were arranged in any order of normal processing time. [

Lemma 7. In the optimal scheduling, the processing time of any job in the Gy was less than the
processing time of any job in the G.

Proof. There were two adjacent jobs ], and J,, |, was at the hth position in the G, and J,
was at the (h + 1)th position in the G, S1 = {J1, -, Ju, Jo,- -+ , Jn}. The objective function
of §1 was:

Zy = (h—1a+ (n—h)é +nnCpy(S1). (20)

when [, and ], were swapped, the sequence of jobs was So = {J1, -, Jo, Ju, - , Ju}. The
objective function of S, was:

Zy = (h—1)a+ (n—h)é +nyCpy(Sa). (21)
h-1

Zy — Zy = niy(pu — po) max{(1+ kZ )", B} (22)
=1

If pu < po, Z1 < Zy, i.e., the processing time of any job in the G; was less than the
processing time of any job in the G,. [
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The Algorithm 1 was summarized as follows:

k-1 n
Algorithm 1 1\p;?k] = pjmax{(1+ ‘21 Pii))" B} qpsa, CON| .Zl(’xuf + 6V +nd)
i= j=

Require: «, 3,96,14,4a,r7, pj,n
Ensure: The optimal sequence, d
1: First step: All jobs were sorted by increasing processing time, i.e., p; < --- < py.
2: Second step: When h was from 0 to #, the objective function values were calculated,
respectively.
3: Last step: The optimal position of & was determined by the smallest value of the
objective function, and the optimal sequence was arrangedn an ascending order of
normal processing time.

k=1
Theorem 1. For the problem 1|p]’?k] = pjmax{(1+ ¥ p;))", B} Gpsa, CON| i (alj+06V; +
i—1 j=1

nd), the complexity of the algorithm was O(nlogn).

Proof. The first step required O(nlogn) time. The second step required O(n) time. The
third step was completed in a constant time. Therefore, the complexity of the algorithm
was O(nlogn). O

k-1 n
4.2. The Problem 1|p]‘.‘[‘k] = pjmax{(1+ 421 pii)" B} qpsa, SLK] 'Zl(ocllj + 6V +nq)
i= j=

Lemma 8. For the optimal scheduling, q was equal to (1 + r) times the sum of actual processing
time for some jobs.

Proof. Suppose that g was not equal to (1 + r) times the sum of the actual processing time
h—1 h

for some jobs, i.e., (1+7) ¥ pf}] <g<(l+r) %L pf}}, 1 <h <mn, pjg = 0. The objective
j=1 j=1

function was:

Z =ha+ (n—h)é+nyq. (23)

h=1
when g = (1+7) '21 pﬁ], the objective function was:
j=

h—1
Zy=(h—Va+ (n—h)s+nm1+r) Y pl), (24)
j=1
h—1
Z—Zy=a+nylg—(L+71) Y pf] > 0. (25)
j=1

Therefore, g was equal to (1 + r) times the sum of the actual processing time for some
jobs. O

Lemma 9. When « > 6, q was equal to 0.

h—1
Proof. When g was equalto (1+7r) ), pf;] for the optimal scheduling, the objective func-
=1

tion was:
h—1

Z=(h=1a+n—hé+nl+r) Y pf

A (26)

j=1

10
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h=2
(1) Wheng = (1+71) & pﬁ], the objective function was
j=1

h—=2
Zy=(h=2)a+ (n—h+1)+ny(1+r) Y pfy. 27)
j=1
h
(2)Wheng = (1+7) p?], the objective function was
j=1
h
Zz:htx+(n—h—1)(5+n17(1+r)pr}]. (28)
j=1
Z—-7 :a—(5+n17(1+r)pﬁlfl], (29)
Z—Zzz—a+5—n77(1+r)pﬁl]. (30)

whenwa > §, Zy > Z > Z;. Therefore, g was equal to 0. O

For the convenience of proof, we defined two sets: G3 = {J;|1 < j < h—1}, Gy =

{jlh<j<n}q=Q+r) T pfj-
j=1

Lemma 10. In the optimal scheduling, the jobs of set Gs were arranged in an ascending order of
normal processing time.

Proof. There were two adjacent jobs J, and [, in the G3, and |, was in front of |, which
was at the (k + 1)th position, Sy = {J1,- -, Ju, Jo,- - , Jn}. Suppose that the starting time

h—1
of fwas0,g=(1+7r) ¥ p’{;], 1 < k < h — 2. The objective function of S; was:
j=1

h—1
Zi=h—-1)a+mn—h)o+ny(1+r) Zpﬁ](sl). (31)
j=1

when [, and ], were swapped, the sequence of jobs was So = {J1, -, Jo, Ju, - , Jn}. The
objective function of S, was:

h—1
Zy=(h—1)a+m—h)s+np(l+r) ), pﬁ](sz). (32)
=1
h-1 h-1
2y —Zy = my(1+1)(} pfy(S1) = X p3(S2))- (33)
= =

From p, < p, and Lemma 1, Z; < Zy, i.e., the jobs of set G3 were arranged in an
ascending order of normal processing time. [

Lemma 11. In the optimal scheduling, the jobs of set G4 were arranged in an ascending order of
normal processing time.

Proof. There were two adjacent jobs ], and J, in the G4, and J,, was in front of ], which was
at the (k+ 1)th position, Sy = {J1, -+, Ju, Jo, - - - , Jn}, h < k < n. The objective function of

51 was:
h—1

Zy = (h—=Da+(n—h)s+ny(1+r) Y pfy(S). (34)

-
Il
—_

11
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when ], and ], were swapped, the sequence of jobs was So = {J1, -, Jo, Ju, - , Jn}. The
objective function of S, was:

h=1
Zy=(h—1)a+mn—h)s+np(l+r) ) pf}](sz). (35)
=1

Z1 = 7. (36)
Therefore, the jobs of set G4 were arranged in any order of normal processing time. [

Lemma 12. In the optimal scheduling, the processing time of any job in the Gz was less than the
processing time of any job in the Gy.

Proof. There were two adjacent jobs J, and J,, and J,, was at the (h — 1)th position in the
Gs, and ], was at the hth position in the G4, St = {J1, - , Ju, Jo, - , Jn}. The objective
function of S; was:

h—1
Zi=Mh-1Da+ (n—h)s+ny(l+7) Zpﬁ](&). (37)
=1

when ], and ], were swapped, the sequence of jobs was So = {J1, -, Jo, Ju, - , Jn}. The
objective function of S, was:

h=1
Zy=(h—1)a+mn—h)s+np(l+r) ), pf}](sz). (38)
=1
h—2
Z1—Zy = (1 +1)(pu — po) max{(1+ ) pyy)", B}- (39)
k=1

If pu < po, Z1 < Zy, ie., the processing time of any job in the G3 was less than the
processing time of any job in the G4. [

The Algorithm 2 was summarized as follows:

k—1 n
Algorithm 2 1\p]’.?k] = pj max{(1+ '21 p[i])”,‘B},qPSd, SLK] ‘zl(«xu]- +4V;+ 1q)
i= j=

Require: «, B,9,14,4a,1, pj,n
Ensure: The optimal sequence, g
1: First step: All jobs were sorted by the increasing processing time, i.e., p1 < -+ < py.
2: Second step: When  was from 0 to n, the objective function values were calculated,
respectively.
3: Last step: The optimal position of i was determines by the smallest value of the
objective function, and the optimal sequence was arranged in an ascending order of
the normal processing time.

k-1 n

Theorem 2. For the problem 1|p]‘.?k] = pjmax{(1+ ¥ pp))* B}, dpsa, SLK| L (al; + 6V} +
i=1 j=1

1q), the complexity of the algorithm was O(nlogn).

Proof. The first step required O(nlogn) time. The second step required O(n) time. The

third step was completed in a constant time. Therefore, the complexity of the algorithm
was O(nlogn). O

12
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i=1

n
4.3. The Problem 1|p?, k) = Pi max{(1+ Z pii)" B}, qpsa, DIF]| 'Zl(txllj +0V; +nd;)
j=

Lemma 13. In the optimal scheduling, if nC; > &, the due date d; of J; was equal to 0; otherwise,
d; was equal to the completion time of J;.

Proof. The objective function was:

Z= iz]- = i(aujwvjmdj), (40)
j=1 j=1

Zj = al; + 0V; +1yd. (41)

(1) When C; > d;,
Zi=04+nd,. (42)

(2) When C; = d;,
Z; =nC;. (43)

(3) When C; < dj,
Zi=wa+nd; >nC;. (44)
Z; = min{9,nC;}. (45)

when #C; > 6, d; was equal to 0; otherwise, d; was equal to C;. [

Lemma 14. In the optimal scheduling, the jobs were sequenced in an increasing order of normal
processing time.

Proof. We considered the job sequence Sy = {J1,---,Ju, Jo, -, Ju}. There were two
adjacent jobs J, and J,. ], was at the kth position in the S; and ], was at the (k + 1)th
position in the S1, 1 < k < n. Z; was the objective function of S;. When [, and ], were
swapped, the sequence of jobs was Sy = {1, -, Jo, Ju, -+, Jn}. Zy was the objective
function of S,.

Zy — Zp = min{6,7Cp (1)} + min{6, yCpiy17(51)} — min{d, #Cpy (S2)} — min{6, yCpey17(S2)}.  (46)

Ciy(S1) = (1+47) Zpb—l—pumax{l—i-Zp]] B}, (47)
k—1 A k-1
Cpy(S2) = (1 +7) ) pfj + pomax{(1+ }_ p;)", B}, (48)
j=1 i=1
— k—1 k—1
Clres1)(S1) = (1 +7 ; (1+7)py max{(1+ ; pii)"s B} + pomax{(1 + ; py +pa) BY, (49)

Cirr1)(S2) = (1+7) ZPU (1+7)po max{(1+ ZPU B} + pumax{(1+ ZP[]]"‘PZ)) ,B}. (50)

i=

From Pu < Po and Lemma 1, C[k](Sl) < C[k](SZ)r C[k+1](51) < C[kJrl] (52), Z1 < Zz.
Therefore, the jobs were sequenced in an increasing order of normal processing time in the
optimal scheduling. O

The Algorithm 3 was summarized as follows:

13
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k—1 n
Algorithm 3 1\pﬁk} = pj max{(1+ 'Zl p[i])“,ﬁ},qpsd, DIF| '21(0411]' + 0V, + 17d]-)
i= j=

Require: «, B,90,14,4a,1, pj, n
Ensure: The optimal sequence, d;
1: First step: The optimal sequence was sequenced by an increasing order of normal
processing time, i.e., p1 < --- < py.
2: Last step: The due date d; was determined by the relationship between 7C; and 6.

k-1 n
Theorem 3. For the problem 1|p]‘?k] = pjmax{(1+ ¥ p)", B}, Gpsas DIF| ¥ (allj +6V; +
. =

i=1

nd;), the complexity of the algorithm was O(nlogn).

Proof. The first step required O(nlogn) time. The second step required O(#) time. There-
fore, the complexity of the algorithm was O(nlogn). [

5. Discussion of Results
5.1. Numerical Discussion

In this section, we used an example to show the calculation process for three different
due dates.

Example 1. There were five jobs processed sequentially on the same machine. The processing time
of each job is shown in the Tables 2—20 below:
x=10=2,171=02a=-1,=057r=0.1.

Table 2. Normal processing time.

Job J1 J2 I3 Ja Js
pj 4 3 5 2 1

k-1 n
Solution 1: 1|p]’.?k] = pjmax{(1+ 121 pii)" B} qpsa, CON| Zl(ocllj + 6V +nd)
= j=

First step: p5s < ps < p2 < p1 < p3. The processing sequence of jobs: J5s — J4 — [» —

Ji = Js.
Second step:

(1) Whenh=0,d=0,Z =10;
2) Whenh=1,d=1,Z=9;
(3) Whenh=2,d=21,Z=09.1;

4) Whenh=3,d=3.7,Z=9.7
(5) Whenh =4,d =5.85,Z = 10.85;
(6) Whenh =5,d =8.55,Z = 12.55.

Third step: The optimal due date was 1.

Table 3. Actual processing time.

A A A A A A

Pl P P2 P[3) Pla P[s]

Value 1 1 1.5 2 2.5
Table 4. Waiting time.

wyj] W] W] W3] Wy W]

Value 0 1 2 35 5.5

14
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Table 5. Delivery time.

q[j] 1) q[2] 3] 4] q[s)

Value 0 0.1 0.2 0.35 0.55
Table 6. Completion time.

Crj) Cry Cpy) Cp3) Cly) Cls)

Value 1 21 37 5.85 8.55

k—1 n
Solution 2: 1|P]1‘?k] =p; max{(1+ '21 P[i])”,ﬁ}/qpsd’SLm 'Zl(le,l]- + 0V + nq)
i= j=

First step: p5 < ps < pa < p1 < p3. The processing sequence of jobs: J5s — J4 — [, —

Ji = Js.
Second step:

(1) Whenh=0,4=0,2Z=8;
(2) Whenh=149=11,Z=81,;
(3) Whenh=2,4=227Z=82;

(4) Whenh =3, q = 3.85, Z = 8.85;
(5) Whenh =4, = 6.05, Z = 10.05,

Third step: The optimal g was 0.

Table 7. Actual processing time.

A A A A A A
Plj Pl P2 P[3] Pla P[s]
Value 1 1 1.5 2 25
Table 8. Waiting time.
wyj1 W] W] W3] Wy] W]
Value 0 1 2 3.5 55
Table 9. Delivery time.
1) q71) qp2] 73] 9[4) q[5]
Value 0 0.1 0.2 0.35 0.55
Table 10. Completion time.
Cpj) Cry Cp Cl3) Cla) Cls)
Value 1 2.1 3.7 5.85 8.55
Table 11. Due date.
djj dpy) dy) dp3) dg) dfs)
Value 1 1 1.5 2 2.5
Table 12. Due date.
djj dpy dp) d3) dy) d[s)
Value 2.1 2.1 2.6 3.1 3.6

15
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Table 13. Due date.

Table 14. Due date.

d[j dpy) dz) dp3) dy) d[s)
Value 4.85 4.85 5.35 5.85 6.35

Table 15. Due date.

djj) dpy dpy) d[3) djg) d[s)
Value 7.05 7.05 7.55 8.05 8.55

k-1 n
Solution 3: 1|pﬁ‘k} = pjmax{(1+ El pii))" B} psa, DIF| jgl(allj +0V; +nd;)
First step: ps < ps < p2 < p1 < p3. The processing sequence of jobs: J5 — J4 — [» —
Ji = Js
Second step: Z = 2.12.

Table 16. Due date.

d[j dy) dpy) ds) dq) dfs)
Value 1 2.1 3.7 5.85 8.55

5.2. Extension

In the learning effect scheduling model, the learning index a was less than 0. If 2 > 0,
it became the forgetting effect scheduling model.

k-1 n
1\p]‘.?k] =pj(1+ Z; Pii)" qpsas CON(SLK, DIF))| ;(allj + 6V +nd), (51)
i= j=
where a > 0. The same method could prove the following conclusions. When 0 < a <1,
the optimal sequence was obtained by the longest processing time order. When a > 1, the
optimal sequence was obtained by the shortest processing time order. Take Example 1
above as an example to show the algorithmic process of the forgetting effect scheduling
model (CON).

k-1 n
Solution 4: 1|pﬁ‘k] =pj(1+ '21 Pii)" qpsa CON| 'Zl(lxuj +6Vj +nd), where a = 0.5.
i= j=

First step: p3 > p1 > p2 > ps4 > ps. The processing sequence of jobs: J3 = J; = [» —
Ja = J5.
Second step:
(1) Whenh=0,d=0,Z =10;
(20 Whenh=1,d=5,7Z=13;
(3) Whenh=2,d=153,Z=223;
(4) Whenh =3,d =25.76, Z = 31.76;
(5) Whenh =4,d = 33.929, Z = 38.929;
(6) Whenh =5,d =3852, Z = 42.52.

Third step: The optimal due date was 0.
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Table 17. Actual processing time.

A A A A A A
Pji Pl P2 P[3) Pla P[s)
Value 5 9.8 9.49 7.21 3.87
Table 18. Waiting time.
wyj] Wiy Wi W) W) wis)
Value 0 5 14.8 24.29 31.5
Table 19. Delivery time.
1)) (1] q(2] q[3] q(4] q(5]
Value 0 0.5 1.48 2.429 3.15

Table 20. Completion time.

Cpj) Cpy Cp Cpg) Cly Crs)
Value 5 15.3 25.76 33.929 38.52

6. Conclusions

Under the common due date, slack due date and different due date, a single-machine
scheduling problem with delivery times and the truncated sum-of-processing-times-based
learning effect was studied in this paper. The goal was to minimize the total costs that
comprised the number of early jobs, the number of tardy jobs and the due date. Under
different due dates, three polynomial time algorithms were proposed to obtain the optimal
sequence and due dates, whose complexity was O(nlogn). The optimal sequence was
arranged in an ascending order of processing time. We gave three examples to show
the calculation process of the algorithms. In the future, the multi-machine environment
could be considered to expand the research, i.e., a flow-shop scheduling problem with a
delivery time, truncated sum-of-processing-times-based learning effect and due dates could
be considered whether there were polynomial time algorithms. The truncated sum-of-
processing-times-based forgetting effect was also studied in the single-machine scheduling
environment.
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Abstract: The dual-rotor system has been widely used in aero-engines and has the characteristics of
large axial size, the interaction between the high-pressure rotor and low-pressure rotor, and stiffness
nonlinearity of bolted joints. However, the testing of a full-scale dual-rotor system is expensive and
time-consuming. In this paper, the scaling relationships for the dual-rotor system with bolted joints are
proposed for predicting the responses of full-scale structure, which are developed by generalized and
fundamental equations of substructures (shaft, disk, and bolted joints). Different materials between
prototype and model are considered in the derived scaling relationships. Moreover, the effects of
bolted joints on the dual-rotor system are analyzed to demonstrate the necessity for considering
bolted joints in the similitude procedure. Furthermore, the dynamic characteristics for different
working conditions (low-pressure rotor excitation, high-pressure rotor excitation, two frequency
excitations, and counter-rotation) are predicted by the scaled model made of a relatively cheap
material. The results show that the critical speeds, vibration responses, and frequency components
can be predicted with good accuracy, even though the scaled model is made of different materials.

Keywords: similitude; scaling relationships; dual-rotor system; bolted joint; dynamic characteristics

1. Introduction

Dual-rotor systems are widely used in large rotating machines, such as aero-engines [1,2]
and gas turbines [3,4]. The dual-rotor system of an aero-engine is composed of several
components with different materials to reduce its weight. These components are usually
connected by bolted joints, which change the local stiffness and affect the dynamics of the
rotor system [5,6]. However, prototype testing is usually expensive and time-consuming.
Thus, similitude design can be used to overcome this issue and reduce costs and difficulties.

Many scholars have studied the application of beams, plates, and cylindrical shells. For
beams, Asl et al. studied the scaling laws for fundamental frequency [7] and transverse de-
flection [8] of I-beams. Kasivitamnuay and Singhatanadgid [9] predicted the displacement
of a static-loaded beam by using the scaled model. Subsequently, they [10] investigated
the similitude problem related to the static displacement of a cracked beam. As for the
similitude of plates, Coutinho et al. [11] developed the scaling laws for beam-plates and
predicted the transverse displacement of full-size structures. Yazdi studied the scaling laws
for free vibration [12] and flutter speed [13] of plates. Frostig and Simitses [14] investigated
the similitude of sandwich panels and predicted the wrinkling and global buckling through
scaled models. Singhatanadgid and Songkhla [15] derived the scaling laws for natural
frequencies of rectangular plates with various boundary conditions, then the effectiveness
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is demonstrated by experimental test. Franco et al. predicted the vibration velocity [16]
of a flexural plate with a high modal overlap factor, and then the vibration responses
under a turbulent boundary layer excitation [17] were put into similitude. Mazzariol and
Alves [18] established the scaling laws of plates under impact load. In addition, Petrone
et al. [19] conducted a similitude investigation of stiffened cylinders, and the natural fre-
quency and forced response were considered in the prediction procedure. Rezaeepazhand
et al. designed the scaled models for predicting the free vibration [20] and buckling under
compressive loads [21] of cylinders. Ungbhakorn and Wattanasakulpong [22] proposed
a similitude procedure for buckling and free vibration of cylindrical shells. Aiming at
coupled structures, De Rosa and Franco predicted the vibration responses of assemblies
of plates [23], coupling beams and plates [24], and long and short wavelength coupling
structures [25]. You et al. [26] presented a scaling procedure for wing boxes and put the
deflection and modal behavior into similitude. Song et al. [27] investigated the similitude
of machine tools, and then the modal shape was predicted by the scaled model. However,
the similitude studies of rotor systems are relatively rare. The complete scaling laws for
dynamic characteristics of rotor systems were presented by Wu [28]. Li et al. [29] developed
the scaling laws for critical speeds of rotor systems. Furthermore, similitude studies of
dual-rotor systems considering the nonlinearity of bolted joints are not found.

During the past decades, many studies have been conducted on similitude meth-
ods. Dimensional analysis (DA) and Similitude Theory Applied to Governing Equations
(STAGE) are widely used [27]. DA is simple to use and useful for those systems without
a set of governing equations, such as complex or new systems [30]. The drawbacks of
DA are that (1) great effort and experience are required for obtaining scaling laws and
(2) this method is not suitable for partial similitude since the geometric parameters can not
be scaled in different scales. STAGE obtains scaling laws directly through the governing
equations or its analytical solutions and has been adopted by many scholars. For instance,
Rezaeepazhand et al. investigated the similitude of laminated plates [31] and composite
beam-plates [32] based on STAGE. Singhatanadgid et al. [15] developed the scaling laws for
plates through the governing equations. However, STAGE needs the governing equation
and a lot of work of derivation. Then energy method (EM) was presented by Ungbhakorn
and Singhatanadgid [33], which considered the scaling laws of boundary conditions, but
the work of derivation was also required. De Rosa et al. [34] proposed a similitude method
named SAMSARA, which was applied to the similitude issue of acoustic structures, such
as flexural plates [35]. In recent years, sensitivity analysis (SA) [36] was used to obtain
scaling laws. However, the scaling laws established by SA lack physical meaning and may
ignore important phenomena [30].

Although many meaningful works on similitude have been completed, the follow-
ing issues still exist: (i) most similitude studies focused on the linear systems or simple
structures, but similitude studies of dual-rotor systems considering the nonlinearity of
bolted joints are not found; (ii) STAGE and EM need the governing equation and a lot of
work of derivation. In addition, SA lacks physical meaning and may overlook important
phenomena.

In the paper, the dynamic model of a dual-rotor system with bolted joints is developed
and the effects of bolted joints on the dual-rotor system are investigated in Section 2. The
scaling laws considering different materials are derived by the generalized and fundamental
equations of shaft, disk, and bolted joints in Section 3. In Section 4, aiming at the working
conditions and structural characteristics of dual-rotor systems, the similitude for dynamic
characteristics in the cases of low-pressure (LP) rotor excitation, high-pressure (HP) rotor
excitation, two frequency excitations, and counter-rotation are discussed. The conclusions
are listed in Section 5.

2. Dynamic Model of the Dual-Rotor System with Bolted Joints

As shown in Figure 1, a dual-rotor system consisting of a high-pressure (HP) rotor,
a low-pressure (LP) rotor, bolted joint structures and elastic supports is developed. The
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Unit: mm
x
z
y

dual-rotor system includes five supports and is modeled by the finite element method.
Support 5 denotes the intershaft bearing, which couples the vibration responses of the HP
rotor and LP rotor. The parameters of the dual-rotor system are listed in Appendix A. There
are two bolted joints in the model, which are used to connect the LP rotor and the HP rotor,
respectively.

[ Beam element of HP shaft @ Node position

1 Beam element of LP shaft  ® Lymped Mass element

Support 1 : el Jﬁ

Disk 1 Disk 3 Disk4  Disk 2
Bolted joint Support 3

Support 2 /%W:/==$F
u

Bolted joint

R

YW

R

(125/119)

(80/70) b
(125/119)
ll} 114 llSZlb 117 118 119 120

(354)

i
4
A

(894)

Note: taking (50/35) as an example, 50 and 35 represent the outer and inner radii, respectively.

Figure 1. Finite element model of a dual-rotor system with bolted joints.

2.1. Dual-Rotor System Model

The dual-rotor system is modeled by Timoshenko beam elements. The finite element
model includes 24 beam elements. The disks and bearings are simplified as lumped mass
elements and spring-damping elements, respectively. The bolted joint is a noncontinuous
structure; thus, the beam elements near the bolted joint structures are connected by the
joint elements.

The generalized displacement vectors of the LP rotor can be expressed as follows:

T
up = [x1,¥1,041, 041, - -, X15, Y15, Ox15, 0,15 1)

where x1, y1, - -, X15, Y15 are translations of nodes 115, and 0y1, 01, - -, 6x15, Oy15 are
rotations of nodes 1—15.
The LP rotor can be described in matrix form as follows:

My, + (Cr, — QG )up, + Kpup, = Qp )

where () is the rotating speed. M, C, G, and K are the mass, damping, gyroscopic, and
stiffness matrices. The subscript L represents the index of the LP rotor. Rayleigh damping
is applied, and the damping matrix is given as C, = aMy, + BKL.

The generalized force vectors of the LP rotor can be described as

Q = 0,0,0,0,- -, mye1QF cos(Qt), mye; OF sin(Qt),0,0, - - -, )
L™ | maen? cos(Qt), mae 02 sin(Qt),0,0,- -+ ,0,0,0,0

where m and e denote the mass and eccentricity, and the subscript represents the number of
disks.
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The generalized displacement vectors of the HP rotor are described as follows:

T
up = [X16, Y16, Ox16,0y16, - - -+ X28, Y28, Ox28, Oy28] 4)
Accordingly, the motion equation of the HP rotor can be obtained:
Myuy + (CH — QHGH)uH + Kyuy = QH (5)

where the subscript H denotes the index of the HP rotor.
The force of the HP rotor is expressed as follows:
O — 0,0,0,0,--- ,m3e3012{ cos(QHt),mg,eg,Q%I sin(Qyt),0,0,- - -, T ©)
H™ | myes O cos(Qut), maes Q2 sin(Qpt), 0,0, -+ ,0,0,0,0

Consider the eccentricity of all disks, and the eccentricity is 0.5 mm. Then, the motion
equation of the dual-rotor system is further written as follows:

(4% ][ W l2]-[8]

Next, the stiffness of supports needs to be added to the stiffness matric of dual-
rotor system, where the positions are K(1,1), K(2,2), K(45,45), K(46,46), K(57,57), K(58,58),
K(61,61), and K(62,62). Damping is added in the same way. The stiffness of the intershaft
bearing is added as follows:

4k — 34k —24]1 —34]1 -2
kin,xx kin,xy _k'm,xx _kin,xy 4k -3

K. = kin,yx kin,yy _kin,yx _kin,yy 4k -2 (8)
mn _kin,xx _kin,xy kin,xx kin,xy 4] -3
_kin,yx _kin,yy kin,yx kin,yy 4] -2

where k =13 and [ = 28.

2.2. Bolted Joint Model

The bolted joint is considered as a joint element with two nodes. One of the nodes is
located at the end of the flange near the disk, and the other node is located at the position of
the disk, as shown in Figure 2. The generalized displacement vectors and stiffness matrix
are expressed as follows:

T
q] = |:x]/ ]/]/ 93(]/ gy ’ x]+l/ ]/]+1r 6)((]—!—1)’ 0]/(]+1)] (9)
-k -
0 k
0 0 ke sym
0 0 0 kg
K=l 0 0o o (10)
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Disk
Shaft

Flange

Q

Figure 2. Schematic diagram of the bolted joint model.

In terms of [6,37,38], the stiffness of the bolted joint has piecewise linear characteristics,
and the critical point occurs when the external force is equal to the effect of preload applied
on the bolts. The first and second stages of piecewise linear characteristics are depicted in
Figure 3a,b, respectively.

Separation

¢< do (1.42x107 rad) ¢>o (1.42x107 rad)
(2) (b)

Figure 3. Schematic diagram for the deformation of the bolted joint under a bending moment: (a)
stick state; (b) separation state.

The stiffness characteristics of bolted joint in [37] are expressed as

_ kf)lr |¢| < ¢0
ko = { ko2, [ > ¢o an

where ¢ is the relative rotation angle between the flange and disk and is shown in Figure 3.
¢p is the critical rotation angle when the external force is equal to the effect of preload
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applied on the bolts. kg1 and ky, are the stiffness at the first and second stages, respectively.
¢ can be obtained as follows:

¢ = \/(le - 9x(]+1))2 + (Gyl - 9y(]+1)>2 (12)

where the subscripts ] and J + 1 represent the left and right nodes of the joint element,
respectively. The stiffness and critical rotation angle can be calculated according to [37] and
are listed in Table 1. More detailed formulas can be found in [37].

Table 1. Stiffness and critical rotation angle of bolted joints.

Parameter Value
kg1 (N-m/rad) 3.16 x 107
ko> (N-m/rad) 2.70 x 10°

¢ (rad) 142 x 105

2.3. Convergence Analysis

In this section, the influence of node number on the vibration responses is assessed.
The element number is chosen as 24, 36, and 48. The amplitude frequency responses for
24, 36, and 48 elements are shown in Figure 4, and the spectrum cascades under different
rotating speeds are illustrated in Figure 5. It is found that the amplitude frequency responses
and spectrum cascades for the cases of 24, 36, and 48 elements are almost identical. The
vibration responses have already converged. Therefore, the case of 24 elements is used in
the following analysis.

N
L

Amplitude (mm)
N W

— 24 elements
- == 36 elements
-===== 48 elements ”

5000 10,000 15,000
Rotating speed (rev/min)

Figure 4. Amplitude frequency responses for 24, 36, and 48 elements.
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Figure 5. Spectrum cascades: (a) 24 elements; (b) 36 elements; (c) 48 elements.

2.4. Comparison of the Dual-Rotor System with and without Bolted Joints

The bolted joint changes the local stiffness of the rotor system subjected to a heavy
load, which further influences the vibration behaviors of the rotor system [5,6]. Thus, the
section aims at investigating the effect of bolted joints and further verifying the bolted joint
model.

The dual-rotor system models with and without bolted joints are established to com-
pare the vibration characteristics of these two models. The configurations of the models
with and without bolted joints are the same except for the parameters of the bolted joints.
Note that the positions of bolted joints are continuous structures in the model without
bolted joints. The dynamic equations of these two models are obtained by the Newmark
method. The ratio of rotational speed (R = Q1/Qy) is 1.5 [39] in this paper. The am-
plitude frequency responses of disk 1 of the two models are presented in Figure 6. The
time responses at resonance of these two models are shown in Figure 7. It can be seen
that the critical speeds of the model with bolted joints are less than those of the model
without bolted joints. Thus, the bolted joints reduce the critical speed of the rotor system
since they change the local stiffness, which is consistent with the laws in [37]. In addition,
the spectrum cascades under different rotating speeds of these two models are shown in
Figure 8. Only the fundamental frequencies of LP and HP rotors are prominent in the
spectrum cascades of the model without bolted joints (see Figure 8b). As a contrast, for
the model with bolted joints, the frequency multiplication of LP and HP rotors (2f1, 3f1,
4f1, 2f11, 3fn, and 4fp) has occurred, which is consistent with the results of [40]. Thus,
the bolted joint model is considered verified, and the bolted joints must be considered in
developing scaling relationships due to the significant influence on the rotor system.
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Figure 7. Time responses between the models with and without bolted joints: (a) 6567 and 6591 rpm;

(b) 9845 and 10,051 rpm; (c) 13,074 and 13,377 rpm; (d) 14,802 and 15,531 rpm.
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Figure 8. Spectrum cascades: (a) model with bolted joints; (b) model without bolted joints.

3. Scaling Relationships for the Dual-Rotor System with Bolted Joints

In terms of STAGE and EM, the governing equation or a certain work of derivation
is required, which is not available for the complex structure. Aiming at these issues,
the scaling relationships are obtained by generalized and fundamental equations, rather
than the governing equation of the whole structure. The schematic diagram is shown in
Figure 9. Furthermore, developing scaling relationships from generalized and fundamental
equations reduces the calculation effort. As for the dual-rotor system, nonlinearity is
introduced by bolted joints. The parameters of the bolt joints need to be put into similitude
appropriately to obtain exact results.
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!
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i
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i
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Generalized and fundamental equations Fundamental equations
Scaling laws for Scaling laws for
dual-rotor system bolted joints

Figure 9. Schematic diagram of deriving scaling relationships.
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3.1. Scaling Relationships for Dual-Rotor System

The generalized translational equation of rigid disks is expressed as

d?x
Pd ﬂldré?zd = pgrtlgrie0)? (13)

where pg, l4, and rq4 are the density, thickness, and radius of the disks.
The generalized translational equation of a shaft element can be written as

2
2 d°xs + CS% + ksxs = psnlsrgg (14)

psTLlsT d2 dt

Where pg, Is, 75, cs, ks, and x5 are the density, length, radius, damping, stiffness, and
displacement in the x-direction of a shaft element.
The internal bending moment of the shaft can be written as

d?xq
dz?

M =EI (15)

where E and I are Young’s modulus and area moment of inertia, respectively.
The internal bending moment M can be also expressed as

M = kgxsls (16)
Substituting Equations (15) and (16) into Equation (14) yields

d*x dxs EId*x
27 7S i R Tl g 2
1 +cs T + L a2 PsTTS (17)
According to the continuity of displacements,

Herein, the scaling factor A is the prototype parameter divided by the model parameter.
A parameter is written in the subscript of scaling factor A, which indicates the scaling factor
of the parameter. Then, applying similitude theory to Equations (13) and (17) yields

Ax  ApAfAy

= M MAZAAG = A5 =
A A?

a2
v = ApA2 (19)
Here, the geometric parameters of the dual-rotor system are scaled by the same

ratio; i.e., A; = A;. The following scaling relationships are obtained by Equation (19) and
Aa=1/Ag

Ay = ApA (20)
Ae = A1\ /AEA, (21)
1 1 [Ap
/\w /\Q /\t Al )\p ( )
M
Ay =Ap = —F (23)
AE

According to dimensional analysis [30], the parameters with the same unit can be
scaled by the same scaling factor. Thus, the scaling factors of supports’ stiffness and
damping are equal to those of shaft; i.e., Ay and A, represent the scaling factors for the
stiffness and damping of both shaft and supports.
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The forces on the intershaft support can be expressed as follows:

kin(xp — xg) =

m(_ L asxil) Q (24)
Q=El55

where ki, is the stiffness of the intershaft support, and x;, and xp are the displacements of

LP and HP rotors, respectively. Q is the shear force.

Applying similitude theory to Equation (24) yields

)L4

Ak Axy = AEAx, =5 (25)
/\l

Akin)\xL = AkinAxH (26)

In terms of Equations (25) and (26), the following scaling relationships can be obtained:

A

Ak = AES (27)
A}

A, = Ay (28)

It is found from Equation (27) that the scaling factor of intershaft support stiffness Axin
is equal to that of the shaft stiffness Ax. According to Equation (28), the scaling factors of
displacements can be represented by scaling factor A,.

3.2. Scaling Relationships for Bolted Joints

In this section, the scaling relationships related to the bolt joint parameters and rotor
system parameters are developed. Nonlinearity is introduced by the piecewise linear
stiffness of bolted joints. Therefore, the stiffness of bolted joints needs to be put into
similitude first.

The piecewise linear stiffness is the angular stiffness; thus, the angular stiffness can be
expressed as

kg = — (29)

where ky is the piecewise linear stiffness, which includes ky1 and ky,. ¢ is the deflection
angle of the bolted joints, which is dimensionless.
According to Equations (15), (23), and (29), the scaling factor for the piecewise linear
stiffness can be obtained:
Ay = AT Ay (30)

4. Verification of the Scaling Relationships

Two scaled models are studied and are named M1 and M2. The scaling factors of the
models are listed in Table 2. Columns 2—4 of Table 2 are artificially determined scaling
factors. The other scaling factors in Table 2 are obtained according to Equations (20)—(23)
and (30). The parameters of the prototype are listed in tables A1 and A2, and the prototype
is made of titanium alloy. The model M1 is a complete similitude model and the material is
consistent with the prototype (titanium alloy). Furthermore, the material of M2 is carbon
steel (density: 7850 kg/m3, Young’s modulus: 210 GPa, Poisson ratio: 0.26), which is
different from M1. The purpose of M2 is to demonstrate the effectiveness of the proposed
scaling relationships for the problem of different materials (between prototype and model).
Note that M2 further reduces the costs of model testing since it allows for replacing the
prototype with a model made of cheaper material. The sketches of the models and the
prototype are presented in Figure 10.
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Table 2. The scaling factors of the models M1 and M2.

Model Al (Ar) Ap AE /\'C Ak Aw (AQ) /\«t Ax (Ae) Ake
M1 05 1 1 0.25 05 2 05 05 0.125
M2 05 1.8 2 0.47 1 211 0.47 0.45 023

Same material Model Different material
(447) (447)
(177)

— (17—

PR L L L L L L T .
---------------------.‘

(25/17.5)(62.5/59.5) (62.5/59.5) (40/35) (25/17.5)(62.5/59.5) (62.5/59.5) (40/35)
l=2=1/2 == 112
o MI (titantum alloy) & M2 (carbon steel)

----------------------------------------------------------------------------------------------------

' Prototype

o

,eeeccccccccccccccccccccccccccccccccccccccccsnana,
| L R ——

Unit: mm

Figure 10. Scheme of models and prototype.

Aiming at the working condition and structural characteristics of dual-rotor systems,
LP rotor excitation (Section 4.1), HP rotor excitation (Section 4.2), two frequency excitations
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(Section 4.3), and counter-rotation (Section 4.4) are considered in predicting the vibration
characteristics.

4.1. Case 1: LP Rotor Excitation

LP rotor excitation represents that disk 1 and disk 2 have mass eccentricities. Figure 8
presents the vibration responses of disk 1 of the prototype, the prediction as well as unscaled
results. The aim is to predict the responses of the prototype (red line in Figure 11) by using
the responses of models (dotted line in Figure 8). The dotted lines labeled as “unscaled” are
the responses of models M1 and M2. The abscissa of the model’s response is multiplied by
Aw (see Table 2), and the ordinate is multiplied by Ay. Then, the prediction results (circles
and points in Figure 11) can be obtained and are compared with the results of the prototype.
It can be seen from Figure 11 that the unscaled results differ greatly from the results of the
prototype. After prediction, the amplitude frequency responses (AFRs) of the prototype
and predicted results overlap perfectly. It is worth noting that M2 is beneficial to further
reduce the test cost since it is not only reduced in size but also relatively cheap in material
(compared to the prototype).

N
| ]

(\®)

Amplitude (mm)

O  Ml-prediction

*  M2-prediction i
-====-= MIl-unscaled
-===== M2-unscaled

Prototype

5000 10,000 15.000

Rotating speed (rev/min)

Figure 11. Prediction of AFR from M1 and M2 under LP rotor excitation.

Figure 12 presents the spectrum cascades under different rotating speeds of the proto-
type and corresponding predicted results for models M1 and M2. The frequency compo-
nents of the prototype are made up of the frequency multiplication, such as 21, 3f1, 4f1,
and 5f1, which is consistent with the laws in [40]. The results of models M1 and M2 are
consistent with those of the prototype. This indicates that both the models M1 and M2 can
accurately reproduce the frequency components of the prototype, even though M2 is made
of relatively cheap material.
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Figure 12. Spectrum cascades of (a) prototype and the prediction results from the models (b) M1 and

(c) M2 under LP rotor excitation.

4.2. Case 2: HP Rotor Excitation

HP rotor excitation means that disk 3 and disk 4 have mass eccentricities. Figures 13
and 14 show the predicted results for the amplitude frequency responses and spectrum
cascades, respectively. It is found that the vibration responses of the prototype can also
be predicted accurately by the models M1 and M2, where different materials between
the prototype and models are considered in the similitude procedure. In addition, the
frequency components (2f1, 3f1, 4f1., and 5f1,) of the prototype can also be predicted by the
two models under HP rotor excitation.

4 - ' '
...... M1 -unscaled
...... M2-unscaled

Prototype
O  Ml-prediction
] M2-prediction

Amplitude (mm)
[\

0 5000 10,000
Rotating speed (rev/min)
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Figure 13. Prediction of AFR from M1 and M2 under HP rotor excitation.
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Figure 14. Spectrum cascades of (a) prototype and the prediction results from the models (b) M1 and
(c) M2 under HP rotor excitation.

4.3. Case 3: Two Frequency Excitations

Two frequency excitations mean that all disks of LP and HP rotors have mass eccentric-
ities. Figures 15 and 16 describe the predicted results of the amplitude frequency responses
and frequency components in the case of two frequency excitations. The vibration responses
of M1 and M2 agree well with those of the prototype. Besides, the frequency components
of the two models match perfectly those of the prototype.

6 . T L)
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Figure 15. Prediction of AFR from M1 and M2 under two frequency excitations.
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Figure 16. Spectrum cascades of (a) prototype and the prediction results from the models (b) M1 and

(c) M2 under two frequency excitations.

4.4. Case 4: Counter-Rotation

Co- and counter-rotation indicate that the LP rotor and HP rotor rotate in the same
and opposite directions, respectively. Cases 1-3 are investigated in the case of corotation;
thus, counter-rotation is considered. The case of two frequency excitations is taken as an
example in this section. The predictions for amplitude frequency responses and spectrum
cascades are shown in Figures 17 and 18. The predicted results show exact agreement
between the models M1 and M2 and the prototype. Thus, the accuracy and effectiveness of
proposed scaling relationships are considered verified.
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Figure 17. Prediction of AFR from M1 and M2 under counter-rotation.
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Figure 18. Spectrum cascades of (a) prototype and the prediction results from the models (b) M1 and
(c) M2 under counter-rotation.

5. Conclusions

This paper presents the scaling relationships for predicting the dynamic characteristics
of a dual-rotor system with bolted joints, where different materials between the prototype
and models are taken into account. The effects of bolted joints on the dual-rotor system are
investigated, and the results indicate that bolted joints should be considered in the simili-
tude procedure. The scaling relationships are obtained by generalized and fundamental
equations and are used to predict the critical speeds, vibration responses, and frequency
components under different working conditions. The main findings are summarized as
follows:

1.  The scaling relationships are developed by generalized and fundamental equations of
substructures (shaft, disk, and bolted joint). The scaling factors of geometric dimen-
sions, support parameters, critical speed, and vibration displacement are derived and
can be used to design scaled models. However, as for STAGE and EM, the governing
equations of the whole structure are required when deriving scaling relationships.
Thus, the scaling relationships developed in this paper can reduce the calculation
effort and provide the possibility for the application of complex structures.

2. The effect of bolted joints on the dual-rotor system is considered. It is found that
the bolted joints reduce the critical speed and lead to the emergence of frequency
multiplication. Thus, the bolted joints need to be considered in similitude analysis.
Aiming at this issue, the scaling relationships derived in this paper take the nonlinear
stiffness of bolted joint into account for the first time.

3. For the case of LP rotor excitation or HP rotor excitation, only the resonance and
frequency components of the LP rotor or HP rotor can be found. As for two frequency
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excitations, both the resonance and frequency components of LP and HP rotors can
be observed. Besides, the critical speeds decrease slightly under the case of counter-
rotation. The predicted results of scaled models are compared with the results of the
prototype in these cases. The results for all working conditions show that the derived
scaling relationships can accurately predict the critical speeds, vibration responses,
and frequency components of the prototype, even though different materials and the
nonlinearity introduced by bolted joints are considered.

In our future work, the case of the shaft, disk, and bearings being made of different

materials will be investigated and more emphasis will be placed on the experimental
verification.
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Nomenclature

Roman symbols

Ch, CL damping matrices of HP and LP rotors

cs, ks damping and stiffness of shaft

E Young’s modulus of shaft

€14 eccentricities of disks 1-4

fu fu rotating frequencies of HP and LP rotors

Gy, GL gyroscopic matrices of HP and LP rotors

g gravitational acceleration

I area moment of inertia of shaft

k1 node numbers of the intershaft support

ko1, koo stiffness of bolted joint at the first and second stages
kin stiffness matrix of the intershaft support

Ky, K, stiffness matrices of HP and LP rotors

K stiffness matrix of joint element

Iq, Is thickness of disk and length of shaft

M internal bending moment of shaft

My, My, mass matrices of HP and LP rotors

mi4 mass of disks 1-4

Q shear force

Qn, QL force vectors of high- and low-pressure rotors

q5 generalized displacement vector of joint element
R ratio of rotational speed between HP and LP rotors
T4, s radii of disk and shaft

TLis Lo inner and outer radii of left end of shaft element
TRis YRo inner and outer radii of right end of shaft element
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t time

U, UL, displacement vectors of HP and LP rotors

X128, Y1-28 displacements of nodes 1-28 in x and y directions

Xy, Yy displacements of joint element in x and y directions

Xd, Vs displacements of disk and shaft

Greek symbols

Bx1-28, Oy1-28 rotations of nodes 1-28 in x and y directions

O3, byy rotations of joint element in x and y directions

Ap, AE scaling factors of density and Young’s modulus

AL Ay, Ae scaling factors of length, radius, and eccentricity

Aw, A, Aty Ax scaling factors of critical speed, rotating speed, time, and displacement
AxH, AxL scaling factors of displacement of HP and LP rotors

Akr Aes Ak scaling factors of support stiffness, damping, and bolted joint stiffness
Akin scaling factor of stiffness of intershaft support

0d Ps densities of disk and shaft

o, ¢ critical rotation angle and relative rotation angle between the flange and disk
O, Op rotating speeds of HP and LP rotors

Appendix A

The configurations of the dual-rotor system are given in Tables A1 and A2.

Table Al. Dimensions of the dual-rotor system.

Value
Parameter (m) Value Parameter (m)
rLi TLo TRi TRo
Length of shaft element /4 0.100 Radii of shaft element I; 0.035 0.050 0.035 0.050
Length of shaft element I, 0.050 Radii of shaft element I, 0.035 0.050 0.119 0.125
Length of shaft element I3, Ig 0.070 Radii of shaft element I3, I4 0.119 0.125 0.119 0.125
Length of shaft element Iy, I5 0.002 Radii of shaft element Iy, I5 0.105 0.125 0.105 0.125
Length of shaft element I7 0.050 Radii of shaft element I; 0.119 0.125 0.035 0.050
Length of shaft element Ig, I1g, 11 0.050 Radii of shaft element Ig, I, I11 0.035 0.050 0.035 0.050
Length of shaft element Iy 0.400 Radii of shaft element Ig 0.035 0.050 0.035 0.050
Length of shaft element I15, I 0.050 Radii of shaft element I, I, 0.070 0.080 0.070 0.080
Length of shaft element /13 0.025 Radii of shaft element /13 0.070 0.080 0.119 0.125
Length of shaft element /14, I17 0.050 Radii of shaft element 14, l17 0.119 0.125 0.119 0.125
Length of shaft element [y5, I14 0.002 Radii of shaft element I;5, I14 0.105 0.125 0.105 0.125
Length of shaft element I1g 0.025 Radii of shaft element ;g 0.119 0.125 0.070 0.080
Length of shaft element /19 0.100 Radii of shaft element /19 0.070 0.080 0.070 0.080
Table A2. Physical parameters of the dual-rotor system.
Parameter (m) Value Parameter (m) Value
Mass of disks 1 and 2 (kg) 700 Momentof m(elf;; 2f) disksland2 1y
Mass of disk 3 (kg) 6.56 Moment of inertia of disk 3 (kg.m?) 0.11
Mass of disk 4 (kg) 6.15 Moment of inertia of disk 4 (kg.m?) 0.11
Support stiffness kq, k, k3, k4 7 Support damping cy, ¢, ¢3, ¢4, C5
2 x 10 500
(N/m) x (N/m)
Support stiffness ki, (N/m) 4 x 107 Density (kg/ m?) 4350
Elastic modulus (GPa) 105 Poisson ratio 0.26
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Abstract: As one of the most promising forms of renewable energy, solar energy is increasingly
deployed. The simulation and control of photovoltaic (PV) systems requires identification of their
parameters. A Hybrid Adaptive algorithm based on JAYA and Differential Evolution (HAJAYADE) is
developed to identify these parameters accurately and reliably. The HAJAYADE algorithm consists
of adaptive JAYA, adaptive DE, and the chaotic perturbation method. Two adaptive coefficients are
introduced in adaptive JAYA to balance the local and global search. In adaptive DE, the Rank/Best/
1 mutation operator is put forward to boost the exploration and maintain the exploitation. The chaotic
perturbation method is applied to reinforce the local search further. The HAJAYADE algorithm is
employed to address the parameter identification of PV systems through five test cases, and the
eight latest meta-heuristic algorithms are its opponents. The mean RMSE values of the HAJAYADE
algorithm from five test cases are 9.8602 x 1074, 9.8294 x 10~4,2.4251 x 1073, 1.7298 x 1073, and
1.6601 x 10~2. Consequently, HAJAYADE is proven to be an efficient and reliable algorithm and
could be an alternative algorithm to identify the parameters of PV systems.

Keywords: parameter identification; optimization; hybrid algorithm; JAYA; differential evolution

1. Introduction

Nowadays, governments and the public are more concerned about environmental
protection and the energy crisis, meaning that the unsustainable energy structure dominated
by fossil energy urgently needs to be adjusted. They have turned to renewable energy,
which may be the main alternative to fossil fuels. Among various renewable energies, solar
energy is one of the most promising energies as it is clean, renewable, green, etc. [1]. For
solar energy, photovoltaic (PV) systems are commonly used because they can transform
solar energy into electrical energy. It is reported that the market for PV systems has
increased by as much as 50%, with more than 700,000 solar panels installed every day [2].
However, PV systems are often deployed in harsh environments, so that the utilization
efficiency is greatly influenced. It is indispensable to assess the performance behavior of
PV systems using models on the basis of observation data. Commonly used models are
the single-diode model (SDM) and double-diode model (DDM). The performance of these
models relies on the involved parameters. However, they are not available directly as they
vary due to the harsh environments. Therefore, it is necessary to estimate the parameters
of these models.

Identifying the parameters of these models can be defined as an optimized problem.
There are two main approaches to solve the problem, i.e., the mathematical method and
meta-heuristic algorithms. The former often tries to minimize a suitable function by
imposing restrictions such as convexity and differentiability [3]. However, the problem is
often nonlinear and multimodal, making the mathematical method ineffective and causing
it to quickly fall into the local optimum [4]. Hence, various approaches are based on
meta-heuristic algorithms.
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Meta-heuristic algorithms are widely used to estimate the parameters of PV systems as
they are simple, flexible, and derivation-free. These algorithms are developed based on the
evolutionary concept, biological behavior, and physical phenomena. A teaching—learning
optimization algorithm that simulates the learning and teaching process was combined
with the artificial bee colony algorithm that forges the behavior of honey bees [2]. An
oppositional teaching-learning algorithm was put forward to solve the problem. The
opposition-learning technique was used to help the algorithm escape from the local opti-
mum [5]. The multiple learning backtracking search optimization algorithm was realized
for estimating the parameters, in which multi-updating strategies were developed to boost
the diversity of the population [6]. An adaptive and chaotic grey wolf optimizer was de-
signed to deal with the issue [7]. A multi-swarm spiral leader particle swarm optimization
(PSO) algorithm was implemented to identify parameters. Several search mechanisms were
used in the algorithm to achieve good performance [8]. The improved slime mould algo-
rithm introduced Lévy flight (LF) and adaptive factors to attain the same aim [8]. In other
work, an advanced slime mould algorithm was developed to solve three commercial PV
models [9]. The Whippy Harris Hawks algorithm, as an extended version of Harris Hawks
optimization, was designed to estimate the parameters of PV systems, and superior search
capability was attained [10]. A robust and reliable approach on the basis of a stochastic
fractal search algorithm was used to address the problem, in which three PV models were
involved [11]. A hybrid algorithm based on the Rao algorithm and the chaotic map was
developed and exhibited minor deviation when addressing the problem [12]. An improved
marine predators algorithm using two different mutation strategies was proposed for the
issue, and serial experiments achieved better results [13]. An extended gaining—sharing
knowledge algorithm was applied to extract the parameters of PV systems, in which an
adaptive mechanism was incorporated into the algorithm [14]. An adaptive differential evo-
lution (DE) algorithm was developed to address the problem, and the experimental results
from three PV models proved the efficiency of the algorithm [15]. An enhanced metaphor-
free Gradient-based Optimizer Algorithm (GOA) was developed to cope with the issue [16].
An opposition-based GOA was also realized to identify the parameters of PV systems [17].
An effective and efficient solver called SFLBS was employed to tackle the problem [18].
Based on GOA, chaotic GOA was realized to derive PV systems’ parameters [19]. An
ensemble multi-strategy-driven shuffled frog leading algorithm was developed to optimize
the PV’s parameters to guarantee the optimal energy conversion [20].

These algorithms have attained remarkably good results when estimating the parame-
ters of PV systems. However, it has to be pointed out that most of the above algorithms
have to use additional parameters, except for the population size. The parameter settings
greatly influence the performance of these algorithms. Setting the proper parameter values
for a specific problem is still challenging. The parameter tuning is also a tedious task.
Therefore, developing a competitive and advanced algorithm to extract the parameters of
these models is still demanding work.

JAYA, developed by Rao [21], is a novel meta-heuristic algorithm. Its parameter-free
nature makes the algorithm different from the conventional meta-heuristic algorithms. For
instance, the genetic algorithm employs the crossover and mutation probabilities, PSO
uses the inertia weight, etc. The algorithm attains the optimal solution by approaching
the best solution and avoiding the worst solution. The algorithm’s structure is simple,
and the algorithm is easy to implement. Therefore, the algorithm has also been used to
solve problems in industrial applications [3,22-30]. For example, JAYA has been applied
to solve the standard hybrid energy system [29]. It has been integrated with a branch
and bound algorithm (BBA) to optimize the scheduling problem [30]. Various variants
based on the JAYA algorithm have been proposed, and several variants based on JAYA
have been employed to estimate the parameters of PV models. A comprehensive learning
JAYA algorithm was developed by introducing the comprehensive learning mechanism
to solve the parameters of three PV models [31]. An enhanced JAYA was developed to
accurately and efficiently address the problem, in which three extensions were incorpo-
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rated [32]. Performance-guided JAYA was offered, in which the promising search direction
was controlled [4]. A logistic chaotic JAYA algorithm was realized and the algorithm used
logistic chaotic map and mutation strategies to boost the population diversity [33]. An
Improved JAYA (IJAYA) was realized by randomly selecting two mutation strategies. The
proposed JAYA algorithm was used to address the problem [3]. Although these works
have boosted the performance of JAYA, they also may demonstrate some deficiencies. For
example, the two mutation strategies are randomly used in the IJAYA algorithm, without
considering the quality of the solution. The search capability is limited when extracting
the parameters of PV models [4] and these improvements are only based on JAYA, without
considering the hybrid idea.

As demonstrated above, the aforementioned meta-heuristic algorithms have been
successfully applied to solve the parameter identification of PV models [3,4,32,34,35].
However, these algorithms show different performances when attaining or approaching an
optimal solution. Some have defects, such as lower robustness, premature convergence,
and not exploiting the local information. It is necessary to design a competitive algorithm
to address the problem. Meanwhile, these efforts seldom use the hybrid idea to create
updating mechanisms, leading to limited improvements. Hybridization integrates the
advantages of different algorithms to establish a hybrid algorithm while minimizing the
substantial disadvantage. It is a common approach to boost the performance of evolutionary
algorithms. An effective hybrid algorithm named whale optimization/DE algorithm was
developed to estimate the parameters of PV models [36]. A hybrid GA-PSO algorithm was
proposed to optimize the size of a house with PV panels, batteries, and wind turbines [37].
A hybrid algorithm using multiverse optimizer, equilibrium optimization, and moth flame
optimization methods was implemented to tackle the optimal designs for wave energy
converters [38]. A hybrid cooperative co-evolution algorithm was also developed [39]. In
general, there are still shortcomings in the research on JAYA, which need to be improved
by promoting the identification parameters of PV systems based on the hybrid idea.

In light of these observations, a Hybrid Adaptive JAYA and Differential Evolution (HA-
JAYADE) algorithm is developed. This is proposed based on the strengths and weaknesses
of JAYA and DE. For JAYA, it is simple, while the search capacity is limited. Meanwhile, the
adaptive JAYA position updating mechanism introduces two adaptive coefficients to boost
the local and global search balance. The DE algorithm is flexible, and the search capacity
depends on mutation strategies [40,41]. Among these mutation strategies of DE, Best/1 is
commonly used with powerful exploitation and weak exploitation [42]. The Rank/Best/1
is put forward to enhance the exploration of the algorithm and maintain the exploitation by
introducing the ranking information of individuals into the mutation strategy. To enhance
the search capacity, the solutions obtained from the proposed HAJAYADE algorithm have
been updated through three mutation strategies, the adaptive JAYA position updating
mechanism, the Rank/Best/1 mutation strategy of DE algorithm, and the chaotic perturba-
tion. The chaotic perturbation is widely used in JAYA variants and is adopted here to search
around the best solution so that the exploitation can be further advanced [3,4]. The search
capacity of the proposed HAJAYADE algorithm is greatly enhanced and used to solve
the identification of PV parameters. The HAJAYADE algorithm is compared with eight
meta-heuristic algorithms, the conventional JAYA and DE algorithms. A statistical test is
performed to validate the performance of the proposed HAJAYADE algorithm. Therefore,
the paper narrows the knowledge gap by the following contributions:

(1) Two adaptive coefficients are introduced into JAYA to balance the local and global
search so that an adaptive JAYA (AJAYA) is developed.

(2) Anadaptive DE algorithm is put forward by the novel Rank/Best/1 mutation operator,
which considers the quality of the solution in the mutation stage.

(3) A Hybrid Adaptive algorithm based on JAYA and Differential Evolution (HAJAYADE)
is developed to identify the parameters of PV systems.

(4) The HAJAYADE is proven to be an efficient and reliable algorithm compared with
eight opponents.
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The PV models are introduced and the objective functions are defined in Section 2.
The JAYA and DE algorithms are introduced and the proposed HAJAYADE algorithm is
elaborated in Section 3. The experiments and the analysis of the results are described in
Section 4. The conclusions are made in Section 5.

2. PV Modeling Formation

There are several models to describe PV systems. Among these models, SDM and
DDM are widely used in electrical engineering. In this section, SDM, DDM, and PV module
models, based on SDM and DDV, are briefly introduced, and the objective function of the
PV model is formatted.

2.1. Mathematical Model
(1) Single-diode model (SDM)

SDM can precisely depict the static features of the solar cell. The model consists of
a resistor to show the leakage current, and a serial resistor to describe the losses of the
current. The model is demonstrated in [4].

The current I} can be computed as follows:

It = Ipp — I — Lsp 1
X (VL +Rg x I,
I = Iy % {exp(q (nxkxsT )) —1} )
VL +Rs <1
Iy = =t ©
sh

where [}, is the current of the output, Ly is the current from the solar cell, I; is the current
from the diode, which can be computed by Equation (2), Rs; and Ry, are two resistors, Vi
is the output of the cell voltage, I;; is from the reverse saturation of the diode, n is the
feature factor of the diode, both k = 1.3806503 x 10~2% J /K and g = 1.60217646 x 10~ C
are constants. The parameter T is the absolute temperature of the cell. Equations (1)—(3)
can be combined, and the output cell can be depicted as follows:

)

Rs X 1 Rs x1
It = Ipp — Isg % [exp(qx(VL+ < X L>>1}VL+ s XL

nxkxT Ry,

where five parameters (Iph, Lsq, Rs, Rgp,, n) are unknown and need to be estimated. These
parameters have to be identified so that the performance of the solar cells can be fully
measured. The problem can be addressed by optimization algorithms.

(2) Double-diode model (DDM)

Different from the SDM, the DDM has double diodes. The DDM considers the in-
fluence of recombination current loss. Ref. [4] shows the circuit, and the output can be
computed as follows:

It = Iy — Ijn—Igo — L
qX(VL+R5XIL) _ 1
ny xXkxT

M) _ 1} _ Vi4RexIp

= Iph — L % [exp<
~lsa2 X [exp( nyxkxT

Q)

sh

where [;;; and I, are the diffusion and saturation current, 1 and 7, are the diffusion diode
and recombination diode ideal factor. There are seven parameters (I pho Isa1s Isan, Rs, Rop, 111, nz)
that need to be estimated.

(3) PV module model
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According to [4], the PV module model is built on a number of PV cells in paral-
lel or/and in series. The module is based on the single-diode module model (SMM)
and double-diode module model (DMM). The output current of the SMM is computed
as follows:

V. x Iy /Ns+RsxI; /N
Iy = (Iph — Igq X [@q}(qx( - Ln><k><T - p)> _1}

VL/N5+RS><IL/Np) % N
e P RP )

(6)
Rsh
where N, is the number of solar cells in parallel, and N; is the number of solar cells in

series. Hence, five parameters (Iph, Isq, Rs, Rgp,, n) need to be estimated.

2.2. Problem Formation

The parameters of the above models need to be estimated so that the performance of

PV can be measured. Generally, the issue can be transformed into an optimization problem

by minimizing the calculated and experimental data difference. The error can be defined

by the following equations, in which Equations (7)—(9) are for SDM, DDM, and SMM, and
x is the set of unknown parameters to be evaluated.

F(Vi, I, %) = Ly — I X [exp(%) - 1} — Vit _ g -

X = {IphIISdIRSIRSh/n}
Vi+Rsx1
Vi +Rsx1 s
Ly % [exp(w) _ 1} ViRl p )

ny xkxT sh

X = Iphr L1, Lo, Rs, R, 111, 112

nxkxT

F(VL, I, x) = (Iph = Lsa X [EXP
©)

VL/NSJrRsXIL/Np
7—Rsh ) X Np — IL

x= {Iph,lsd, Rs,Rsh,n}

In previous studies, the root mean square error (RMSE) is employed as the objective
function to measure the difference between simulated and experimental data [4]. If there
are measurement errors, we can perform multiple measurements, and the mean result
can be obtained and used as the experimental data. The measurement errors can be
reduced. Minimizing the objective function is to search for the optimal solution x in the
specific range.

N
RMSE(x) = % Y fie(Ve, I, x)? (10)
k=1

where N is the number of experimental data, and x is the solution needed to be optimized.

3. Proposed HAYAJADE Algorithm Based on JAYA Algorithm and DE Algorithm

Both JAYA and DE are population-based evolutionary algorithms. In this section, two
algorithms are briefly presented. Initialization is the first step for both algorithms. For a min-
imization problem, let f(x) be the objective function with D-dimension (j = 1, 2,..., D), x; ;
is the value of jth dimension for ith candidate solution and x; = (xl-ll, Xi2yeeos Xijyeees xi,D)
is the ith candidate solution’s position. The range of x; ; is between L; and U;. The initial
solution x; ; can be generated as follows:

Xjj = L]' + (U/ - L]) X Tlli’ld,’/]‘,]' =12,...,D (11)
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where rand; j is a random number between 0 and 1, U; and L; are upper and lower bound-
aries of the jth dimension.

3.1. JAYA Algorithm

JAYA is a novel evolutionary algorithm compared with the DE algorithm. It was devel-
oped by Rao [21]. The algorithm can be employed to solve constrained and unconstrained
problems. It is based on the idea that the solution should approach the best solution and
avoid the worst solution when optimizing a specific problem. Unlike the conventional
population-based evolutionary algorithms, JAYA is parameter-free, as it only has a common
parameter, i.e., population size.

The best solution xp,s; = {xbest,ll Xbest 2+« - » Xbest,D } has the minimization fitness value,
while Xworst = {Xworst,1, Xworst 2, - - - » Xworst, D } has the maximization fitness value among the
current solutions. Then, x; ; is updated by the following equation:

) (12)

/
Xjj = Xjj +randy x (xbest,j — |xl-,]-|> — randy X (Xyorstj — |Xij

where rand, and rand, are two random numbers between 0 and 1, Xeporst,j and Xpest j are
values of the jth dimension for the worst and best solutions, |x; ;| is the absolute value of
the jth dimension for the ith solution, x/ j and x; ; are the updated and the original values of

the jth dimension for the ith solution. The term xpes; ; — |xl-,]-] is used to denote the tendency
towards the optimal solution, while the term xyorst,j — |xl-,j| is applied to represent the
tendency to avoid the worst solution.

If the generated individual x/ is superior to the original individual x;, the new indi-
vidual x} will take the place of the original one. Otherwise, the original one is kept. The
process can be mathematically presented as follows:

X = { x;’ lff(x:) < f(xi) (13)

x;, otherwise

3.2. DE Algorithm

The DE algorithm is also a very simple and efficient population-based evolutionary
algorithm that is older than the JAYA algorithm [40]. However, it is one of the most popular
evolutionary algorithms due to its structure, real number encoding, and effectiveness [43].
The steps in the DE algorithm involve mutation, crossover, and selection.

There are many mutation operators in the DE algorithm. The mutation operator Best/1
is commonly used as follows:

0 = Xpest + F X (xr, — xp,) (14)

where r1 and r, are randomly generated between 1 and the value of population size
(r1 # 12 # 1), Xpes is the optimal solution found so far, v; is the mutant vector, and F is the
scalar factor in the range of 0 and 1. The term x,, — x;, is the difference vector.

The following step is crossover. It is used to exchange the information between the indi-
vidual x; = {j1,X;2,...,Xij,...,%p} and the mutant vector v; = {v;1,;2,...,0;j,...,Vip }-
The most commonly used crossover operator is defined as follows:

T vjj if rand < CRorj = Jna (15)
i x;,j otherwise

where rand is a random number between 0 and 1, CR is the crossover constant, which can
be defined by the user, J,;,4 is the integer in the range of 1 and D to make use of the fact
that u; at least has a component from v;.
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The last step is the same as the JAYA algorithm, which is the greedy selection. If the u;
is superior to the x;, the x; is replaced by u;. Otherwise, u; is abandoned and x; is kept.

x; = { uj, lf f(ui) < f(xi) (16)

X;, otherwise

3.3. Hybrid Adaptive JAYA and DE (HAJAYADE)

For population-based meta-heuristic algorithms, it is necessary to realize a balance
between exploitation and exploration. The exploration is to search as broadly as possible
to identify the potential region, while the exploitation is to search around the potential
region. In the early stage of evolution, the exploration is encouraged to scatter throughout
the whole search space. At the later stage of evolution, exploitation is more necessary to
approach the optimal solution.

For the JAYA algorithm, the main feature is its parameter-free nature, which makes it
attractive [21]. The algorithm uses information from the best and worst solutions to search
around the space. The single search strategy used in JAYA is to approach the best solution
and avoid the worst solution. However, the single strategy may deteriorate the exploitation
and exploration capabilities of the algorithm, which may lead to the local optimum.

In recent years, many improvements have been implemented to improve the per-
formance of JAYA [3,4,32,34,35]. However, these efforts seldom use the hybrid idea to
design updating mechanisms, leading to limited improvements as the hybrid is a common
approach to boost the performance for most evolutionary algorithms [44]. If the feature
of DE is reasonably integrated into the framework of JAYA, the exploitation can be signifi-
cantly boosted as the capacity is superior for the Best/1 mutation strategy. Meanwhile, an
adaptive approach is used to enhance the exploration, and balance the exploitation and
exploration in the proposed algorithm. Lastly, a chaotic method is applied to boost the
exploitation further [18]. Based on the observations, we developed a Hybrid Adaptive
JAYA and DE algorithm (HAJAYADE). The algorithm consists of adaptive JAYA (AJAYA),
adaptive DE, and adaptive chaotic perturbation.

3.3.1. Adaptive JAYA (AJAJA)

The conventional JAYA assigns the same priority to the best and the worst solutions.
The best solution can be given more priority, while the worse solution can be assigned less
priority so that the search direction can approach the potential region more quickly. Hence,
two adaptive coefficients are introduced as follows:

wr — M 1 f(xbest) =0 (17)
! ;{1(1;1(7{55;)) f(xbest) 3& 0
1 f(xworst) =0
= 18
= {500 o "

where xp.s; and xyorst are the best and worst solutions found so far, f(xpes;) and f (xworst)
are their fitness values, and Mean(f(x)) is the mean value of these fitness values. For
a minimization problem, w; is greater than 1 while w; is less than 1. As the iteration
increases, they approach 1, as shown in Figure 1.
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Figure 1. Trend of the two coefficients w1 and wy.
Then, the two adaptive coefficients are introduced into Equation (19) as follows:

/
Xj; = x;j+wy X randy x (xbest,j — |xij

) — wy X randy X (xworst,j - |xi,j ) 19)

At the beginning of the iteration, the differences among f(Xpest), f(Xworst), and
Mean(f(x)) are significant. w; is larger while w, is smaller. The search direction is
directly towards the potential region. At the later stage of the iteration, the difference
among the three values is slight. w; and w, are very close to 1. The xp,; and xorst are
also close to each other. The local search can be implemented. Therefore, we introduce two
coefficients w; and w; to balance exploration and exploitation. Their values depend on the
fitness values of solutions and do not need to introduce any extra parameters.

3.3.2. Adaptive DE Algorithm

The performance of the DE algorithm mainly relies on the mutation operator. For
Best/1, the exploitation is powerful while the exploration is weak. Searching around the
best solution may deteriorate the exploration. To maintain the exploitation and improve
the exploration, we propose the Rank/Best/1 mutation operator in Equation (20).

Vj = Xpest + rand X (xmnkr1 - xrz) (20)

where rankry is the integer in the range of 1 and population size, rand is a random number
in the range of 0 and 1 to take the place of the scalar factor F so that the lesser parameter is
introduced. We select rankr; depending on the fitness value of f (xnmk,l ) Firstly, we sort
solutions based on their fitness values in ascending order. Then, we assign the ranking
values rank; to each solution. The better the solution, the smaller the rank; [45]. The
selection probability p; can be computed as follows:

rank; = NP — i (21)
_ rank;
Pi=xp (22)

where i is the rank index, rank; is the rank value, and p; is the selection probability. The
better the solution, the more the p;.

For the conventional Best/1, r; and rp are randomly generated. The difference vector
X, — Xr, does not change significantly, especially at the early stage. The search range
and exploration are limited. Different from Best/1, the rankry is generated and selected
depending on its corresponding pysi,- We randomly generate a random number rand
in the range of 0 and 1. If p,4k,, > rand, we accept the rankr;. Otherwise, we have to
regenerate the rankr;. As the unique generated mechanism is used, the difference vector
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Xrankr; — Xr, changes significantly, especially at the early stage. The search range is fully
extended, and the exploration is boosted. At the latter stage, the difference in the population
is much smaller, so the difference vector x,4,kr, — Xr, changes slightly. The exploitation is
realized. To avoid the local optimum, r, is randomly generated in the range of 1 and NP
without using the unique approach.

3.3.3. Adaptive Chaotic Method

Lastly, the adaptive chaotic method is applied to improve the exploitation of the
algorithm further. The chaotic approach has been proven valuable and successful in many
evolutionary algorithms [3,4]. The method is used to explore the best solution, and a
logistic map is a useful approach in many experiments of JAYA. Therefore, it is also adopted

as follows:
randk =1

Zk:{4><zk1><(2><zk1—1)k>1 (23)

where k is the index of iteration. When k = 1, z; is randomly generated between 0 and 1.
z is used as a perturbation to the best solution.

. _ Xpest,j Otherwise

A { Xpest,j +rand X (2 x zx — 1) if rand <1 — FES/FESyx

(24)

where Xy, j is the value of the jth dimension for xpes, 2k is the value of kth chaotic, FES is
the number of function evaluation, FES,y is the maximal function evaluation. At the early
stage, the FES is small and the condition rand < 1 — FES/FES,4x is met more frequently;
more chaotic perturbation is used to generate solutions around the x,.5;. At the later stage,
with the increasing of FES, it is difficult to satisfy the condition rand < 1 — FES/FESx.
Xpest 1S very close to the optimal solution, and more perturbation is unnecessary. If the
solution x* is superior to the worst solution, x* will take the place of the solution. Otherwise,
the solution x* is discarded.

3.3.4. Framework of HAJAYADE

The proposed HAJAYADE algorithm is mainly based on JAYA and DE. Therefore, we
use two populations for the two algorithms. By the greedy selection, the two populations
form a single population. The flowchart of HAJAYADE is presented in Figure 2, and the
pseudo-code of HAJAYADE is shown as follows (Algorithm 1).

3.3.5. Complexity of the Proposed HAJAYADE Algorithm

The complexity of the HAYAYADE is discussed as follows. Let the population size
be NP and the dimension of the problem be D. Identifying the best and worst solutions,
computing the mean fitness value demands O(NP). Updating the position of popula-
tion needs O(NP x D). Ranking solutions in the population requires O(N x Plog(NP)).
The mutant process requires O(NP). The crossover operator demands O(NP x D). The
greedy selection for the hybrid algorithm requires O(NP). The chaotic operator requires
O(D). Therefore, the total complexity of the proposed HAJAYADE algorithm needs
O(NP + NP x D+ NP x log(NP) + NP + NP x D + D). As the log(NP) is often smaller
than D, the complexity of the proposed HAJAYADE algorithm is O(NP x D).

49



Mathematics 2022, 10, 183

Algorithm 1: HAJAYADE

The population size :

Input: NP; the maximal function evaluation (FESay ); crossover constant CR
Output:  The optimal solution
1 Generate initial population p by Equation (11)
2 Evaluate the fitness value of population p
3 FES = NP;
4 While (FES < FESyax)
5 Identify the best solution xp,,; and its corresponding fitness value f(Xpes;)
6 Identify the worst solution x5t and its corresponding fitness value f(Xworst)
7 Calculate the adaptive parameters w; and w, by Equations (17) and (18)
8 fori=1:NP
9 Update the population p by Equation (19) and generate the trial vector x;
10 end
11 Compute the selection probability p; according to Equation (22)
12 fori=1:NP
13 Generate a rand in the range of 0 and 1
14 Randomly select an integer rankr; in the range of 1 and NP
15 While (rand > p(rankry)||i == rankry)
16 Randomly select an integer rankr1 in the range of 1 and NP
17 end
18 Randomly select an integer r; in the range of 1 and NP
19 While (i == rp||rankr; == 1p)
20 Randomly select an integer r; in the range of 1 and NP
21 end
22 Generate the mutant vector u; by Equation (20)
23 end
24 fori=1:NP
25 Generate the trial vector v; by Equation (15)
26 end
27 fori=1:NP
28 Evaluate the fitness value of x; and v; respectively
29 if (f (x) < f(xi))
30 x; = xj; f(x) = f(x]);
31 end
32 if (f(vi) < f(x:))
33 xi = v f(xi) = f(vi);
34 end
35 FES =FES+2;
36 end
37 Identify the best solution xp.; and the worst solution xyorst
38 Use the chaotic perturbation to generate the solution x* by Equation (24)
39 if (f(x*) < f(xworst))
40 Xworst = x*;f(x*) = f(xworst)/'
41 end
42 FES = FES+1;
43 end
44 Output the optimal solution xp,s; and its corresponding fitness f(xpest)-
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v
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Y
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Jo*)<fxworst)

1 Xworst=x*

Figure 2. Flowchart of HAJAYADE.

4. Experimental Results and Analysis

The performance of the proposed HAJAYADE algorithm is used to estimate the
parameters of PV models, including the SDM, DDM, and SMM. The current-voltage data
are from reference [46]. They are widely employed to test diverse techniques developed
to estimate the parameters of PV models. The data of SDM contain 26 groups of current
and voltage under 1000 W/ m? at 33 °C, which is the RTC France Si cell. The DDM is
measured by 57 silicon. The SMM includes the Photowatt-PWP201 PV model, STM6-
40/36 PV model, STP6-120/36 PV model. The temperatures at the three PV models are
4 °C,51 °C,and 55 °C [32]. For the five problems, the range of parameters is listed in
Table 1.
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Table 1. Ranges of parameters.

SDM/DDM Photowatt-PWP201 STM6-40/36 STP6-120/36
Parameter
Upper Lower Upper Lower Upper Lower Upper Lower

Ln(A) 1 0 2 0 2 0 8 0
Lig, L1, Lp (uA) 1 0 50 0 50 0 50 0
n,ny, ny 2 1 50 1 60 1 50 1
Rs(Q)) 0.5 0 2 0 0.36 0 0.36 0
Ry(QQ) 100 0 2000 0 1000 0 1500 0

To test the performance of the proposed HAJAYADE algorithm, some of the latest
algorithms and their variants are used as its opponents, including GWO [47], CMAES [48],
TLABC [2], TAPSO [49], MLBSA [6], GOTLBO [5], PGJAYA [4], and IJAYA [3]. GWO is
a novel swarm intelligent algorithm proposed by Mirjalili et al. [47]. The self-adaptation
of the mutation distribution is adopted in the CMAES algorithm to boost the local and
global search [48]. TLABC is a hybrid algorithm based on TLBO and ABC, with the
purpose of enhancing the reliability and accuracy of meta-heuristic algorithms [2]. In
TAPSO, three archives are used to design an efficient learning model and select proper
exemplars [49]. In MLBSA, a fraction of individuals learn from the elite solution, while
the remaining individuals learn from the historical population and current population to
balance the exploration and exploitation [6]. In GOTLBO, a generalized opposition-based
learning technique is integrated into basic TLBO to enhance the convergence [5]. In the
PGJAYA algorithm, each individual can adaptively select mutation strategies depending
on its selection probability [4]. In IJAYA, an adaptive coefficient and an experience-based
mutation operator are introduced to boost the diversity of the population and enhance the
exploration [3].

The main parameters of the above nine algorithms are listed in Table 2. These param-
eters are mainly based on their original references so that the best performances of these
algorithms can be guaranteed. The maximal function evaluations are set to 50,000. Each
algorithm runs thirty times independently, and the statistical results are obtained. These
algorithms run on a PC with a memory of 8 GB, primary frequency of 3.4 GHz, Win 10 OS,
and Matlab R2020a.

Table 2. Parameter values of ten algorithms.

Algorithm Parameters
GWO a linearly decreases from 2 to 0; NP = 20
CMAES c=025NP =20
TLABC limit = 200, F = rand(0,1); NP = 50
TAPSO w = 0.7298, p. = 0.5, py = 0.02, NP = 20
MLBSA NP =50
GOTLBO NP =50,], =03
PGJAYA NP =20
JAYA NP =20
HAJAYADE NP =20;C, =0.5

4.1. Results and Analysis
(1) Results of SDM

For the SDM,, i.e., the RTC France Si cell, the statistical results involving the maximal,
mean, minimal, and the standard deviation values of RMSE from the above nine algorithms,
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i.e,, GWO, CMAES, TLABC, TAPSO, MLBSA, GOTLBO, PGJAYA, IJAYA, and HAJAYADE,
are listed in Table 3. In terms of the minimal value, most algorithms except GWO, CMAES,
and IJAYA are the best. Only three algorithms, i.e., MLBSA, PGJAYA, and HAJAYADE, can
obtain the best value in terms of the mean value. However, only the proposed HAJAYADE
algorithm has the lowest maximal value. Therefore, the proposed HAYAJADE algorithm
is the best one for the SDM. The convergence curves of the nine algorithms are plotted
in Figure 3. It can be noticed that the convergence speed of GWO and CMAES is lower
compared with the remaining algorithms. When the convergence curves are magnified, it
can be observed that the convergence speed of these algorithms is also different, in which
the proposed HAJAYADE algorithm is the fastest. The best solutions obtained from 30 runs
for each algorithm are listed in Table 4. To validate the quality of the results obtained from
the proposed HAJAYADE algorithm, the best-estimated values are employed to establish
the relationship between the current and voltage in Figure 4. The experimental data are
highly consistent with the calculated data. The figure further validates the effectiveness of
the proposed HAJAYADE algorithm.

Table 3. Statistical results from nine algorithms for the SDM problem.

Algorithm Min Mean Max Std
CMAES 24203 x 1073 4501 x 103 9.7738 x 1073 2.0983 x 1073
GWO 1.0023 x 10—3 8.1335 x 10~3 44315 x 1072 1.3204 x 1072
TLABC 9.8602 x 104 9.9218 x 1074 1.0317 x 10—3 1.1679 x 1075
TAPSO 9.8602 x 104 1.0267 x 1073 2.2063 x 1073 2228 x 1074
MLBSA 9.8602 x 104 9.8602 x 104 9.8604 x 10~* 2.7152 x 10~
GOTLBO 9.8602 x 104 1.01 x 1073 1.3865 x 1073 9.01 x 10~°
PGJAYA 9.8602 x 104 9.8602 x 104 9.8607 x 10~4 7.8692 x 10~
JAYA 9.8625 x 104 9.8924 x 104 9.9869 x 10~* 2.8943 x 10~°
HAJAYADE 9.8602 x 104 9.8602 x 104 9.8602 x 104 0
SDM
-1 T T
CMAES
~ —e— GWO
28 — *— TLABC
i1\ TAPSO
——— MLBSA
’ GOTLBO
D" v PGJAYA
0 - »— LJAYA
= - HAJAYADE
- - B
3 ~ .
= e _
E S .- o
.'I‘I:
/
— 'IEII
o T:_-_t"_—‘—ir——ﬂi—— "
0 0.5 1 1.5 2 2.5 3 35 4 45 5
Iterations <10*

Figure 3. Convergence curve of nine algorithms for the SDM.
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Table 4. Optimal solutions obtained from nine algorithms for SDM.

Algorithm Ipn Iy R, Ry, n RMSE
CMAES 0.76076 0.9522 0.031301 95.9066 1.5988 24203 x 1073
GWO 0.76093 0.32791 0.03631 51.4854 1.4828 1.0023 x 1073
TLABC 0.76078 0.32302 0.036377 53.7185 1.4812 9.8602 x 104
TAPSO 0.76078 0.32302 0.036377 53.7185 1.4812 9.8602 x 104
MLBSA 0.76078 0.32302 0.036377 53.7185 1.4812 9.8602 x 104
GOTLBO 0.76078 0.32302 0.036377 53.7185 1.4812 9.8602 x 104
PGJAYA 0.76078 0.32302 0.036377 53.7186 1.4812 9.8602 x 104
JAYA 0.76074 0.32302 0.036382 54.0089 1.4811 9.8625 x 10~*
HAJAYADE  0.76078 0.32302 0.036377 53.7185 1.4812 9.8602 x 104

O Experimental data
Model data

O Experimental data
Model data 1 12

0.8

0.6

power(P)
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-02

0.3
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0.1

0

-04
01 02 03 04 08 0e o7 0.3 02 01 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage (V)

Voltage (V)
Figure 4. I-V and P-V characteristic curves of SDM.

(2) Results on the DDM

For the DDM, seven parameters need to be optimized, and the dimension is more
than the SDM. The results from the above nine algorithms are revealed in Table 5, in which
HAJAYADE has attained the best results in terms of the minimal (9.8294 x 10~*), mean
(9.8641 x 10~%), and maximal value (9.96 x 10~%). The difference among these statistical
results of the proposed HAJAYADE algorithm is tiny, indicating that the proposed HAYA-
JADE algorithm is robust. The result of PGJAYA is second only to the proposed HAJAYADE
algorithm, ranking second. GWO has obtained the worst result as the algorithm only uses
the top three wolves to guide the search direction. The exploration is limited, and the
algorithm is easily trapped into the local optimum. The standard deviation of the algorithm
is the largest, which indicates that GWO is less robust. The reason behind the superior
performance is that the proposed HAJAYADE algorithm uses the hybrid mechanism, which
boosts exploration and exploitation. The excellent performance can also be measured by
convergence curves, in which the log (mean RMSE) is used as the value of the y-axis so that
the difference among the nine algorithms is apparent. The convergence speed of the pro-
posed HAJAYADE algorithm is much faster according to Figure 5. The best results attained
from these algorithms are listed in Table 6, and the result of the proposed HAJAYADE
algorithm is used to construct the model. The experimental and calculated data from the
proposed HAJAYADE algorithm are plotted in Figure 6. It is evident that the two groups’
data are in superior accordance.
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Table 5. Statistical results from nine algorithms for the DDM.

Algorithm Min Mean Max Std
CMAES 9.9015 x 10~* 3.2883 x 1073 6.9683 x 1073 1.8499 x 103
GWO 1.1429 x 1073 9.6965 x 1073 3.8045 x 1072 1.2305 x 102
TLABC 9.8407 x 104 1.0616 x 1073 1.4496 x 1073 1.2359 x 1074
TAPSO 9.8269 x 10~* 1.2853 x 103 2.3508 x 1073 41093 x 10~*
MLBSA 9.8285 x 104 9.856 x 10~ 9.8778 x 104 9.3682 x 107
GOTLBO 9.8299 x 104 1.0303 x 103 1.4242 x 1073 1.0111 x 104
PGJAYA 9.8298 x 104 9.8624 x 1074 9.9773 x 104 29021 x 10~°
IJAYA 9.8631 x 1074 1.0107 x 103 1.182 x 1073 4704 x 105
HAJAYADE 9.8294 x 104 9.8641 x 10~% 996 x 1074 2.8534 x 10~°
DDM
CMAES
—8— GWO
* TLABC
TAPSO
N . —+—MLBSA
GOTLBO
Im S » | PGJAYA
023 _ - e — P LJAYA
E _ . - -—17'____ —&— HAJAYADE
@ { o .
_q_.) | ~— _
% I." R §
k-3 /
/
Illl}
- |IIII
] 0.5 1 15 2 25 3 a5 4 4.5 5
Iterations <10°
Figure 5. Convergence curve of nine algorithms for the DDM.
Table 6. Optimal solutions obtained from nine algorithms for DDM.
Algorithm Ipn Iy R, Ry, ny L ny RMSE
CMAES 0.76062 0.26941 0.036502 56.3321 1.4674 0.1659 1.7803 9.9015 x 1074
GWO 0.76106 0.89499 0.036962 48.1939 1.3866 0.6471 1.729 1.1429 x 103
TLABC 0.76079 0.38772 0.036647 54.6552 1.8584 0.232 1.4546 9.8407 x 10~%
TAPSO 0.76079 0.67827 0.036741 54.9983 1.9987 0.23154 1.4529 9.8269 x 1074
MLBSA 0.76078 0.5284 0.036623 54.9649 1.9978 0.25212 1.4602 9.8285 x 104
GOTLBO 0.76078 0.25815 0.036604 54.8163 1.4622 0.48047 1.9987 9.8299 x 10~*
PGJAYA 0.76078 0.25828 0.036598 54.8875 1.4622 0.48583 1.461 9.8298 x 10~%
IJAYA 0.76082 0.29722 0.036558 54.0126 1.8502 0.25073 1.461 9.8631 x 1074
HAJAYADE 0.76078 0.49872 0.036602 54.9059 1.9992 0.25657 1.4617 9.8294 x 10~%
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Figure 6. I-V and P-V characteristic curves of DDM.

(3) Results on PV models

There are three PV models, the Photowatt-PWP201, the STM6-40/36, and the STP6-
120/36. It is necessary to optimize five parameters. The above nine algorithms are used to
identify these five parameters. The statistical results of the three groups are listed in Table 7.
GWO and CMAES have attained inferior results for the three groups. Except for the two
algorithms, TAPSO has obtained worse results for both Photowatt-PWP201 (2.5928 x 1073)
and STP6-120/36 (6.2436 x 10~1), and GOTLBO is inferior for STM6-40/36 in terms of
the mean value (3.4321 x 1073). On the contrary, regarding the three JAYA variants, the
performances of PGJAYA, IJAYA, and HAJAYADE are better. In more detail, PGJAYA and
HAJAYADE have attained the best results for Photowatt-PWP201. The performances of
HAJAYADE are more robust compared with PGJAYA and IJAYA. Thus, it is the best one
among the nine algorithms.

The solutions attained from these algorithms are presented in Table 8. The calculated
data and experimental data are visually illustrated in Figure 7. It can be further observed
that the difference between the two serial data is tiny, indicating that the solutions obtained
from the proposed HAJAYADE algorithm are accurate. In addition, the convergence curves
of the nine algorithms for the three PV models are presented in Figure 8. It can be observed
that the remaining algorithms are similar in terms of convergence speed for Photowatt-
PWP201, except for GWO and CMAES. The convergence rate of the nine algorithms is
significantly different for STM6-40/36 and STP6-120/36, in which the proposed HAJAYADE
algorithm is the fastest.
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Table 7. Statistical results from nine algorithms for three PV models.

Model Algorithm Min Mean Max Std

CMAES 4.9842 x 1073 5.957 x 1072 25934 x 107! 7.5656 x 1072

GWO 2.6039 x 1073 3.9456 x 1072 2.7431 x 107! 9.368 x 1072

TLABC 2.4251 x 1073 24266 x 1073 2.4496 x 1073 5.7303 x 10~°

Photowatt.PWP201 TAPSO 2.4251 x 1073 25928 x 1073 41483 x 1073 3.8109 x 1074
MLBSA 2.4251 x 1073 24251 x 1073 2.4251 x 1073 49687 x 10710

GOTLBO 2.4251 x 1073 2427 x 1073 24621 x 1073 7.5384 x 1076

PGJAYA 2.4251 x 1073 24251 x 1073 2426 x 1073 1.7877 x 1077

IJAYA 2.4251 x 1073 2427 x 1073 24385 x 1073 2.8147 x 107°
HAJAYADE 24251 x 1073 2.4251 x 1073 2.4251 x 1073 3.2215 x 1015

CMAES 1.9343 x 1073 8.8897 x 1072 1.613 x 107! 5.1349 x 1072

GWO 4.8387 x 1073 8.6059 x 1073 1.7596 x 1072 3.3055 x 1073

TLABC 1.7298 x 103 1.9398 x 1073 2.6262 x 1073 22746 x 1074

TAPSO 1.7298 x 103 2.3263 x 1073 1.0566 x 1072 1.5873 x 1073

STME-40/36 MLBSA 1.7298 x 103 1.8 x 1073 3.7038 x 1073 3.5966 x 10~
GOTLBO 1.7298 x 103 3.4321 x 1073 2.1722 x 1072 3.5876 x 1073

PGJAYA 1.7298 x 103 1.7302 x 1073 1.7376 x 1073 1.4416 x 107

JAYA 1.7345 x 1073 1.8305 x 1073 2221 x 1073 1.2044 x 10~*
HAJAYADE 1.7298 x 1073 1.7298 x 1073 1.7298 x 1073 3.6569 x 1016

CMAES 1.6612 x 1072 5.2725 x 107! 1.4131 6.0591 x 101

GWO 1.733 x 1072 22768 x 1071 1.4131 41976 x 107!

TLABC 1.6601 x 1072 1.6775 x 1072 1.8269 x 1072 3.3454 x 1074

TAPSO 5.7763 x 1072 6.2436 x 1071 1.299 3.7049 x 1071

STP6-120/36 MLBSA 1.6601 x 1072 1.6627 x 102 1.6786 x 1072 41209 x 1075
GOTLBO 1.6605 x 1072 22226 x 1072 5.9712 x 1072 9.5158 x 1073

PGJAYA 1.6601 x 102 1.6609 x 1072 1.6722 x 1072 2.7355 x 107°

JAYA 1.6733 x 1072 1.6813 x 1072 1.691 x 1072 41722 x 1072

HAJAYADE 1.6601 x 102 1.6601 x 102 1.6606 x 102 9.2421 x 10~7
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Table 8. Optimal solutions attained from nine algorithms for three PV models.

Model Algorithm Ipn Iy R¢ Ry, n RMSE
CMAES 1.0467 0.19815 1.2319 316.3977 46.6264 49842 x 1073
GWO 1.0287 0.48801 1.1664 1544.616 49.969 2.6039 x 1073
TLABC 1.0305 0.34823 1.2013 981.9822 48.6428 24251 x 1073
Photowatt- TAPSO 1.0305 0.34823 1.2013 981.9824 48.6428 24251 x 1073
PWP201 MLBSA 1.0305 0.34823 1.2013 981.9823 48.6428 24251 x 1073
GOTLBO 1.0305 0.34823 1.2013 981.9823 48.6428 2.4251 x 1073
PGJAYA 1.0305 0.34823 1.2013 981.992 48.6429 24251 x 1073
IJAYA 1.0305 0.34864 1.2011 982.0576 48.6474 24251 x 1073
HAJAYADE 1.0305 0.34823 1.2013 981.9824 48.6428 24251 x 1073
CMAES 7.4755 2.2665 0.0046056 17.8598 1.2576 1.6612 x 1072
GWO 7.4664 3.389 0.0044212 1052.2704 1.292 1.733 x 1072
TLABC 7.4725 2.335 0.0045946 22.2199 1.2601 1.6601 x 102
TAPSO 7.4811 27.857 0.0028127 809.038 1.5075 5.7763 x 1072
STME-40/36 MLBSA 7.4725 2.335 0.0045946 22.2202 1.2601 1.6601 x 102
GOTLBO 7.4741 2.2787 0.0046047 19.572 1.2581 1.6605 x 102
PGJAYA 7.4725 2.3351 0.0045946 22.2253 1.2601 1.6601 x 102
JAYA 7.4697 2.5505 0.0045678 40.1402 1.2675 1.6733 x 1072
HAJAYADE 7.4725 2.3351 0.0045946 22.2199 1.2601 1.6601 x 102
CMAES 7.4755 2.2665 0.0046056 17.8598 1.2576 1.6612 x 1072
GWO 7.4664 3.389 0.0044212 1052.2704 1.292 1.733 x 1072
TLABC 7.4725 2.335 0.0045946 22.2199 1.2601 1.6601 x 102
TAPSO 7.4811 27.857 0.0028127 809.038 1.5075 5.7763 x 1072
STP6-120/36 MLBSA 7.4725 2.335 0.0045946 22.2202 1.2601 1.6601 x 102
GOTLBO 7.4741 2.2787 0.0046047 19.572 1.2581 1.6605 x 102
PGJAYA 7.4725 2.3351 0.0045946 22.2253 1.2601 1.6601 x 102
JAYA 7.4697 2.5505 0.0045678 40.1402 1.2675 1.6733 x 1072
HAJAYADE 7.4725 2.3351 0.0045946 22.2199 1.2601 1.6601 x 102
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Figure 7. I-V and P-V characteristic curves of three PV models.
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Figure 8. Convergence curves of nine algorithms for three PV models.

4.2. Statistical Results

The boxplot visually demonstrates the distribution of results from the nine meta-
heuristic algorithms during 30 runs. They are plotted in Figure 9. It can be seen that
the results from the CMAES and GWO are very scattered, which indicates that the two
algorithms are not robust. On the contrary, the TLABC, MLBSA, IJAYA, PGJAYA, and
HAJAYADE show superior performances compared with the remaining algorithms in
terms of robustness.

To further compare the performance of the nine algorithms, the Wilcoxon Signed Rank
test on the basis of the results from 30 independent runs is performed. The comparison
results demonstrate the significant difference between the proposed HAJAYADE algorithm
and its opponents. The results are listed in Table 9, in which the p-value is used to
determine whether the hypothesis (« = 0.05) should be rejected. The flags + and = indicate
that the proposed HAJAYADE algorithm is superior, similar to its opponents. If the
p-value is smaller than 0.05, the null hypothesis is rejected, and the performances of
the two corresponding algorithms have a significant difference. Otherwise, there are no
significant differences.
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Figure 9. RMSE boxplot of nine algorithms over 30 runs.(the signs such as + and f refer to abnor-
mal points).

From Table 9, it can be seen that HAJAYADE is superior to its opponents in two models,
i.e., STM6-40/36 and STP6-120/36. For SDM, the test result of the GOTLBO algorithm
is similar to that of the HAYAJADE algorithm. For DDM, the PGJAYA almost achieves
similar performance to HAJAYADE. For Photowatt-PWP201, TLABC and GOTLBO are
equivalent to HAJAYADE in terms of the statistical test. Therefore, according to the
Wilcoxon Signed Rank test, the proposed HAJAYADE algorithm is significantly superior to
the remaining algorithms.

Table 9. Wilcoxon Signed Rank test results.

Model Algorithm p Sig.
CMAES 1.7344 x 1076 < 0.05 +
GWO 1.7344 x 107 < 0.05 +
TLABC 6.3198 x 107° < 0.05 +
SDM TAPSO 6.8862 x 107° < 0.05 +
MLBSA 0.0252 < 0.05 +
GOTLBO 0.4653 > 0.05 =
IJAYA 1.7344 x 107 < 0.05 +
PGJAYA 1.7344 x 107< 0.05 +
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Table 9. Cont.

Model Algorithm P Sig.
CMAES 1.7344 x 107 < 0.05 +
GWO 1.7344 x 107 < 0.05 +
TLABC 45336 x 10~* < 0.05 +
DDM TAPSO 0.0015 < 0.05 +
MLBSA 0.2452 > 0.05 =
GOTLBO 0.0047 < 0.05 +
IJAYA 1.6394 x 1075 < 0.05 +
PGJAYA 0.5440 > 0.05 =
CMAES 1.7344 x 107 < 0.05 +
GWO 1.7344 x 107 < 0.05 +
TLABC 0.3388 > 0.05 =
Photowatt-PWP201 TAPSO 3.5152 x 107¢ < 0.05 +
MLBSA 0.0077 < 0.05 +
GOTLBO 0.0598 > 0.05 =
IJAYA 1.7344 x 1076 < 0.05 +
PGJAYA 1.7344 x 1076 < 0.05 +
CMAES 1.7344 x 107 < 0.05 +
GWO 1.7344 x 107 < 0.05 +
TLABC 1.7344 x 1076 < 0.05 +
STM6-40/36 TAPSO 1.9209 x 1076 < 0.05 +
MLBSA 2.3534 x 107° < 0.05 +
GOTLBO 1.7344 x 1076 < 0.05 +
JAYA 1.7344 x 1070 < 0.05 +
PGJAYA 1.7344 x 107 < 0.05 +
CMAES 1.7344 x 107 < 0.05 +
GWO 1.7344 x 1076 < 0.05 +
TLABC 2.1266 x 107% < 0.05 +
STP6-120/36 TAPSO 1.7344 x 107 < 0.05 +
MLBSA 47292 x 107 < 0.05 +
GOTLBO 1.7344 x 107 < 0.05 +
IJAYA 1.7344 x 107 < 0.05 +
PGJAYA 2.3704 x 107% < 0.05 +

4.3. Discussion

The proposed HAJAYADE algorithm has three components: adaptive JAYA, adaptive
DE, and the chaotic perturbation method. Next, we conduct additional experiments to
test the effectiveness of the hybrid mechanism. As the chaotic perturbation method is only
performed on a single solution, it cannot be considered an algorithm. We combine the
adaptive JAYA and chaotic perturbation method as the AJAYA algorithm. Adaptive DE
and the chaotic perturbation method are regarded as ADE. In addition, the conventional
DE and JAYA algorithms are used to make comparisons. For the traditional DE, CR = 0.5.
The experimental settings are similar to all six algorithms, i.e., population size = 20 and
the maximal function evaluations = 50,000. The results of the five algorithms are listed in
Table 10, in which the minimum, mean, maximal, and Wilcoxon Signed Rank test results
are presented.
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Table 10. Results from HAJAYADE, DE, ADE, JAYA, and AJAYA.

Model Algorithm Min Mean Max Std p-Value
HAJAYADE 9.8602 x 10~%  9.8602 x 10~%  9.8602 x 10~* 0
DE 9.8602 x 10~*  1.0419 x 1073 1.2856 x 107> 6.9221 x 10~° 2.1 x107°
SDM ADE 9.8602 X 10~ 1.0051 x 1073 9.8602 x 10™*  3.719 x 10716 0.18
JAYA 9.8602 x 10~* 12757 x 1073 27168 x 107> 3.8514 x 10~* 1.7 x 107°
AJAYA 9.8602 X 10~*  1.0051 x 1073 1.52 x 1073 9.7296 x 107> 1.7 x 1076
HAJAYADE 9.8294 X 10~%  9.8641 x 10~* 9.96 x 10~* 2.8534 x 10~°
DE 9.8387 x 107% 11227 x 1073 1.7544 x 1073  1.7327 x 10~* 7.7 x 107°
DDM ADE 9.8389 x 10~%  1.0093 x 1073 12502 x 1073  6.5712 x 107> 0.0230
JAYA 9.8412 x 107* 13229 x 1073 3.8766 x 107°  6.4739 x 10~* 2.6 x107°
AJAYA 9.8471 x 107* 12189 x 1073  3.0356 x 1073  4.2576 x 10~* 1.5E-5
HAJAYADE 24251 x 1073 24251 x 1073 2.4251 x 1073 3.22 x 10715
DE 24251 x 103 24277 x 1073 24596 x 1073 7.5232 x 107° 7.7 x 1076
P{)‘g\t;l’jz"&” ADE 24251 X 1073 24251 X 10~3 24251 x 10~3  1.9962 x 1077 0.3933
JAYA 24251 X 1073 2.4694 x 1073 2.7907 x 1073 7.9988 x 107> 24 %107
AJAYA 24251 X 1073 6.2249 x 1073 1.1869 x 1072 3.1602 x 1072 1.7 x 10
HAJAYADE 1.7298 X 1073 1.7298 x 1073  1.7298 x 10~3  3.656 x 10~1®
DE 1.7301 x 1073 4.4017 x 1073 2.8936 x 1072 6.0003 x 1073 1.7 x 107
STM6-40/36 ADE 1.7298 x 103 1.7298 x 103 1.7299 x 1073 1.332 x 1078 0.6215
JAYA 1.7298 X 103 4246 x 1073 1.1996 x 102 3.2538 x 1072 1.7 x 10
AJAYA 1.7298 x 1073 1.7418 x 1073 1.8392 x 1073 2.568 x 1075 1.7 x 107°
HAJAYADE 1.6601 X 102 1.6601 X 1072  1.6606 x 10~2  9.2421 X 10—~
DE 1.6601 x 1072 23981 x 1072 4.9865 x 1072 8.1081 x 1073 1.7 x 107°
STP6-120/36 ADE 1.6601 x 1072 1.6607 x 1072 1.6731 x 1072 2.445 x 107° 0.2289
JAYA 1.6601 x 1072 4.4317 x 1072 1.7681 x 107! 3.646 x 1072 1.9 x 107°
AJAYA 1.6601 x 1072 1.6608 x 1072 1.6666 x 102 ,1.673 x 1075 1.8 x 1075
From the results listed in Table 10, the following observations can be attained as follows:

(1) The min RMSE can be used to test whether the algorithm has the capacity to find a
good solution. Most algorithms can find min RMSE on SDM, STM6-40/36, Photowatt-
PWP201, and STP6-120/36. However, four algorithms, DE, ADE, JAYA, and AJAYA,
fail to find a better RMSE compared with HAJAYADE for DDM.

(2) In terms of the mean values, the proposed HAJAYADE algorithm has attained the
best mean results on the five models. In addition, ADE has achieved the same
performance for two models, i.e., Photowatt-PWP201 and STM6-40/36. Hence, the
average accuracy of the proposed HAJAYADE algorithm can be revealed by the mean
RMSE values obtained by the algorithm.

(3) Concerning the maximal values, they demonstrate the maximum discreteness of
RMSE. The proposed HAJAYADE algorithm can offer the best maximal values for
SDM, Photowatt-PWP201, STM6-40/36, and STP6-120/36, which are almost the same
as the mean values. For SDM and Photowatt-PWP201, ADE has attained the best
maximal values.

(4) Concerning the standard deviation of the results, AJAYA, ADE, and HAJAYADE
have provided superior performance as the standard deviation values are very small.
The observations indicate that the three algorithms are very robust. The parameters
attained by the three algorithms can be considered reliable.

(5) From the non-parametric test, it can be noticed that the proposed HAJAYADE algo-

rithm is significantly superior to JAYA, AJAYA, and DE. Meanwhile, it is also superior
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to ADE for DDM. Therefore, HAJAYADE can be ranked the highest. Meanwhile, ADE
and AJAYA are better than the conventional DE and JAYA. It is demonstrated that the
adaptive mechanism is effective.

From the convergence curves shown in Figure 10, we can see that the speed of the
HAJAYADE is faster than that of the remaining algorithms, especially for the STM6-40/36
and the STP6-120/36. The hybrid mechanism can contribute to the superior performance.
For the conventional JAYA, the single mutation strategy is too simple to exhibit better
performance. Two adaptive parameters are introduced into the algorithm to boost the
exploration and exploitation. For the DE, the search direction depends on the best solution
when the Best/1 strategy is adopted. The rank mutation mechanism based on the Best/1
can improve the exploration ability while retaining the exploitation. Lastly, we adopt the
chaotic perturbation method to boost the exploitation further. Hence, we can conclude that
the HAJAYADE can offer superior and reliable performance when solving the parameter
identification for various models compared with the remaining algorithms.
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Figure 10. Convergence curves of five algorithms.
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5. Conclusions

A novel hybrid algorithm, named HAJAYADE, based on JAYA and DE, is developed
to estimate the parameters of PV models as the hybrid is a valuable and effective method
compared with the singular ones. The novel HAJAYADE algorithm mainly consists of three
components. Firstly, two adaptive coefficients are introduced to the conventional JAYA.
The two coefficients can coordinate the tendency to approach the best solution and avoid
the worst solutions, which can help the algorithm to move towards the potential region
more quickly and strengthen the local search. Secondly, the Rank/Best/1 mutation strategy
is proposed in DE. To enhance the exploration, an individual is selected depending on the
ranking of the fitness value, while the other individual is randomly chosen. Thirdly, an
adaptive chaotic perturbation is performed on the best solution. The solution can replace
the worst solution if the worst solution is inferior to the solution.

Three typical PV models are used as benchmarks. Five test cases are implemented.
Nine meta-heuristic algorithms, CMAES, GWO, TLABC, TAPSO, MLBSA, GOTLBO, IJAYA,
PGJAYA, and DE, are employed to make comparisons. The experimental results reveal that
the HAJAYADE is superior in terms of the minimal, mean, maximal values, robustness,
and convergence speed compared with its opponents. According to the presented results,
the effectiveness of the adaptive coefficients and Rank/Best/1 mutation mechanism is
also validated.

In future research, the proposed HAYAJYADE algorithm will be employed to solve
more complicated problems, such as economic dispatch, resource scheduling, and feature
selection. Furthermore, it also can be used to optimize combinatorial issues by making
some modifications, such as in the permutation flow shop scheduling problem [50] and
traveling salesman problem [51].
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Abstract: With the development and application of artificial intelligence, the technical methods of
intelligent image processing and graphic design need to be explored to realize the intelligent graphic
design based on traditional graphics such as pottery engraving graphics. An optimized method is
aimed to be explored to extract the image features from traditional engraving graphics on historical
relics and apply them into intelligent graphic design. For this purpose, an image feature extracted
model based on convolution operation is proposed. Parametric test and effectiveness research are
conducted to evaluate the performance of the proposed model. Theoretical and practical research
shows that the image-extracted model has a significant effect on the extraction of image features
from traditional engraving graphics because the image brightness processing greatly simplifies the
process of image feature extraction, and the convolution operation improves the accuracy. Based
on the brightness feature map output from the proposed model, the design algorithm of intelligent
feature graphic is presented to create the feature graphics, which can be directly applied to design the
intelligent graphical interface. Taking some pottery engraving graphics from the Neolithic Age as an
example, we conduct the practice on image feature extraction and feature graphic design, the results
of which further verify the effectiveness of the proposed method. This paper provides a theoretical
basis for the application of traditional engraving graphics in intelligent graphical interface design for
Al products such as smart tourism products, smart museums, and so on.

Keywords: convolution operation; intelligent graphic design; brightness feature; traditional engrav-
ing graphics

1. Introduction

In recent years, with the development of artificial intelligence (Al), the application of
intelligent image processing has been found in many fields such as handwriting recognition,
image caption, automatic vehicle navigation, and so on [1-4]. As a deep learning network
in the field of artificial intelligence, the convolutional neural network (CNN) has been
maturely used in image processing field, especially for the image recognition [5,6] or image
feature extraction. For example, Ding et al. studied the intelligent image identification
method to roughly handle the express packages by using the intelligent recognition method
of the gated recursive unit in the convolutional neural network, which can be used as an
intelligent fusional model [7]. Li et al. investigated the extracted method of global features
from images of typical infrared targets such as people and vehicles by designing semantic
segmentation algorithms, and achieved good results [8]. As the core computing module is
acted in convolutional neural network, the convolution operation plays an important role
in intelligent image processing [9] and image feature extraction. For example, Zhan studied
the method of extracting image features of tea materials by convolution operation [10].
Chen studied the method and effect that extracted brightness features in the interest regions
from the images by the improved Itti-Koch model based on the convolution operation [11].
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By the other side, there is a rapid, essential, and global change in the graphic design
due to the effect of artificial intelligence [12]. Al has been widely used by designers, which
is considered to be an important assistant for them [13]. Intelligent algorithms play an
increasingly important role in graphic design field such as real-time graphics generation,
virtual scene visualization [14], 3D Graphics Engines [15], and so on. In Ref. [16], Li
and Xv studied the generation and conversion method of the woodcut print style by
applying a deep learning algorithm, which can be used to generate a wood engraving
texture effect. In Ref. [17], Tian et al. discussed the generation method of multi-style
ancient book textures via the layout analysis and style transfer techniques based on the
deep learning. In Ref. [18], Liu studied the method of generating image features such as
specific color, shape, and texture by using the synthetic method of artificial intelligence
and data mining. On the basis of the previous studies, we use the technical method of
intelligent image processing and intelligent graphic design to realize the intelligent graphic
design based on traditional graphics such as pottery engraving graphics. For this purpose,
the image feature extracted model is constructed to extract the image features from and
apply them to intelligent graphic design with the algorithms for intelligent graphic design.
This research will promote the spreading of traditional culture and artistic features in the
field of intelligent application.

2. Method of Image Feature Extraction Based on Convolution Operation
2.1. Principle of Image Feature Extraction

During the 1950s and 1960s, Professor Frank Rosenblatt of Cornell University, invented
the perceptron by imitating the visual system architecture of automatic pattern recognition
of human body [19]. The perceptron is a simple learning algorithm, which plays an
important role in the Al field. As the early prototype of deep learning network mentioned
in [20], the perceptron consists of an input layer, an output layer, and a set of structures
connecting with them, which is called a hidden layer in a deep neural network [21]. It can
recognize, extract, and classify the images input into the perceptron through the judgment
of input information. The process of machine recognition is to divide a complete picture
into many small parts, extract and summarize the features in each small part, which is
realized based on the perceptron. Image features such as brightness, pixel strength, and
contour are extracted from the original input image and weighted, which are used as the
basis of image feature recognition and classification.

2.2. Image Feature Extraction Method Based on Convolution Operation

Based on the principle of perceptron, convolutional neural network is developed.
Image features can be extracted based on the structure of convolutional neural network,
in which the central role is existed in convolution operation. When it is applied in the
image feature extraction, the basic structure consists of the feature extraction and mapping
layers [22]. It is advantaged that images can be directly input with the form of three-
dimensional data [23], resulting in reducing the preprocessing process of the input original
signal, and weakening the complicated extent of the recognition model by sharing the
weight and worth. According to the structure of convolutional neural network, the method
of image feature extraction can be described as follows.

Convolutional layer is used to extract preliminary image features. The image feature
extraction is obtained via the convolution operation, of which the process contains as:
inputting the original images as pixel matrices, and then setting the convolutional kernel to
move on and cover the pixel matrix of original image sequentially, in which the moving
interval unit in each time is called step. It realizes the extraction of the image feature
such as the brightness, pixel intensity, and outline etc., by the judgment of weighted
sums of convolutional kernel and the covered image pixel matrix in each movement of
convolutional kernel.

Pool layer is used to enhance and extract the main features of the image. The working
principle of the pooling layer is to multiply the original data output from the convolutional
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layer with the corresponding convolutional kernel to obtain a new matrix, which is used to
strengthen and extract the main features of the image.

The full connection layer is used to summarize and output the features of each part of
the image. The working principle of the full connection layer is to convert the vector matrix
output by the pooling layer into some vectors, multiply it by the weight matrix, add the
offset value, and then use the ReLU (rectified linear units) activation function to optimize
its parameters.

3. Image Feature Extracted Model

Based on the principle of perceptron, convolutional neural network is developed,
which plays an important role in the image feature extraction. Then, we use the structure
of convolutional neural network to propose the new method of image feature extraction,
and construct the image feature extracted model based on convolution operation. Then,
the image brightness processing is adopted to further optimize this extracted model.

3.1. Image Brightness Feature Processing

Because the shapes of traditional engraving graphics on historical relics mostly take the
form of lines and gullies, formed by pressing and engraving, there is a significant brightness
difference between the carved lines and the surrounding of the images. Therefore, the
brightness features can reflect the features of the lines in the image well. According to
the image features of the traditional engraving graphics on historical relics, an algorithm
for extracting brightness feature from images is designed. The image feature extracted
model is constructed based on convolution operation for the batch extraction of sample
image features. To highlight the brightness features of the image, simplify the process of
feature extraction, and improve the accuracy, the image brightness feature processing is
performed before using the convolution operation to extract the image feature of traditional
engraving graphics. Taking the pottery engraving graphics from the Neolithic Age as
an example, the image brightness processing and image feature extraction are carried
out. The image brightness processing comprises a series of brightness feature operations,
such as conversion and enhancement of image brightness value as well as the image
threshold processing.

1. Conversion of image brightness value is taken to convert the storage mode of image
information. It is known that the images are stored by the form of color value matrix in the
computer. In addition, it is more convenient for the image feature extraction by converting
the image storage mode from the color value matrix to the brightness value matrix, as
showed in Figure 1.

169 188 209 225

255 225 206 229

183 255 255 226

173 198 219 236 195

Figure 1. The conversion from color value mode to brightness value mode for image.

2. Enhancement and inverse operation of the image brightness value are exerted on
the image to further emphasize the brightness feature of engraving lines, which is more
convenient for extracting the image feature of line part according to the high value.
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We use Equation (1) to realize the conversion of and enhancement of image brightness
value, which yields
r+g+b
N M
where 7, g, and b represent the color value matrices of red, green, and blue, respectively,
and L is the brightness value matrix. Taking the 112 x 112-px image of pottery engraving
graphic in Figure 2a as an example, the RGB color value of the pixel at coordinates (69,
69) is (4, 14, 151) and the brightness value is considered to be 56. By using this method,
the image storage mode of the input image is converted to a brightness value matrix. k
is the brightness enhancement coefficient, which represents the multiple of brightness
enhancement compared with the original image. It is demonstrated that with the increase
of the whole image brightness, the engraving lines can be displayed better. For example,
most of the pottery engraving lines can be revealed better as the whole image brightness is
increased to 2.5 times.

L=255—k

Figure 2. The image brightness processing of the pottery engraving graphic. (a) Input image.
(b) Image threshold processing. (c) Removing discrete points.

3. Threshold operation is exerted on the image to further magnify the brightness
features. We use Equation (2) to realize the image threshold processing, which yields

L(x,y) = { maxval if L(x,y) > 0r } )

0 otherwise

when the brightness value of the pixel L(x, y) is greater than the threshold 07, it is set to the
maximum value maxval, but is set to 0 in other cases. If maxval and 07 are set as 255 and 128,
respectively, the resulting image is as shown in Figure 2b, it is concluded that the binary
conversion of image information is realized in the method and the brightness feature is
highlighted to the utmost extent. To further enhance the image feature of lines, we use the
method of remove_small_objects (T 4) to remove scattered small areas of an image, and the
size of removed area can be controlled by setting the connected area threshold T4. After
these operations, the brightness value map is obtained when the connected area threshold
value T4 = 25, as shown in Figure 2c.

After a series of image brightness processing including the conversion and enhance-
ment of the image brightness value as well as the image threshold processing, the image
brightness feature is more obvious, because the binary conversion of image brightness value
is achieved and the engraving line parts is highlighted with the higher brightness values. It
greatly simplifies the extraction process of image features and improves the accuracy.

3.2. Image Brightness Feature Extraction Based on Convolution Operation

The image brightness feature is extracted based on the brightness value map output
from the image feature extracted model, which can greatly simplify the extracted process
of image brightness feature and improve the accuracy. Convolution operation is applied to
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extract image features from the image matrix input with the defined convolution kernel.
The method can be expressed as

conv = o(imgMat ® K; + b) 3)

in which ¢ represents the active function, imgMat is the image brightness value matrix, K;
is the defined convolution kernel with the size i, ® means the convolution operation, b is
the offset value. The convolution kernel is applied to extract the image feature and obtain
an initialized set of feature vectors. Here, we use the Sobel convolution kernel. Because
the image features have been highlighted greatly after the processing of image brightness
feature, more accurate feature vectors can be obtained by a simple convolution operation.
Only two convolution kernels are applied to extract the brightness feature of the image,
and they can also obtain an obvious result.

Sobel—G(x) and Sobel—G(y) convolution kernels are used to carry out convolution
operation with the input images, which respectively represent the kernels of horizontal and
vertical directions. Substituting Sobel—G(x) and Sobel—G(y) into Equation (3) respectively,
and then adding each element of this matrix with the offset value b, and inputting the
results into the activation function yields

1

O—(x):m

4)
Combining the results in the convolution operation derived by G(x) and G(y) convolu-
tion kernels, we get the best feature vector matrix, which can be manifested as a feature
map in python environment. After the brightness value processing, the image feature
extraction has been greatly simplified because the input image is displayed with the binary
mode of black and white. Therefore, we can get good extraction results for image features
with only twice convolution operations derived by G(x) and G(y) convolution kernels.

3.3. Image Feature Extracted Model

The image feature extracted model based on the above research is shown in Figure 3.
Sample images are put into this model, and the brightness feature matrix is obtained by
convolution operation after a series of image feature processing including the conversion
and enhancement of the image brightness value as well as the image threshold, which
can be displayed as the brightness feature map used for the intelligent graphic design in
python environment.

The image brightness The image brightness
value processing feature extraction
Sample image [ Brightness feature map ]
Input Display

Image Brightness processing

Bright featu tri J
(Including the image brightness [ Tghiness feature matix

h
value conversion, brightness Output
enhancement, and the reverse
operation) Brightness feafure extraction
v Convolution operation
Threshold processing h
1
v Input
Output
Removing discrete points P =[ The brightness value map ]

Figure 3. The image feature extracted model.
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3.4. Model Parametric Test and Effect Evaluation
3.4.1. Model Parametric Test

Model performance based on the parametric test is carried out by using simple variable
method, adjusting one parameter while other parameters are fixed and comparing with the
results, we get the optimal parameters. The specific process involves collecting the original
images and inputting them into the extracted model to test its extracted effect and find
the optimal parameters. Taking the pottery engraving graphics from the Neolithic Age for
example, selecting 50 sample images of representative pottery engraving graphics from
Shuangdun Site in Bengbu City of Anhui province as the test samples, we input them into
the model after preprocessing the images, and conducted brightness feature processing and
extraction. We compared the effects of brightness feature maps, as obtained by different
parameters to find that when the brightness enhancement coefficient k increases the other
parameters remain fixed; the image feature extraction effects are shown in Figure 4a.
Figure 4b exhibits the influence of the threshold 67 on the image feature extraction. It is
concluded from Figures 4 and 5 that the extracted effect of image brightness feature is
closely related to the model parameters, which directly affects the results of intelligent
graphic design.

(b)

Figure 4. Influence of brightness enhancement coefficient k on image feature extraction. (a) k = 1.5,
O7 =128. (b) k = 2.0, 0 = 128. (c) k = 2.5, 07 = 128. (d) k = 3.0, 6 = 128.

Figure 5. Influence of threshold 01 on image feature extraction. (a) k = 2.5, 0t = 96. (b) k =25,
Or = 112. (c) k = 2.5, 07 = 128. (d) k = 2.5, 07 = 140.

In the image brightness value processing, we adjust the connected area threshold
T4 of the remove_small_objects() method to remove the most discrete points, and adjust
the brightness enhancement coefficient k and the brightness threshold 07 to enhance the
image brightness features. From the sample testing, we conclude that, when the connected
area threshold T4 = 25, independent discrete points can be removed well, preserving the
effective parts of the engraving lines. When the brightness enhancement coefficient k = 2.5
and the image brightness threshold 61 = 128, the good displayed effects are obtained and
the feature maps are more true, accurate, and distinctive, compared with the original image.
In the image brightness feature extraction, we define the horizontal convolution kernel
G(x)=[-1,0,1;, -2,0,2; —1, 0, 1], and the vertical convolution kernel G(y) =[1, 2, 1,0, 0, 0;
—1, —2, —1]. We found that the better results are achieved under these convolution kernels.
When the offset value b = 2, the locations of the feature maps are more accurate for most of
the 112 x 112 images of the pottery engraving graphics. The parameters are adjusted to
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tailor an accurate effect of the feature map for a few images when the extracted effect is
not ideal.

3.4.2. Model Effectiveness Research

In order to evaluate its stability and availability, model test is conducted. Total of
50 sample images of traditional engraving graphics are inputted into the model to extract
their image features. Test results are shown in Table 1, and it illustrates that image feature
extraction of 45 traditional engraving graphics achieves a good result under standard
parameters condition. But the defect results are obtained for the few sample images,
and the extracted feature can be tuned/tailored well by adjusting the modal parameters
slightly. Therefore, the application of the proposed model to the image feature extraction of
traditional engraving graphics results in very good efficiency. We can conclude that the
results of the image feature extraction based on the proposed model are accurate and clear
for most traditional engraving graphics.

Table 1. Model test results statistics.

Number of Pottery Engraving

Graphics ® § ' ' '

Sets of parameters in ima k=25 k=25 k=2.0; k=2.0; k=30;

oot of parameters in image 0r=128  0r=150;,  6r=128  0r=150; 67 =128
rightness processing T, =25 Ta=25 T4 =25 T4 =25 Tq=25

Sets of parameters in convolution Gx)=[-1,0,1;,-2,0,2,—-1,0,1]; G(y)=11,2,1;0,0,0; -1, =2, —1];
operation b=2

We also compare the extracted image features, as obtained by the proposed method and
complex convolutional neural networks and algorithms mentioned in literatures [8,10,11], as
shown in Figure 6. It is shown that this proposed method is more simple and effective,
the reason being that the binary conversion of image brightness value is achieved via
conducting the image brightness processing, which consequently simplifies the process of
extracting image features by virtue of the convolution operation. Furthermore, we find that
image features extracted by using complex convolutional neural networks and algorithms
have more detailed information, but the image features are not prominent. Image features
extracted by the proposed model reflects the image features more clearly and accurately,
which is more suitable for designing the feature graphic in the intelligent user interface and
conveying the line features well. It is of superiority that this proposed method is used in
the field of intelligent graphic design for traditional engraving graphics.

Figure 6. Comparison of image feature extraction with and without image brightness processing.
(a) The proposed results. (b) The results obtained by the complex algorithms.
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Based on the parametric test and effectiveness evaluation of the proposed model, we
establish its execution metrics as: this extracted feature model is suitable for traditional
engraving graphics on historical relics in intelligent graphic design. Through the parametric
test, it can achieve an ideal effects with the optimal parameters, which are derived as the
brightness enhancement coefficient k = 2.5, the image brightness threshold 01 = 128, the
connected area threshold T4 = 25, the horizontal convolution kernel G(x) =[—1, 0, 1; —2, 0,
2; —1, 0, 1], and the vertical convolution kernel G(y) =[1,2,1;0,0,0; -1, =2, —-1], b =2.
However, we should adjust the parameters to obtain the appropriate effect for the non-ideal
sample images.

4. Intelligent Graphic Design Based on the Brightness Feature Map

According to the brightness feature maps output from the extracted model based
on convolution operation, intelligent feature graphics are generated by using the python
graphic tools, and then it is applied to design the intelligent graphical interface.

4.1. Created Method of Intelligent Graphics

Many traditional engraving graphics are composed of basic lines and graphics. Their
basic graphic units are defined as dots, straight lines, oblique lines, curves, arcs, circles,
and so on, which can be created by python graphic tools. Python environment provides
powerful graphic tools for drawing regular geometry graphics. Taking the python graphic
tool of turtle for example, the general graphic drawing method is listed in Table 2.

Table 2. Drawing method of common geometric lines with python-turtle tools.

Graphics Drawing Method Describing
Round dot dot (1) Draw a round dot of specified radius (7).
Straicht line forward (distance) Move a distance (distance) forward or

& backward (distance) backward to draw a straight line.

Straight line + right (degree) Draw oblique lines with a clockwise or

Oblique line . . anti-clockwise angle (degree) based on the
Straight line + left (degree) straight line method.
Circle circle (r) Draw circles with a radius (7).
circle() + up() + down() + left() Draw arcs w1’fh dlfferept cgrvature by
Arcs + right() changing in different direction of up, down,
& left and right based on the circle method.
ircle() + up() + up() + left() + Draw curves with different curvature and
Curve areie P p ¢ shape by changing of angle and directions

right() + seth() based on the circle method.

Based on the brightness feature map, more accurate graphics can be generated by
Python graphic drawing tools and displayed on the user interface of intelligent products.
We can also use a lots of mathematical functions provided for array operation such as sine
and cosine functions, tangent and cotangent functions, linear function, quadratic function,
and so on to generate geometric lines under some geometric laws. Figure 7 shows some
geometric lines created by python graphic tools.
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Figure 7. Geometric lines generated by python graphic tools. (a) Fish-shape graphic. (b) Tree-shape
graphic. (c) Double-box-shape graphic.

Based on the created graphics, dynamic graphics can also be created, which are
commonly applied in intelligent graphical interfaces. Recent research show that dynamic
graphic system shows superiority in data exchange and information understanding [24,25],
especially on intelligent user interface. In their study, the visual performance of dynamic
graphics system in information dissemination is analyzed and evaluated. For intelligent
user interface, Chen and Jiu studied a rapidly convert system of 3D dynamic graphics,
which is suitable for the Android platform, and evaluated the stability and effectiveness
of the algorithm for generating 3D dynamic graphics [26]. Technical method and model
for generating dynamic graphics have also been paid attention to. For example, Ding
studied the technical method of dynamic graphics with Visual C++ 2005 in the frame of Net
framework to realize the dynamic change of points, lines, rectangles, and other shapes [27].
Castillo etc., proposed a dynamic graphic model associated with the graphic structure and
studied the transition-probabilities of the proposed model by the method of unobservable
variables via estimating the model parameters [28]. Based on the existing studies, an
effective method for generating dynamic graphics is necessary to be applied for designing
intelligent graphical interface. In this study, we explore an accurate and effective generated
method of dynamic graphics in python environment. The specific method used to generate
dynamic graphics includes: the basic animation environment is built, the graphic change
method is defined and the graphic animation is generated, as shown in Figure 8.

set_xdata() -

add_subplot() plot() set_ydata( FuncAnimation()
Creat hi Create geometriq Definition of line| Generating dynamic
| reate graphiq 8 > g dyn.
instance line instance graphic change raphic

Figure 8. Flow chart of generated method of dynamic graphic.

The animation environment is created by using the matplotlib tools, in which graphic
instances are then created by using the plot() method. The change method of line graphic
from these graphic instances is defended with the data change in x or y directions, which
is set with the methods of set_xdata() and set_ydata(). Then the graphic animation is
generated by calling the animation class of FuncAnimation with the graphic change method
defined in advance. Figure 9 shows the dynamic graphic of double box line generated by
the above method.
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(d) (e) ®

Figure 9. Dynamic graphic of double box line created by generated method of dynamic graphics.
(a) Dynamic graphic at frame 1. (b) Dynamic graphic at frame 3. (¢) Dynamic graphic at frame 4.
(d) Dynamic graphic at frame 6. (e) Dynamic graphic at frame 8. (f) Dynamic graphic at frame 10.

4.2. Created Method of Intelligent Feature Graphics Based on Brightness Feature Map

Traditional culture and artistic features can be conveyed in the field of intelligent
applications by applying the feature graphics of traditional engraving graphics into the
intelligent graphical interface design. So, the created method of feature graphics including
dynamic feature graphics based on the brightness feature map output from the extracted
model is researched.

4.2.1. Created Method of Feature Graphics Based on Brightness Feature Map

Intelligent feature graphics are created based on the image brightness feature map
output from the proposed model. Specifically, the process includes feature point sampling,
optimization, and connection, as shown in Figure 10.

Brightness Feature point| judgement OUPUt 6o mpling

point matrix

—

feature map sampling

Optimized sampling

point matrix

judgement

connect with
drawMatches()

> Feature graphic

Figure 10. Flow chart of intelligent graphic created algorithm.

Step 1. Feature point sampling. The output brightness feature map is sampled, and
the appropriate step size is set as the sampling interval in X and Y directions. In the array of
img_array[n x s, n x s] (where s is the sampling interval, n is the number of samples, and
0 < n x s <112), the pixels whose brightness value is greater than the preset brightness
threshold 6 are sampled and output, forming the sampling matrix of feature points. This
is the initial pix point sampling process of the image brightness feature map.

Step 2. Optimizing the sampling point matrix. To facilitate the connection of feature
points, the sampling point matrix is further optimized, and the optimized spacing [ is
set. During the sampling point the spacing is less than [, the point with min x + y is
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output, forming the optimized sampling point matrix, where x and y respectively are the
horizontal longitudinal coordinates of the sampling point. We obtain key effective points
of the sampling matrix of the image brightness feature.

Step 3. Connecting the optimized sampling points to form the feature graphics. The
optimized sampling points are connected to form the feature graphics, and we set the
connection space as Iy (usually I > ). If the space is less than the set value [y, the optimized
sampling points are connected by the drawing method of drawMatches() for feature point
matrix to form the feature graphics, and some smoothing calculations are performed.

4.2.2. Generated Method of Dynamic Feature Graphics

Dynamic feature graphics is generated to realize the dynamic displayed effect of
feature graphics on the user interface of Al products. We use the generated method of
dynamic graphic mentioned above to generate dynamic feature graphics. The specific
implementation method is described as follows.

We select some points such as the middle point of a line, an intersection point, or the
highest (or lowest) point of an arc of feature matrix points as the key frame feature points on
the line. By setting the data change in the X or Y direction, the key frame feature points drive
other feature points to form dynamic feature graphics. Specifically, the implementation
method is divided into the following key steps. 1. The basic animation environment is built,
and a graphic instance is created to load the feature graphics. 2. The change of the graphics
is defined, with the key frame feature points as the reference, we set the date change of
graphic data in the X or Y direction through the methods pf set_xdata() and set_ydata(),
to define the animation method. 3. The animation method defined in the previous step
is used and the animation class FuncAnimation is called to realize the dynamic effect of
feature graphics. Taking the dynamic graphic of a line graphic for example, the pseudo
code for algorithm implementation can be described as follows briefly:

# import graphic and animation tools:

import matplotlib.pyplot as plt from matplotlib;
import FuncAnimation as animation class;

# create graphic instance:

fig = plt.figure();

axl=fig.add_subplot(num, num, num);

linel= ax1.plot(num, curve, color, linewidth);

# set keyframe feature points:

point_ani=plt.plot(x1, y1, ‘pointl’, x2, y2, ‘point2’, ... );
# def updata(num):

point_ani.set_data(x[num], y[num]);

return [point_ani];

# generate dynamic graphic:

ani = animation. FuncAnimation(fig=fig,func=updata,frames=np.arange(num,num), inter-
val=num).

5. Practice on the Brightness Feature Extraction and Feature Graphic Design

Taking a square engraving graphic from the Shuangdun Site as an example, the
practice is conducted on the image feature extraction and intelligent feature graphic design.
Specifically, the process is given as follows.

1.  Image brightness feature extraction;

The 112 x 112 image after preprocessing is input into the image feature extracted
model. With the optimal parameters are set as the brightness enhancement coefficient
k = 2.5, brightness threshold 7 = 128 and connected region threshold T4 = 25, the brightness
feature map output from the extracted model is shown in Figure 11a.
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Figure 11. Feature pixel point sampling and optimization based on image brightness feature map.

(a) Brightness feature map. (b) Initial sampling. (c) Sampling optimization.

2. Creating feature graphics;

The brightness feature map is sampled and optimized, where the sampling interval
s =2, the number of samples n = 56, and the optimal spacing [ = 4 pixel units. The
preliminary sampling result is shown in Figure 11b and the optimized sampling result is
shown in Figure 11c. The specific process is that we take the progressive scanning and
interval sampling to the image brightness feature map output from the proposed model
with the sampling number 1 = 56 and the sampling interval s = 2. Then, we select the
pixel points if their brightness value is higher than the preset brightness threshold 6 = 150
and output them to form the brightness feature sampling matrix. Further optimization is
conducted with the optimized spacing [ = 4. If the space between the sampling points is
less than [ = 4 pixel units, we reserve the pixel point with min x + y to form the key feature
point matrix. At last, the drawMatches() method is used to connect the optimized sampling
points whose spacing is less than the set value [y = 6, and the feature graphics is formed,
which consequently shows that the lines are partially smoothed.

3. Generation of dynamic feature graphic.

Dynamic feature graphic is generated by the generated method of dynamic graphic
mentioned above, as shown in Figure 12. In the process of generating dynamic graphic, the
key frame feature points are the middle points in each line. By using this method, dynamic
feature graphic is generated, which can be applied to design the intelligent graphical
interface. The displayed effect of this dynamic graphic shows that the better dynamic
line graphics are obtained after some smoothing, which can accurately convey the image
features of traditional engraving graphics and bring users to be a good visual experience.

The practical results show that the image feature extracted method proposed in this
paper can effectively extract the image features of traditional engraving graphics. The
feature or dynamic feature graphics created by the proposed method about the intelligent
graphical design can be applied to the intelligent application interface, which can convey
the image features of traditional engraving graphics well.
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Figure 12. Dynamic graphic of square shape lines after smoothing. (a) Dynamic graphic at frame 1.

B 100

(b) Dynamic graphic at frame 4. (c¢) Dynamic graphic at frame 7. (d) Dynamic graphic at frame 10.
(e) Dynamic graphic at frame 13. (f) Dynamic graphic at frame 15.

6. Conclusions

In this study, we present the image feature extracted method, in which the image
features are extracted by convolution operation after a series of image brightness feature
processing. On the basis of the brightness feature map output from the proposed model,
feature graphics are designed and applied on the intelligent graphical interface. Theoretical
and practical research shows that the extracted model has a significant effect on the per-
formance of the image features extracted from traditional engraving graphics. Moreover,
the effect of image feature extraction is related to model parameters, which further affect
the feature graphic design. The advantage of this method is that the brightness feature
processing greatly simplifies the process of image feature extraction, and the extracted
accuracy is improved by convolution operation. Take the pottery engraving graphics
from the Neolithic Age as an example, the practice of the image feature extraction and
intelligent dynamic graphic design is carried out, which further verify the effectiveness
of the proposed method, especially in the field of intelligent feature graphic design and
application. However, due to the limit of the sample amount and experiment condition,
the image feature extracted model needs to further improve the extracted accuracy. The
design efficiency of intelligent graphics needs to be further enhanced by undergoing more
practice. More in-depth and extensive research needs to be taken in the next work.
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Abstract: Cross-domain fault diagnosis methods have been successfully and widely developed in
the past years, which focus on practical industrial scenarios with training and testing data from
numerous machinery working regimes. Due to the remarkable effectiveness in such problems, deep
learning-based domain adaptation approaches have been attracting increasing attention. However,
the existing methods in the literature are generally lower compared to environmental noise and data
availability, and it is difficult to achieve promising performance under harsh practical conditions.
This paper proposes a new cross-domain fault diagnosis method with enhanced robustness. Noisy
labels are introduced to significantly increase the generalization ability of the data-driven model.
Promising diagnosis performance can be obtained with strong noise interference in testing, as well as
in practical cases with low-quality data. Experiments on two rotating machinery datasets are carried
out for validation. The results indicate that the proposed algorithm is well suited to be applied in real
industrial environments to achieve promising performance with variations of working conditions.

Keywords: fault diagnosis; domain adaptation; noisy label; deep learning; convolutional neural
network; rotating machine

1. Introduction

Being the most essential part of any rotating machinery, the rolling element bearing
has a wide range of applications in the manufacturing industry. Unexpected failures of
mechanical components can result in heavy operational losses and serious safety concerns.
Rotating elements are usually at a higher risk of mechanical failure due to the fatigue
stresses experienced during their operation. Efficient and accurate fault detection and diag-
nosis is of vital significance, which not only helps to enhance production but also ensures
improvement in reliability and operational safety of a machine. Over these years, differ-
ent signal processing techniques have been utilized for analyzing vibration signals from
mechanical systems and components to monitor their health condition. These traditional
techniques, however, require expert knowledge about failure mechanics.

In recent times, there have been successful implementations of machine learning and
deep learning-based methods for machinery condition monitoring. In deep learning models
that are purely data driven, different layers are stacked together to form a deep network
architecture. A complex network and deeper network generally results in more efficient
feature extraction compared to shallower networks, which makes deep learning a very
useful tool in machine health monitoring and fault diagnosis purposes [1-3].

To develop a deep learning-based fault diagnosis model, data are collected from the
labeled healthy condition of the system [4—6]. The labeled data are then exploited for
training model and subsequently predict the underlying machine health condition of the
unlabeled testing data. However, this process is normally performed under the assumption
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that the data are obtained from a single distribution. In practical scenarios, the systems are
operated under variable operating conditions in terms of speed and load. Therefore, there
exists a discrepancy between the distributions of the training and testing data provided
by the model [7]. This issue undermines the generalization ability of the model to obtain
accurate results over different distributions. This problem is referred to as the domain
shift phenomenon.

To address this issue, many deep learning-based approaches have been proposed to
transfer the knowledge that is obtained from the source domain to the target domain while
the target domain is collected under different operating conditions [8,9]. Hasan et al. [10]
proposed a deep learning-based transfer learning approach to improve the feature extrac-
tion capability of bearing fault diagnosis systems. On the other hand, domain adaptation
(DA) approaches are widely used to reduce the discrepancy between source and target
domain data distributions [11-14]. As demonstrated in Figure 1, the distribution discrep-
ancy between the source and target domains results in the ineffective performance of
source domain classifier when applied in the target domain. Fundamentally, in most of DA
approaches, the classifier built using source domain data is adapted for its use in the target
domain by aligning the source and target domain distribution in a latent feature space.

lﬂ Cross Domain Classifier

Domain :>

Adaptation

)

Labeled

Source Domain Classifier
Source Data

(>)
©
@
(@)

Feature :>

Extraction

000 06O
000 000
000 OGO

Ly

Misclassified Target Samples

Unlabeled
Target Data

Figure 1. The schematic representation of domain adaptation methodology.

In some situations, even with the application of cross-domain adaptation, there is
still a significant distribution discrepancy between the source and target data that reduces
the accuracy of the fault diagnosis models. Although data can be acquired easily using
state-of-the-art sensors, it usually has a fixed representation and is mostly unlabeled. More-
over, most parts of the collected raw data comes from the healthy working condition of
the machine with limited data from different faulty conditions [15]. This makes it difficult
to develop a robust model that can be generalized over a wider range of machine health
conditions. Li et al. [16] proposed a domain augmentation approach to improve the gener-
alization of the deep learning-based fault diagnosis model. Hu et al. [17] suggests a data
augmentation technique that uses a resampling technique to simulate data through partial
overlap for different operating conditions. Gao et al. [18] used a Generative Adversarial
Network (GAN) to artificially produce fake samples from the limited amount of training
data for effective training of a robust cross domain classifier. Wang et al. [19] proposed a
novel domain adaptation method based on adversarial networks for improving the wave-
form recognition performance in the target domain. In [20], the authors have exploited the
idea of parameter freezing to ameliorate the performance in the target domain by freezing
part of the model parameters and fine-tuning the rest for preventing overfitting issues.

To further enhance the effectiveness of the model, a novel algorithm is proposed in
this paper for improving model performances in cross-domain adaptation scenarios. The
key novelty and contributions of the paper is as follows:

e  The health state labels in the form of one hot encoded vectors are induced with a
random noise in the training stage.
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e This increases the variability of the source dataset, making the training more robust
and achieving better optimization of the model.

e  This algorithm has been implemented on two different bearing datasets to validate the
performance of the proposed approach.

The remainder of this paper begins with the theoretical background in Section 2. The
proposed method is presented in Section 3. The experimental study and conclusion are
covered in Sections 4 and 5.

2. Conceptual Background
2.1. Problem Formulation

A transfer learning problem for rotating machinery fault diagnosis is investigated in
this paper. The knowledge is learned from the labeled source domain and unlabeled target
domain samples using the distribution discrepancy metric. Let Ds = {(x{,y}) } 12, be the
source domain, where x; € RMs shows the M;-dimensional source data, y; is the system
health condition label and #; is the number of source samples. Likewise, the target domain
is also denoted as Dy = {(x,y) };*,, where x} € RM:t represents the M;-dimensional target
data, y! denotes the system health condition label and #; is the target sample. The source
and target domain have identical label spaces in this study.

2.2. Convolutional Neural Networks

In this study, a convolutional neural network (CNN) architecture, including convolu-
tional, pooling and fully connected (FC) layers, is utilized to establish a deep learning model
for fault diagnosis purposes. The main function of a convolutional layer is to generate
meaningful features by convolving raw input data with predefined filters. Subsequently,
the most significant feature information is recognized by the pooling layer and is further
propagated through the network. The convolution operation can be expressed as follows:

d=F <Zz§‘1 xkl; + b}) )
1

!
j
connects the i-th feature map with j-th feature map of the I-th layer is denoted as ki- i The

where z: and zﬁfl denote the j-th feature map at I-th layer. The convolutional kernel that

term bﬁ- represents the bias, and operation * is the convolution operation. The function F is
the activation function.

The length of the feature maps can be reduced within the pooling layers without losing
key spatial information. Among the important operations, the max pooling operation
extracts the maximum out of the set of values, predefined by the pooling size. After
multiple alternating convolutional and pooling layers, abstract features are passed through
the fully connected layer to perform the desired fault diagnosis task.

2.3. Maximum Mean Discrepancy

Maximum Mean Discrepancy (MMD) has been utilized as a discrepancy measurement
between the considered distributions in this article [21]. For domain adaptation application,
the MMD, as a non-parametric criterion, is used to compare the source and target distri-
butions by measuring the squared distance between the kernel embeddings of marginal
distributions mapped in the Reproducing Kernel Hilbert Space (RKHS). The following is
the mathematical formulation:

MMD;(5,T) £ |Es[p(x)] — Er [p(x)] |5, @)

where S and T are the data distribution corresponding to the source and target domains,
respectively. The RKHS endowed with a characteristic kernel k is represented by Hj. The
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operation ¢(-) is the mapping function, and Eg denotes the expectation with regards to the
distribution S.

As it is stated in [22], the process of calculating the MMD is highly influenced by the
choice of kernels. Therefore, a combination of five radial basis function (RBF) kernels is
used to exploit the power of multiple kernels (MK).

2.4. Concept of Noisy Health Labels

A novel technique is introduced in this study for enhancing the deep learning-based
domain adaptation performance of the model in the fault diagnosis framework. For
improving the model’s generalization ability, a random noise is injected into the health state
labels of the data, for strong regularization purposes. With the help of this technique, data
diversity can be elevated, and model randomness can be improved for better optimization.

For the supervised classification tasks, the softmax layer in the deep learning model re-
quires health condition labels in the form of one-hot encoded vectors. During the network’s
training process, a random noise value Ny is homogeneously selected from the interval
[0, Nmnge], with reference to each labeled training data sample in the mini batch [23]. An
optimal noise level Nz, is finalized for this study after running multiple experiments
on the data. The results of these experiments are summarized in Section 4.3.2. The ran-
domly selected noise value N, is then injected into the one-hot encoded health label of each
training sample in the mini batch. As per the requirement of the softmax function, Ny is
subtracted from the true class element, and the corresponding increments are made in the
remaining label elements to ensure the sum remains equal to unity.

For instance, consider [0,0,0,1,0,---,0] as the one-hot encoded health label of a
sample, where N;;5; denotes the number of classes in the problem. After injecting a ran-
dom noise value Ny, the noisy health label thus becomes [N,/ (Ngjgss — 1), N/ (Ngigss — 1),
Ny /(Neigss —1),1 = Ny, Ny/(Netass — 1), - -+, Ny/ (Nejass — 1)]. In this manner, the noisy
health label still maintains its compatibility with the softmax function such as the typical
one-hot vector labels. For a better understanding of this concept, a schematic representation
of this proposed technique is presented in Figure 2.

ORIGINAL LABELS NOISY LABELS

ADD RANDOM NOISE
RANGED [0-0.25]

Il

i

0.03 0.03 0.03 0.03 0.88

0.96 0.01 0.01 0.01 0.01

SUM OF LABEL ELEMENTS
ALWAYS EQUALS TO 1

Figure 2. Illustrative explanation of the noisy label algorithm.

3. Proposed Method

An illustrative explanation of the proposed CNN architecture has been presented in
Figure 3. In this study, data are organized in two different groups, viz., source-domain
data x*, and target-domain data x’. Raw vibration data have been directly used as input
for the network. Without any specialized pre-processing, a windowing approach is used
for preparing raw data samples for training. To extract high-level features from the raw
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INPUT DATA

LABELED SOURCE DATA
CLASS 1

NO LABEL
UNLABELED TARGET DATA|

data, three stacks of two consecutive 1D convolutional layers followed by a max-pooling
operation have been designed. At the network’s final step, the learned features are used as
the input of the fully connected layer for obtaining high-level representation. Commonly,
the rectified linear units (ReLU) activation function is utilized all over the the network
while the softmax activation function is exploited to obtain the desired classification output.
The dropout technique has been employed to reduce the chance of overfitting phenomenon.
Generally, the network optimization objective has two factors, which are detailed below.

Softmax Classifier - S
(Predicted Labels) True Labels - S

Cross-Entropy

POOLING POOLING POOLING - : Loss-S

Distribution
Discrepancy Metric

MMD Loss

CONVOLUTION CONVOLUTION CONVOLUTION Tz
FLATTEN &
R
CONNECTION

Figure 3. The proposed deep learning architecture for cross-domain fault diagnosis.

(1) Categorical cross-entropy loss: The suggested CNN architecture employs an objec-
tive function to reduce training sample classification errors. The usual cross-entropy loss
function is used in this work, which is defined as follows:

ns  Nc

L= )3 1y = j}log(s}) ©

s 3131

where N, is the number of system health conditions, yfj is the i-th sample’s predicted prob-
ability corresponding to the j-th class, while y; is the corresponding system condition label.

(2) Distribution discrepancy loss: The MMD metric is utilized in the optimization
function to calculate and minimize the distribution discrepancy between source and target.
The loss function /; can be formulated as follows:

L; = MMDy(Fs, F) 4)

where F; and F; denote high-level feature representations of the source and target domain
in FC layer, respectively.
By integrating the two objective functions, the final objective function is derived
as follows:
minLopt = asLs + a4Lg ®)

where a; and a; are the penalty coefficients for losses L;, and L, respectively. The network’s
parameters can be adjusted as follows during each training epoch:

sog T 80) (6)
where 6 and ¢ are the model parameters and learning rate, respectively. The flowchart of
the proposed cross-domain fault diagnosis method is demonstrated in Figure 4.

9(—9—5(1x
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Figure 4. The flowchart of the proposed deep learning model.

4. Result Analysis
4.1. Data Description

To validate the methodology proposed in this paper, two vibration datasets collected
from the Bearing Data Centre of Case Western Reserve University (CWRU) and the Chair
of Design and Drive Technology, Paderborn University, have been studied. The description
of these datasets has been provided below.

4.1.1. CWRU Data Description

Vibration data acquired from four motor loads of 0, 1, 2 and 3 hp, corresponding to
the motor speeds of 1797, 1772, 1750 and 1730 rpm, are utilized in this study. In this dataset,
three types of bearing defects are implemented, i.e., inner race defect (IRD), outer race
defect (ORD) and ball fault (BD). The faults having diameters in the range of 0.007, 0.014
and 0.021 inches were artificially induced in the drive-end (DE) bearings (SKF deep-groove
ball bearings: 6205-2RS JEM) of the test rig motor at various locations. Hence, there are
totally ten health classes considered in this study. For classification purpose, these ten
health conditions with different fault locations (IRD, ORD and BD) and fault levels (0.007”,
0.014” and 0.021”) are indicated using class labels 1 to 10 respectively. While acquiring
data, a sampling frequency of 12 kHz was used.

4.1.2. Paderborn Data Description

In this dataset, the vibration data used for developing condition monitoring methods,
which has been generated using a modular test rig, were devised and operated at the
Paderborn University. Being a modular system, different defects are flexibly produced
in the drive train for generating failure data using the experimental test rig. The test rig
consists of the following modules: (a) an electric motor to drive the system, (b) a shaft for
torque measurement, (c) the rolling bearing test module, (d) a flywheel module and (e) a
load motor. A detailed description of the experimental setup is provided in [24].

The vibration signals collected in this dataset are sampled at a rate of 64 kHz. For
ball bearings of type 6203 used in the experiments, artificial faults are generated by using
different methods such as electrical discharge machining (EDM), drilling and manual
electric engraving, etc. From the complete dataset comprising artificially induced faults
and naturally occurring accelerated failure, the data corresponding to artificial damage are
used in this study. Depending on the type of defect and the extent of damage produced,
five health conditions are implemented in this study. To make the classification easier, these
five conditions are denoted using labels 1 to 5, respectively. The details of each health class
along with its corresponding test bearing description have been summarized in Table 1.
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Table 1. Description of health classes for Paderborn dataset.

. Hea'l t.h Type of Bearing Extent of Damage

Bearing Code Condition Health Damage Method
Label Condition
Healthy

Koot 1 (undamaged) ) )

K105 2 Inner race defect 1 Electric engraver

K107 3 Inner race defect 2 Electric engraver

KAO05 4 Outer race defect 1 Electric engraver

From the entire dataset, the selection of the above-mentioned bearings helps to cover
different artificial faults along with different levels of these faults. The healthy bearing in
the above table was operated for a longer duration in more complex conditions and, hence,
has been selected in this study. In this dataset, the bearing in the test rig is operated at four
different operating conditions, as listed in Table 2. Each operating condition provides 80 s
of vibration data (20 measurements of 4 s each) with a sampling frequency of 64 kHz. In
this study, multiple transfer tasks covering speed transfer, load torque transfer and radial
force transfer are performed to evaluate the influence of change in operating conditions
on the fault diagnosis performance. The experiments are targeted to evaluate the model’s
performance when there is a distribution discrepancy between the training (source) and
testing (target) data in terms of operating conditions.

Table 2. Operating Conditions corresponding to the Paderborn Dataset.

Operating Rotational Speed Load Torque Radial Force
Condition (rpm) (N-m) (N)

A 1500 0.7 1000

B 900 0.7 1000

C 1500 0.1 1000

D 1500 0.7 400

4.2. Transfer Tasks
4.2.1. Transfer Tasks for CWRU Dataset

The specific details of each transfer task performed in this study are presented in
Table 3. Ng and Nt indicate the number of the the samples for each health class under
certain speed condition in source and target domains, respectively. In order to avoid
additional complexity, the value of N is kept equal to that of Nt during the experiments.
The dimensionality of each sample obtained from sequential acceleration data is indicated
using Ny, All transfer tasks consist of ten health classes (one healthy and nine faulty
conditions). Since this dataset is comparably clean in terms of noise level, performing
fault diagnosis on these data is straightforward. To make diagnosis more challenging,
additional white Gaussian noise with signal-to-noise ratio (SNR) equal to 2 is added in
the target domain data. The training of the model using clean source domain data and its
testing on noisy target domain data helps in simulating industrial data environment to
evaluate the model’s robustness. The standard network parameters used in this study are
presented in Table 4. Multiple experiments were performed on a sample transfer task for
determining the optimal values of certain parameters such as filter number, filter size, etc.,
while finalizing the network’s architecture.
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Table 3. Details of each transfer task for CWRU dataset.

Transfer Source Target No of Source No of Target
Task Domain Domain Samples Samples
T 0hp 3hp 10 x N 10 x Ny
T 3hp 0hp 10 x N 10 x N
T, 0hp 2hp 10 x N 10 x N
T, 2hp 0 hp 10 x N 10 x N
Ty 1hp 3 hp 10 x Ng 10 X Nt
T 3hp 1hp 10 x Ns 10 x Ny

Table 4. Parameter specification in the proposed methodology.

CWRU Paderborn
Parameter Value Parameter Value
Number of epochs 500 Number of epochs 800
) 1.8 x 1072 5 1.8 x 1072
Fn 40 Fn 40
Fs 25 Fs 25
Ng 100 Ng 400
Nt 100 Nt 400
Nyim 1000 Nim 600
Batch size for cross entropy 32 Batch size for cross entropy 32
Batch size for MMD 100 Batch size for MMD 100

4.2.2. Transfer Tasks for Paderborn Dataset

A detailed description of each transfer task performed on the Paderborn dataset is
presented in Table 5. The information of standard network parameters for Paderborn
dataset is also presented in Table 4. For simplicity, Ng is again kept equal to that of
Nt during the experiments. Each task consists of five health classes (one healthy and
four faulty conditions). Similarly to the experiments with the CWRU dataset, additional
white Gaussian noise with SNR equal to 2 is added in the target domain data to make
the task more challenging and evaluate the model’s performance in noisy environments.
The network architecture is finalized using a sample task from the CWRU dataset and
is directly used for performing experiments on the Paderborn dataset. All experimental
results for both datasets are obtained using a PC with 16-GB RAM, Core i5 CPU and
NVIDIA GeForce TX 2080 Ti. The experiments were executed in Python using Tensorflow
on a GPU-based device.

Table 5. Details of each transfer task for Paderborn dataset.

Transfer Source Target No of Source No of Target
Task Domain Domain Samples Samples
Ty A B 5 X Ng 5 X Nt
T2 A C 5 x NS 5 x NT
T3 A D 5 x NS 5 x NT
T4 B A 5 x Ns 5 x NT
T5 C A 5 x NS 5 x NT
Ts D A 5 x NS 5 X Nt

4.3. Experimental Results
4.3.1. Determination of Architectural Parameters

In this section, a sample task from the CWRU dataset is analyzed for finalizing the
network architecture parameters used for performing the experiments. Four main hyperpa-
rameters, viz., the number of filters (Fy), filter size (Fs), number of convolutional layers
and the number of neurons in the fully connected layer are mainly focused on, as they
significantly affect the network optimization process in the fault diagnosis framework.
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These experimental tests for parameter finalization were performed using a 5-fold cross-
validation approach. In the CWRU dataset, the transfer task from 0 hp to 3 hp, having
the maximum domain discrepancy, is selected for running the tests in this section. The
experimental results for the above-mentioned parameters are presented in Figure 5.
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Figure 5. The effect of four hyperparameters on the performance of the network in task T; of
CWRU dataset.

As indicated in the Figure 5, a larger number of convolutional filters generally im-
proves the model’s performance, resulting in higher test accuracies. A similar trend is
observed while evaluating the effect of filter size on the model’s effectiveness. It was
observed that the four double-convolutional layers provided higher accuracy compared
to the three double-convolutional layers, but at the same time, significantly increased the
computational load. Moreover, an increase in the number of fully connected neurons
in the last layer of the network sharply improved the testing accuracy initially. After
a certain point, the model’s performance started to deteriorate with an increase in the
number of fully connected neurons due to possible overfitting. From the point of view
of the network’s training efficiency and testing accuracy, a well-balanced trade-off needs
to be achieved while selecting these parameters during actual implementation. In this
study, a filter number of 40, filter size of 25, fully connected neurons equal to 128, and three
double-convolutional layers were finalized for experimentation. This selection resulted in
high testing accuracy along with acceptable computational time for network’s training.

4.3.2. Selection of Optimal Noise Range for the Health Labels

For a deeper assessment of the proposed noisy label methodology, multiple exper-
iments were performed by changing the extent of induced noise in small increments
(0.05 increase) and then monitoring its effect on the test accuracy. A sample transfer task of
3 HP to 0 HP from the CWRU dataset, with a higher noise (SNR = —2) in the target data,
was focused on. Higher noise level in the target domain data ensured a better evaluation of
the method’s robustness and noise level selection. The test results are presented in Figure 6.
It is clearly indicated in the figure that the addition of a smaller noise level in the health
labels results in a significant increase in the model’s diagnostic performance. However, it
should be noted that the introduction of a larger noise level above a certain threshold will
reduce the testing accuracy of the model. For instance, when a higher noise level above 0.25
is injected into the health labels, a significant drop of almost 3% is observed in the testing
accuracy. According to these experiments, an optimum level of noise, Nygnge = 0.25, was
chosen, and a random noise value in the interval of [0, 0.25] was created for every epoch to
obtain the needed noisy health labels for the experiments.
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Figure 6. Evaluating results for selecting the optimal noise range.

4.3.3. Compared Methods

In this section, a benchmarking study is performed for validating the effectiveness and

reliability of the proposed noisy label-based domain adaptation method. The performance
of the proposed method is compared with the following fault diagnosis tools:

1.

Deep Neural Network (DNN) [25] is a conventional deep learning method which
consists of multiple FC layers stacked together for supervised learning. A network
having four FC layers with 128 neurons in each layer is used for feature extraction.
Finally, a softmax output layer with number of neurons equal to the number of health
classes is adopted for classification.

Support Vector Machine (SVM) [26] is a popular supervised machine learning algo-
rithm traditionally used for classification as well as regression tasks. For establishing
the SVM model, a structural risk minimization criterion adopted from the statistical
learning theory is used for performing the desired task. Manually extracted features
are provided as inputs to the model, along with the selection of an appropriate kernel.
Transfer Component Analysis (TCA) [27] is a popular domain adaptation technique
that tries to learn certain transfer components across the source and target domains
and, hence, find a feature subspace in which similar data properties are encountered
for the two domains with closer data distributions. On creating the new subspace,
a standard SVM classifier is trained using the transformed source domain data for
testing in the target domain.

Joint Distribution Adaptation (JDA) [28] is a transfer learning approach that is useful
when there exists a discrepancy between the marginal as well as the conditional
distributions of the labeled source domain and unlabeled target domain data. JDA
tries to formulate new feature representations for the domains by jointly adapting
their marginal as well as conditional distributions during the dimensionality reduc-
tion process. These transformed representations are highly robust and effective for
domain generalization.

Balanced Distribution Adaptation (BDA) [29] is a transfer learning technique that
targets the distribution adaptation problem by leveraging the importance of the
marginal and conditional distribution discrepancies in an adaptive manner. It can also
be effectively used in transfer learning problems having class imbalance scenarios.
Geodesic Flow Kernel (GFK) [30] is a kernel-based unsupervised domain adaptation
approach. It tackles the domain shift problem by integrating infinite subspaces that
are used for mapping the geometric and statistical changes from the source domain
data to the target domain data.

Traditional Convolutional Neural Network (CNN) without any cross-domain adap-
tation, but having a similar architecture as the proposed method, is considered in
this comparison study. The stacked convolutional and pooling layers are used for
extracting meaningful features from the raw data signals. At the end, a fully con-
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nected layer is placed, which is followed by the softmax layer for classification. After
training the model using only source domain data, the model is directly tested on
target domain data.

8.  Convolutional Neural Network with MK-MMD [31]: The proposed method imple-
ments the CNN with cross-domain adaptation features. The maximum mean discrep-
ancy metric is used for the alignment of source and target domain distributions.

4.3.4. Benchmarking Results and Performance Analysis

In this section, the experimental results for both datasets are explained in detail.
Figures 7 and 8 represent the benchmarking results for all six transfer tasks of CWRU and
Paderborn dataset, respectively. For the tests on CWRU dataset, Ng = Nt = 100 was
used and for the Paderborn dataset, and N5 = Nt = 400 was implemented. As depicted
in both figures, the proposed methodology that uses noisy health labels in CNN-based
cross-domain adaptation framework, achieves the best test accuracy for all transfer tasks.
A similar trend in the results is observed for both datasets, which further strengthens the
reliability and validates the effectiveness of the proposed method. Being a conventional
machine learning method, SVM is not able to generalize well when it is trained on source
domain data and directly tested on target domain data. In comparison to traditional
methods, domain adaptation approaches such as TCA, JDA, BDA and GFK demonstrate a
competitive performance for all tasks. However, the proposed method still outperforms
these techniques.
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Figure 7. Testing diagnosis performances on target domain for different transfer tasks using different
algorithms on CWRU dataset. Ng = 100 is used.

Moreover, for the CWRU dataset, the results for CNN with domain adaptation and
without noisy health labels and CNN without domain adaptation and with noisy health
labels are always in proximity with the former surpassing the latter in certain tasks. How-
ever, for the Paderborn dataset, CNN with domain adaptation and without noisy health
labels always produces a better diagnosis compared with CNN without domain adap-
tation (with or without noisy labels). For both the datasets, however, the introduction
of noisy labels noticeably enhanced the performance of CNN-based domain adaptation
model. The explanation for the performance enhancement after incorporating noisy labels
is mainly originated from the regularization effect introduced by this technique during the
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model’s training process. Data augmentation is realized due to the availability of more
valid training data samples with discrete health labels, resulting in stronger generalization
ability. Correspondingly, a model augmentation effect is also generated, similar to other
regularization techniques such as dropout.
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Figure 8. Testing diagnosis performances on target domain for different transfer tasks using different
algorithms on Paderborn dataset. Ng = 400 is used.

For quantitatively investigating the effect of training data size on the diagnostic
performance of the proposed method, a performance analysis was also conducted in this
study for both the datasets. The experimental results for this analysis are presented in
Figures 9 and 10 for the CWRU and Paderborn dataset, respectively. As observed in both
figures, for each transfer task, the availability of a larger number of training data samples
generally resulted in higher test accuracy. As stated in the literature, the performance of
data-driven models usually improves when more data are available for training. The test
results from this analysis are in accordance with the above statement; hence, they further
validate our proposed approach.

The performance analysis results also depict the difficulty in minimizing the domain
discrepancy for different transfer scenarios. For instance, in Figure 10, it can be observed
that the testing accuracy, using the proposed method, is considerably less for task T;
as compared to tasks T, and T3 in different scenarios. The possible explanation for this
result can be that domain discrepancy is usually higher in tasks involving transfer across
different speed conditions (task Tj). Since the tasks T, and T3 involve the difference in load
and force conditions, respectively, the transfer of learned knowledge across the domains
is comparatively easier for these tasks. Hence, the model’s performance under various
transfer scenarios is well evaluated in this section.

It should be highlighted that a novel technique that integrates the noisy label algorithm
into the domain adaptation framework is proposed in this paper for enhancing the cross-
domain diagnosis performance. The use of noisy label algorithm, without any domain
adaptation features, will unnecessarily reduce the model’s diagnostic performance due to
additional noise in most of the cases. The simultaneous execution of domain adaptation
and noisy label approach will ensure the extraction of domain-invariant features along
with improved model generalization, ultimately resulting in performance enhancement.
Hence, the effectiveness of the proposed methodology has been strongly validated in this
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section using different tests and comparisons with popular transfer learning methods in
the literature.
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Figure 9. Performance analysis results for various transfer tasks of CWRU dataset with different
training data size using the proposed method.
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Figure 10. Performance analysis results for various transfer tasks of Paderborn dataset with different
training data size using the proposed method.

4.4. Visualization of High-Level Features

In this section, the high-level feature representations, captured by the fully connected
layer in the network, are visualized for better interpretation and understanding of the cross-
domain fault diagnosis results. The popular t-distributed stochastic neighbor embedding
(t-SNE) technique was utilized for visualizing the high-level fault features. Compared
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to other multi-dimensional scaling methods or techniques such as PCA, t-SNE provides
additional flexibility while capturing the local data characteristics, improved ability to
handle outliers and better illustration of minor changes in the data structure [32,33].

Figures 11 and 12 present the two-dimensional plots of the learned high-level features
obtained using four different methods for the transfer task: T; and T5 from the CWRU and
Paderborn dataset, respectively. As depicted, similar representations were obtained for both
the studied datasets. When domain adaptation is not implemented, the learned features
with the same health labels are clustered together as well, but there exist notable gaps
between the data from the source and target domains. Furthermore, due to such domain
discrepancies, the respective health condition labels of the source and target domains
are mapped into far-off regions. This negatively impacts the generalization of learned
feature knowledge from the source domain data to target domain data. After using the
proposed idea of domain adaptation, the high-level feature representations with the same
health labels from the source and target are well aligned to each other in the feature space.
This demonstrates that the domain-invariant features are well extracted during network
optimization. Correspondingly, the influence of the proposed noisy label algorithm on the
domain adaptation performance is also depicted in Figures 11 and 12 . For the ten health
classes in the CWRU dataset, a clear clustering effect was observed in Figure 11 using the
proposed methodology. Similarly, five distinct clusters are also obtained for the Paderborn
dataset, as seen in Figure 12. Hence, the effectiveness of the proposed noisy label-based
domain adaptation method has been quantitatively validated in this section.
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Figure 11. Visualization results of high-level features in the fully connected layer by different methods.
S- and T-denotes source and target domains, respectively. Task T; of the CWRU dataset is focused on.
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Figure 12. Visualization results of high-level features in the fully connected layer by different
methods. S- and T-denotes source and target domains, respectively. Task T5 of the Paderborn dataset
is focused on.

5. Conclusions

In this paper, a novel methodology for enhancing the performance of deep learning-
based cross-domain fault diagnosis using noisy label algorithm is proposed. By injecting
additional noise in the health condition labels of source data, the model’s generalization
ability can be substantially enhanced as compared to its optimization using the conventional
one-hot vector labels. Experiments on two popular rotating machinery datasets have been
performed in this study to demonstrate the method’s usefulness. The presented findings
indicate that the proposed technique can effectively extract domain-invariant features and
generalize well on the target domain for better addressing the challenging cross-domain
diagnosis problem. Although, promising results have been achieved in this paper, the
proposed approach still relies on the availability of sufficient target domain data during the
network’s training process. To address this limitation, future research work will be mainly
concentrated on the development of efficient fault diagnosis models that require a limited
amount of target domain data.
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Abstract: Cuckoo Search (CS) is one of the heuristic algorithms that has gradually drawn public
attention because of its simple parameters and easily understood principle. However, it still has
some disadvantages, such as its insufficient accuracy and slow convergence speed. In this paper, an
Adaptive Guided Spatial Compressive CS (AGSCCS) has been proposed to handle the weaknesses
of CS. Firstly, we adopt a chaotic mapping method to generate the initial population in order to
make it more uniform. Secondly, a scheme for updating the personalized adaptive guided local
location areas has been proposed to enhance the local search exploitation and convergence speed.
It uses the parent’s optimal and worst group solutions to guide the next iteration. Finally, a novel
spatial compression (SC) method is applied to the algorithm to accelerate the speed of iteration. It
compresses the convergence space at an appropriate time, which is aimed at improving the shrinkage
speed of the algorithm. AGSCCS has been examined on a suite from CEC2014 and compared with the
traditional CS, as well as its four latest variants. Then the parameter identification and optimization
of the photovoltaic (PV) model are applied to examine the capacity of AGSCCS. This is conducted to
verify the effectiveness of AGSCCS for industrial problem application.

Keywords: cuckoo search; adaptive method; spatial compression; photovoltaic model

1. Introduction

The optimization problems cover a wide range, including economic dispatch [1], data
clustering [2], structure design [3], image processing [4], and so on. The aim of optimization
is to find the optimal solution only when the constraint conditions are satisfied. If the
optimization has no constraint conditions, it is named an unconstrained optimization.
Otherwise, it is called a constraint optimization problem [5]. A mathematical model is
derived below, which can be concluded in most of the above cases:

minimize : f(x)
subject to: g(x) <0, h(x) =0
8(x) = {81(x), 82(x),-.., gm(x)
h(x) = {h1(x),ha(x),..., hu(x)}

where f(x) is the objective function, i exhibits the number of objective functions, g(x) and h(x)
are constraint functions, g(x) is an inequality constraint and /(x) is an equality constraint.
When the problem is unconstrained, g(x) and % (x) are equal to 0 and m and n represent the
number of constraints, respectively.

To solve the optimization problem, various solutions have been proposed. In the
beginning, some accurate numerical algorithms were developed, such as gradient de-
scent technology [6,7], linear programming [8], nonlinear programming [9], quadratic
programming [10,11], Lagrange multiplier method [12,13] and A-iteration method [14,15].

)

Mathematics 2022, 10, 495. https:/ /doi.org/10.3390/math10030495

https://www.mdpi.com/journal /mathematics
103



Mathematics 2022, 10, 495

However, these numerical methods do not show absolute computational advantages in
high-dimensional problems. Contrarily, it loses time because of its accurate search meth-
ods [16]. Later on, some heuristic algorithms are gradually invented. The earliest and most
famous one is the genetic algorithm (GA), first proposed in the 1970s by John Holland [17].
It draws lessons from the process of chromosome gene crossover and mutation in biological
evolution to transform the accurate solution of the problem into an optimization. Since
heuristic algorithms often lack global guidance rules, they are easy to fall into local stagna-
tion. In the past two decades, some intelligent algorithms imitating the biological behavior
of nature have begun to appear, which are called metaheuristics. Particle Swarm Optimiza-
tion (PSO) can be regarded as one of the earliest swarm intelligence algorithms [18]. PSO
is a random search algorithm based on group cooperation, which simulates the foraging
behavior of birds. A bat-inspired algorithm (BA) was proposed by X.S. Yang et al. [19]. The
BA makes use of the process of a bat population moving and searching prey. The Artificial
Bee Colony Algorithm (ABC) was invented by Karaboga et al. [20]. It is a metaheuristic
algorithm that imitates bee foraging behavior. It regards the population as bees and divides
bees into several species. Different bees exchange information in a specific way, thereby
guiding the bee colony to a better solution. The Grey Wolf Optimizer (GWO) is another
metaheuristic algorithm and was proposed by Mirjalili [21]. It has three intelligent behav-
iors containing encircling prey, hunting, and attacking. In addition, the Cuckoo Search
(CS) algorithm was proposed by Xin-She Yang [22]. CS is a nature-inspired algorithm that
imitates the brood reproductive strategy of cuckoo birds to increase the survival probability
of their offspring. Different from other metaheuristic algorithms, CS adapts its parameters
by relying on the random walk possibility P,;, which is easy to control for the iterations of
the simple parameters. What is more, CS adopts two searching methods including Levy
Flight and random walk flight. This combination of large and small step size makes the
global searchability stronger when compared with other algorithms.

Although CS has been easily accepted, there are still some weaknesses, such as insensi-
tive parameters and easy convergence to the local optimal [23,24]. Commonly, conventional
improvements for CS mainly aim at the following steps:

(1) Improve Levy Flight. Levy Flight is proposed to enhance the disorder and randomness
in the search process to increase the diversity of solutions. It combines considerable
step length with a small step length to strengthen global searchability. Researchers
modified Levy Flight to achieve a faster convergence. Naik cancelled the step of Levy
flight and made the adaptive step according to the fitness function value and its
current position in the search space [25]. In reference [26], Ammar Mansoor Kamoona
improved CS by replacing the Gaussian random walk with a virus diffusion instead of
the Lévy flights for a more stable process of nest updating in traditional optimization
problems. Hu Peng et al. [27] used the combination of Gaussian distribution and Levy
distribution to control the global search by means of random numbers. S. Walton
et al. [28] changed the step size generation method in Levy flight and obtained a
better performance. A new nearest neighbor strategy was adopted to replace the
function of Levy flight [29]. Moreover, he changed the strategy for crossover in global
search. Jiatang Cheng et al. [30] drew lessons from ABC and employed two different
one-dimensional update rules to balance the global and local search performance.

However, the above work is always aimed at global search. Too much attention is
paid to global search and ignores local search. Levy flight provides a rough position for the
optimization process, while local walking deteriorates the mining ability of CS. Therefore,
the improvement of local walking is also important.

(2) Secondly, the parameter and strategy adjustment have always been a significant con-
cern for improving the metaheuristic algorithm. The accuracy and convergence speed
of CS are increased through the adaptive adjustment of parameters or the innovation
of strategies in the algorithm. For example, Pauline adopted a new adaptive step
size adjustment strategy for the Levy Flight weight factor, which can converge to the
global optimal solution faster [31]. Tong et al. [32] proposed an improved CS; ImCS
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drew on the opposite learning strategy and combined it with the dynamic adjustment
of the score probability. It was used for the identification of the photovoltaic model.
Wang et al. [33] used chaotic mapping to adjust the step size of cuckoo in the original
CS method and applied an elite strategy to retain the best population information.
Hojjat Rakhshani et al. [34] proposed two population models and a new learning
strategy. The strategy provided an online trade-off between the two models, including
local and global searches via two snap and drift modes.

These approaches in this area have indeed improved the diversity of the population.
However, in adaptive and multi-strategy methods, the direction of the optimal solution
is often used as the reference direction for the generation of children. If the population
searches along the direction of the optimal solution, the population may be trapped into a
local optimization. In addition, the elite strategy based on a single optimal solution rather
than a group solution is not stable enough. Once the elite solution does not take effect, it
will affect the iterative process of the whole solution group.

(3) Thirdly, the combination of optimization and other algorithms is another improve-
ment focus. For example, M. Shehab et al. [35] innovatively adopted the hill-climbing
method into CS. The algorithm used CS to obtain the best solution and passed
the solution to the hill-climbing algorithm. This intensification process acceler-
ated the search and overcame the slow convergence of the standard CS algorithm.
Jinjin Ding et al. [23] combined PSO with CS. The selection scheme of PSO and the
elimination mechanism of CS gave the new algorithm a better performance. DE and
CS also could be combined. In ref [36], Z. Zhang et al. made use of the characteristics
of the two algorithms dividing the population into two subgroups independently.

This kind of improvement method generally uses one algorithm to optimize the
parameters of another algorithm. Later, global optimization would be carried out. This
method has strong operability, but there are two or more cycles, which increases the
complexity of the algorithm.

Based on the above discussion, we proposed three strategies to solve the above prob-
lems of CS. Firstly, a scheme of initializing the population by chaotic mapping has been
proposed to solve the problem of uneven distribution in high-dimensional cases. Experi-
ments show that the iterative operation using the chaotic sequence as the initial population
will influence the whole process of the algorithm [33]. Furthermore, this often achieves
better results than a pseudo-random number [37]. Secondly, aiming at enhancing the
process of random walk, we put forward an adaptive guided local search method, which
reduces the instability of randomness by the original local search. This search method
ranks all of the species according to their adaptability. In this segment, we believe that the
information for optimal solutions and poor solutions are both important to the iterative
process. Thus, the position of the best of the first p% and the worst of the last p% calculates
the difference and gets the direction of the next generation’s solution. This measure rea-
sonably takes advantage of the best and worst solutions because they are considered to
have potential information related to the ideal solution [38]. The solution group ensures the
universality of the optimization process and avoids the occurrence of individual abnormal
solutions affecting the optimization direction. Thirdly, as discussed before, to increase
the optimization ability some researchers like to use different algorithms combined with
CS. However, compared with the original CS, this measure increases many additional
segments. Moreover, there is added algorithm complexity, which wastes computational
time. Therefore, we propose a spatial compression (SC) technique that positively impacts
the algorithm from the outside. The SC technique was firstly proposed by A. Hirrsh and
can help the algorithm converge by artificial extrusion [39]. This method that adjusts the
optimization space with the help of external pressure has been proved to be effective [40].

We incorporated these three improvements into CS and propose an Adaptive Guided
Spatial Compressive CS (AGSCCS). It has the following merits compared with CS and
other improved algorithms: (1) An even and effective initial population. This population
generation method is applicable when solving high-dimensional problems. (2) Reasonable
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and efficient information from each generation of optimal solutions while avoiding the
population search bias caused by random sequences. (3) Increasing the precision of the
population iteration while maintaining the convergence rate. The imposed spatial compres-
sion also boosts the exploration power of the algorithm to some extent, as it could identify
potentially viable regions, judge the next direction of spatial reduction, and avoid getting
trapped in local optimal. The AGSCCS algorithm will be simulated and compared on
30 reference functions with single, multi-peak, rotation, and displacement characteristics.
Moreover, we also applied the proposed algorithm to the photovoltaic (PV) model problem
to verify its feasibility for practical issues. Research on PV systems is vital for the efficient
use of renewable energy. Its purpose is to accurately, stably, and quickly identify the
important parameters in the PV model. The results show that both the effectiveness and
efficiency of the proposed algorithm are proven. Compared with other algorithms, the new
algorithm is competitive in dealing with various optimization problems, which is mainly
reflected in:

(1) An initialization method of a logistic chaotic map is used to replace the random
number generation method regardless of the dimension.

(2) A guiding method that includes the information of optimal solutions and worst
solutions is used to facilitate the generation of offspring.

(3) An adaptive update step size replaces the random step size to make the search radius
more reasonable.

(4) In the iterative process, the SC technique is added to compress the space to help rapid
convergence artificially.

The rest of the thesis is divided into the following six parts. The introduction of the
original CS is briefly exhibited in Section 2. Section 3 concisely introduces the main idea
of AGSCS. In Section 4, the experimental simulation results and their interpretations are
presented. Furthermore, a sensitive discussion is performed to compare the enhancement
of the improved strategies. In Section 5, AGSCCS is applied to the parameter identification
and optimization of the PV model. The work is summarized in Section 6.

2. Cuckoo Search (CS)
2.1. Cuckoo Breeding Behavior

CS is a heuristic algorithm proposed by Yang [22]. It is an intelligent algorithm that
imitates the feeding method of cuckoos. As shown in Figure 1, cuckoo mothers choose
other birds’ nests to lay eggs. In nature, cuckoo mothers prefer to choose the best nest
among a plenty of nests [41]. In addition, baby cuckoos have some methods to ensure their
safety. For one thing, some cuckoo eggs are pretty similar to those of hosts. Another thing
is that the hatching time of the cuckoo is often earlier than those of the host birds. Therefore,
once the little cuckoo breaks its shell, they have a chance to throw some eggs out of the nest
to enhance their possibility of survival. Moreover, the little cuckoo can imitate the cry of the
child of the host bird to get more food. However, the survival of a baby cuckoo is not easy.
If the host recognizes the egg, it will be discarded. In that case, host mothers only choose to
get rid of their eggs or abandon the nests altogether. Later, cuckoo mothers will move to
build a new nest somewhere else. If the eggs are lucky enough not to be recognized, they
will survive. Therefore, for the safety of the children, cuckoo mothers always choose some
birds similar to their living habits [42].
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Figure 1. Feeding habits of cuckoos in nature. (D: Mother cuckoos find the best nest within plenty
of nests and lay their babies. 2): Baby cuckoos are raised by the hosts. 3: If the hosts find that the
cuckoos are not their babies, they will discard them. If the babies are lucky enough not to be found,
they will survive (@: If the baby cuckoos are abandoned, mother cuckoos will continue to find the
best nest to lay their eggs.

2.2. Lévy Flights Random Walk (LFRW)

There are some different methods to find the best solution for a local search in the
conventional evolutionary algorithms. For example, Evolutionary Strategy (ES) [40] follows
a Gaussian distribution. GA and evolutionary programming (EP) choose the random
selection mode to find the best solution. A random searching measure is always a better
choice in most heuristic algorithms. However, blindly random selection will only reduce
the efficiency of the algorithm. Therefore, CS applies a new searching method to enhance
itself. In a global search, CS adopts a new searching space technique, which is called Levy
Flight Random Walk (LFRW). A quantity of evidence has confirmed that some birds and
fish in nature use a mixture of Levy flight and Brownian motion to capture prey [43]. In a
nutshell, Levy flight is the approach that combines long and short steps. The step length of
Levy flight obeys Levy distribution. Sometimes, the direction of Levy flight will suddenly
turn 90 degrees. Its 2D plane flight trajectory is simulated in Figure 2. In local search,
CS adopts a novel measure called random walk [44]. As we all know, it is challenging to
balance the breadth and depth when the population is in convergence. Levy flight has a
promising performance in a searching space as it mixes long and short steps, which benefits
global search. Random walk describes the behavior of random diffusion. Combining the
two methods is beneficial to improve the depth and breadth of the algorithm, which is
conducive to improving the accuracy of the algorithm.

In a word, Levy flight is a random walk that is used in the second stage of CS. The
offspring is generated by Levy flight as follows:

+1
X;? = X;?' +a® Levy(B)a = ap ® (X,g - Xf) @

where Xf“ is the next generation, X! is the current generation, and X! is a randomly
generated solution; & (v > 0) is the step size of Levy flight; Levy(s, A) is a random search
path following Levy distribution; ® is a special multiplication indicating the entry-wise
multiplication; and «g is a step control parameter. Yang simplified the Levy distribution
function and Fourier transform to obtain the probability density function in power form,
which is given by:

Levy(B) ~u=t"1F,0<p<2 3)

Actually, the integral expression of Levy distribution is quite complex, and it has not
been analyzed. However, Mantegna proposed a method to solve for random numbers
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with a positive distribution in 1994 [45], which is similar to the distribution law of Levy
distribution. Thus, this method is used in Yang’s approach as follows:

u

1
o]

Levy(B) ~ 4

where both 1, v follow the Gaussian normal distribution. The specific expressions are given by:

1

r+p)sin( %)’
pr(0)2

Usually, 1 < 8 < 3. In original CS, B is set to 3/2 and I is a gamma function, which is
formulated as:

©)

U ~ Norm(O,aZ),v ~ Norm(0,1)0 =

+o0 tz—l
T(z) = /0 —dt ©)
Therefore, the calculated formula of the offspring is as follows:
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Figure 2. 2D plane Levy flight simulation diagram.

2.3. Local Random Walk

As is mentioned above, CS has two location updating methods for global and local
searches. In global search, it adopts Levy flights to evolve the population. In local search, it
adopts random walk to excavate potential information for solutions, which enhances the
exploitation of CS. In this section, CS proposed a threshold that is called P,. The application
law of P, is:

v;, rand > P,
i = { x;, otherwise ®)

where x; is the population generated by Levy Flight, i is the position of the solution vectors
in the population, and v; is a trial vector, which is obtained by the random walk of x;. In
general, CS enforces random walk only when the generated value satisfies the threshold P;.
Random walk of CS shall be carried out according to the following rules:

Vi =Xi+a@HP —7)® (xm — Xn) )
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where i means the index of the current solution in the population, « is the coefficient of the
step size, H is a Heaviside function, r is a random number following a normal distribution,
and x,; and x;, are both the two random solution vectors in the current population. In this
way, the local optimization is more stable. Moreover, it is easy to obtain excellent solution
information. Algorithm 1 shows the pseudo-code of CS.

Algorithm 1 The pseudo-code of CS

Input: N: the population size
D: the dimension of the population
G: the maximum iteration numbers
g: the current iteration
P,: the possibility of being discovered
X;: a single solution in the population
Xpest: the best solution of all solution vectors in the current iteration

l:Fori=1:N

2: Initialize the X;

3: End

4: Calculate f (X;), find the best nest Xj,.s; and record its fitness f(Xps;)

5: While g < G do

6: Randomly choose ith solution to make a LFRW and calculate fitness f(U;)
7 IEF(U) < F(X)

8: Replace f(X;) by f(U;) and update the location of the nest by Equation (2)
9: End If

10: Fori=1:N

11: If the egg is discovered by the host

12: Random walk on current generation and generate a new solution V; by Equation (9)
13 IEA(V) < F(X)

14: Replace f(X;) by V(X;) and update the location of the nest

15: End If

16: End If

17:  End for

18: Replace Xj,s; with the best solution obtained so far

190 g=g+1

20: End while
Output: The best solution

3. Main Ideas of Improved AGSCCS

Although many attempts have been made to improve the performance of CS, there
are still some disadvantages of CS because of its simple structure [23]. Firstly, the local
search follows the pseudo-random number distribution in the original CS. In this case,
the population cannot balance the global search and local search in the later stage due
to the nonuniformity of the distribution in high-dimensional space, which will fall into a
local optimization [46,47]. In other words, the exploration and exploitation ability of the
algorithm will be limited due to the pseudo-random distribution. Secondly, the original CS
uses a static method to calculate the step size, leading to slow convergence [48]. Thirdly, the
global search capacity has been improved by Levy Flight. It uses the combination of long
and short distances for spatial search and quickly determines the feasible region. However,
the local search needs to be enhanced because of the uncertainty of random search, which
may also cause the local optimal [24].

Based on the above problems, AGSCCS has been proposed. AGSCCS retains the
core idea of the original CS algorithm and makes some adjustments to the drawback of
CS. Firstly, it uses the chaotic mapping to generate the initial population instead of the
pseudo-random distribution. This measure solves the problem of the nonuniformity of
the distribution in high-dimensional space. Secondly, the generation step size is modified.
An adaptive coefficient is added to control the change in the step size. A guided sorting
method is added to make full use of the optimum group and worst group. This measure
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solves the defect of the imbalance between exploration and exploitation in the later period,
giving an excellent promotion for the exploitation. Thirdly, a SC technique is also proposed.
It mainly aims at quickly determining the vicinity of the ideal solution and prevents the
population from falling into the local optimal. The following sections introduce the three
above strategies.

3.1. Initialization

The standard evolutionary algorithms will tend to appear premature because of the
decline in population diversity and the setting of control parameters in the later stage [49].
The randomly generated initial population can easily cause population convergence and
aggregation. The chaotic mapping method is used to initialize the population to improve
the effectiveness and universality of the CS algorithm. Chaos is a common nonlinear phe-
nomenon, which can traverse all states and generate chaotic sequences without repetition
in a specific range [50]. Compared with the traditional initialization, the chaotic mapping
method preferentially selects the position and velocity of particles in the initialization
population. It can also use the algorithm to randomly generate the initial value of the
population, which maintains the diversity of the population and makes full use of the space
and regularity of the initial ergodic of chaotic dynamics.

As can be seen from Figure 3, the initial population generated by using Logistic chaotic
initialization mapping is more uniform. Assuming that the (0,0) point is the segmentation
point, the whole search domain is divided into four spaces. Points 13, 9, 12, 16 are randomly
generated in the four quadrants by common initialization, and the initial populations for
11,13, 12, 14 are generated by the chaotic mapping method. From the distribution’s point
of view, the initial population generated by the chaotic mapping method is more uniform.

80k

-+

-100 50 0 50 100

(a) (b)

Figure 3. Comparison between common initialization and chaotic initialization. (a) Common initial-
ization; (b) Chaotic initialization.

Common chaotic mapping models include piecewise linear tent mapping, chaotic
characteristics of a one-dimensional Iterative Map with Infinite Collapses (ICMIC), sinu-
soidal chaotic mapping (sine mapping), etc. [50,51]. However, the tent chaotic map has
unstable periodic points, which easily affects the generation of chaotic sequences. The
pseudo-random number generated by the ICMIC model is between [—1,1], which does
not meet the initialization value required in this paper. The scope of the application of
the sine mapping function also has significant limitations. Its independent variables and
value range are often controlled between [—1,1]. To simplify the model and improve the
efficiency of the algorithm, we will adopt a logistic nonlinear mapping after considering
the above factors. The logical mapping can be described as:

g+l _ ¢ g
Yi = HY; (1 - yi) (10)
where y; is a random value that follows a uniform distribution, i means the current position

of the current solution vector in the population, g is the current iteration, and y is the control
coefficient of the expression, and it is a positive constant. The value of g is a positive integer,
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which indicates the current number of iterations. When 3.5699 < u < 4, the system is in
full chaos and has no stable solution [2]. Therefore, the population initiation is given as:

X? = (Xmux - Xmin) * }/11 + Xmin (11)

where y! is an initial value generated by the chaotic map according to Equation (10), and
Xmax and X, are the upper and lower limits of the search space, respectively.

3.2. A Scheme of Updating Personalized Adaptive Guided Local Location Areas

In nature, if the host does not find the cuckoo’s eggs, the eggs can continue to survive.
Once the cuckoo’s eggs are found, they will be abandoned by the host and the cuckoo’s
mother can only find another nest to lay eggs. In the CS algorithm, the author proposed
a ‘random walk’ method. P; is the probability of the eggs being discovered. Once found,
these solutions need to be transferred randomly and immediately to improve their survival
rate. The total number of solutions in each iteration remains unchanged [52]. The above
process is the random walk. However, any random behavior can affect the accuracy of the
algorithm. The global optimal may be missed if the step size is too long. Meanwhile, if the
step size is too short, the population will always search around the local optimal. Thus, an
adaptive differential guided location updating strategy is proposed to avoid this situation.

Intuitively, a completely random step size is risky for the iteration because it may run
counter to the direction of the solution. The common method is to use the information
of excellent solutions to pass on to the next generation to generate children [53,54]. Lit-
erature [38] adopts a new variation rule. It uses two randomly selected vectors coming
from the top and bottom 100p% individuals in the current size population, and the third
vector is randomly selected from the middle [NP — 2 (100p%)] individuals (NP is the
population size). The three groups set the balance between the global search ability and
local development tendency and improve the convergence speed of the algorithm. In this
study, we combine this improvement concept with CS.

The original CS always uses the pseudo-random number method to generate a new
step size in the local search phase. However, pseudo-random numbers are easy for show-
ing the nonuniformity, especially in high-dimensional space. In some literature [55,56],
researchers often used the information of the optimal solution and the worst solution in
the previous generation solution set to replace the random step-size, which can make full
use of the information of the solution. However, suppose we only use the single optimal
solution and the worst solution in each generation of the population. In that case, the
population may fall into local stagnation because of following the direction of the optimal
solution. Therefore, the definitions of ‘optimal solution group’ and ‘worst solution group’
are proposed. The optimal solution group is the top 100p% individuals, while the worst
solution group is the bottom 100p% individuals in the current NP size population. The
advantage of using a solution group instead of an optimal solution is to avoid always
following the same iterative direction of the optimal solution. This specific idea can refer
to Figure 3 (®). Furthermore, this measure contributes to the diversity of the population,
which is beneficial to the iteration in the latter stage. The formula is described as follows:

— nestd

g+l _ g g
nest; = nest; + K- (nest pwmt)

pbest (12)

where nest is the iterative population, g is the current iteration, i means the position of the
decision vector in population, pbest and pworst are the top and bottom p% solutions in
population, and K is a coefficient of controlling step size. The core idea of this method is:
(1) for each population, we can learn the information of the best solution group and the
worst solution group from the current generation. (2) The effect of difference is understood
as the positive effect of the best solution group and the negative effect of the worst solution
group. In the iterative process, the variation direction of the offspring follows the same
direction as the best solution group vector while maintaining the opposite direction to
the worst solution group of the random vector. The specific optimization direction of the
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offspring will be determined by the parent and the variation direction. This specific idea
will be visualized in Figure 3.

Figure 4 shows the specific ideas for population evolution—where a is the current
optimal solution, b is current worst solution, and c is the parent solution. In some im-
provements of CS, researchers utilize a and ¢ to generate the offspring. However, they
do not notice that the worst group affects the iteration at the same time. It will make
the population evolve along the direction of the optimal solution and lead to falling into
local optimization. In our method, a and b will firstly generate the direction of the next
generation variation direction. Then, the parent will combine with the variation direction
to produce a new searching direction.

Current
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solution - .
The next generation
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Figure 4. Population evolution diagram.

Moreover, the adjustment for the operator K is also essential. The best solution group
and the worst solution group previously proposed are used to control the direction of the
iteration step, and K is the coefficient controlling this iteration step. Its randomness will
also affect the efficiency of the algorithm. Our idea is to control the size of K so that the
algorithm maintains a relatively large step size at the beginning of the iteration, and it
could quickly converge near the ideal solution. In the later stage, we will gradually reduce
the step size to converge to the position of the ideal solution accurately. In this study, we
proposed an adaptive method to control K. The pseudo-code can be shown in Algorithm 2.

Algorithm 2 The pseudo-code of K

Input: g: the current iteration
G: the maximum number of iterations

1: Kypax = 1, Kpyyiy = 0.1

2: Initialize K, Ky = 0.4

3 A=l T

4: Update K, K’ = Ko % 2"

5: Judge whether the current K is within the threshold
6: If rand < threshold do

7 K = K,;;i + rand*Kjyax

8: Else

9: K=K

10: End if

11: Calculate new step size by Equation (12)
Output: The value of stepsize
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K is a parameter for the step size. It can be seen from Algorithm 2 that the value
of K increases during iteration. In the beginning, the value of the vector K is close to
2Ky, which is convenient for the population, thereby accelerating the convergence of the
optimal solution. In the later stage, K gradually decreases into Ky, which prevents excessive
convergence. The above measure can ensure the algorithm is searching around the feasible
areas all along. The threshold is set to appropriately increase the diversity of the algorithms
and reduce the possibility of searching for the local optimal. It allows random change for
the step size, which increases the diversity of the algorithm. Thus, the population variety
remains in the later stage.

3.3. Spatial Compressions Technique

Original CS uses simple boundary constraints, which have no benefits for spatial
convergence. In this section, a SC technique is proposed to actively adjust the optimization
space. Briefly, its primary function is to properly change the optimization space of the
algorithm in the iterative process. In the evolutionary early stage, the algorithm space is
compressed to converge near the ideal solution quickly. In the late stage of evolution, the
behavior of the compressing space will be slowed down appropriately to prevent a fall into
the local optimal [40].

SC should cooperate with the optimization population convergence. The shrinkage
operator is set larger than the one in the later stage. Therefore, the population can quickly
eliminate the infeasible area in the beginning. In the later stage, the shrinkage operator
should be set smaller to improve the convergence accuracy of the algorithm. Based on
the above methods, we propose two different shrinkage operators for the different stages
according to the current population. The first operator accelerates the population searching
around the space used in the beginning stage. The second one is used to improve the
accuracy of the algorithm and find more potential solutions.

Al = 0.5 % Xpax — Xomin (13)

_ B * uf - lf - (Xmax - Xmin)
2

where X, and X,,,;, represent the upper and lower bounds of the ith decision variable in
the population, u! and I, respectively, represent the actual limit of the decision variable in
the current generation, B is a zoom parameter, and D is the dimension of the population.
According to the above operators, Equation (13) is used in the beginning stage and Equation
(14) is used later. In this article, the first third of the iteration is the beginning stage and the
last two-thirds are the later stage. Based on the above analysis and some improvements,
the new boundary calculation formula is as follows:

A2

(14)

ufH = Ximax + 4; lf+1 = Xinin — A (15)

where A is a shrink operator. It has different values depending on the current iteration. The
pseudo-code of the section of the SC technique is shown in Algorithm 3.
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Algorithm 3 The pseudo-code of shrink space technique

Input: g: the current iteration
G: the maximum number of iterations
N: the population size

1: Initialize A, T = 20

2: Ifmod (g, T)=0

3: Forg=1toGdo

4: Calculating Al and A2 for different individuals in the population by Equations (13) and (14)
5: If g<G/3do

6: choose Al as shrinking operator

7 Else

8: choose A2 as shrinking operator

9: End if

10: End for

11: Update the new upper and lower bounds by Equation (15)

12: End if

Output: new upper and lower bounds

There is no need to shrink the space frequently, which is likely to cause over-convergence.
Given this, we choose to perform a spatial convergence every 20 generations. It will not
only ensure the efficiency of the algorithm, but also effectively save computing resources.
The pseudo-code and flow diagrams of AGSCCS are presented in Algorithm 4 and Figure 5.
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Figure 5. Flow chart of AGSCCS.
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Algorithm 4 The pseudo-code of AGSCCS

Input: N: the population size
D: the dimension of decision variables
G: the maximum iteration number
P,: the possibility of being discovered
X;: a single solution in the population
Xpest: the best solution of the all solutions in the current iteration

1:Fori=1:N
2: Initialize the population X? by Equation (11)
3: End

4: Calculate f (X?), find the best nest Xj,.s; and record its fitness f(Xjpes)
5: While ¢ < G do

: Make a LFRW for X; and calculate fitness f(X;)
If f(U;) < f(Xi)

Replace f(X;) with f(U;) and update the location of the nest

End If
10:  Sort the population and find the top and bottom p%
11:  If the egg is discovered by the host

12: Calculate the adaptive step size by Algorithm 2 and Equation (12)

13: Random walk on current generation and generate a new solution V;
14: EndIf

15 I £(V;) < £(X)

16: Replace X; with V; and update the location of the nest

17:  End If

18: Replace Xp,s; with the best solution obtained so far
19: Ifmod (t, T) =0

20: Conduct the shrink space technique as shown in Algorithm 3
21: If the new boundary value is not within limits

22: Conduct boundary condition control

23: End if

24: End if

25 g=g+1

26: End while
Output: The best solution after iteration

3.4. Computational Complexity

If N is the wolf pack size, then D is the dimension of the optimization problem and
M is the maximum iteration number. The computational complexity of each operator of
AGSCCS is given below:

(1) The chaotic mapping of AGSCCS initialization in O(N) time.
(2) Adaptive guided local location areas require O(2) time.
(3) Adaptive operator F requires O(N) time.
(4) The shrinking space technique demands O(# x D), where T is the threshold control-
ling spatial compress technique.
In conclusion, the time complexity of each iteration is O(2N+2 + M x D). As2N is
more than two, the overall time complexity of the proposed AGSCCS algorithm can be
expressed as O(2N + @) Therefore, the total computational complexity of AGSCCS is

equal to O ( (2N + @) X M) for the maximum iteration number M.

4. Experiment and Analysis

In this section, some experiments will be performed to examine the performance of
AGSCCS. To make a comparison, the test will be done on the other algorithms, including
CS [22], ACS, ImCS, GBCS, and ACSA at the same time. All of them improve the original
CS algorithm from different angles. For example, ACS changes the parameters in the
random walk method to increase the diversity of the mutation [25]. GBCS combines the
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process of a random walk with PSO, which realizes adaptive controlling and updating of
parameters through external archiving events [27]. ImCS draws on the opposite learning
strategy and combines it with the dynamic adjustment of score probability [32]. ACSA
is another improved CS algorithm that adjusts the generating step size [31]. It uses the
average value, maximum, and minimum to calculate the next generation’s step size.

4.1. Benchmark Test

The benchmark test is a necessary part of the algorithm. It can verify both the perfor-
mance and characteristics of the algorithm. During these years, lots of benchmark tests
have been proposed. In this paper, CEC2014 will be adopted to examine the algorithm.
It is a classic collection of the test function, including Ackley, Schwefel’s, Rosenbrock’s,
Rastrigin’s, etc. [57]. It covers 30 benchmark functions. In general, these 30 test functions
can be summarized as four parts:

(1) Unimodal Functions (F; — F3)

(2) Simple multimodal Functions (F4 — Fy4)
(3) Hybrid functions (Fj7 — F2)

(4) Composition functions (Fy — F3)

The specific content of each function has been listed in a lot of research [58].

4.2. Comparison between AGSCCS and Other Algorithms

CS is a heuristic algorithm that was proposed in recent years. Given this, in order to
test its performance comprehensively, we chose four differently related CS algorithms to
make the comparison.

The population size is set to N = 50, and the dimension of the problems is set to
D = 30. The function evaluation times are set to FES = 100,000. Each experiment is run 30
times and six algorithms are completed to get the mean and standard values.

To comprehensively analyze the performance of AGSCCS, five relevant algorithms
were chosen: CS, ACS, ImCS, GBCS, and ACSA. In this study, the population size of
each algorithm is set to 30. Thirty turns tests would be run to avoid any randomness
caused by one turn. The experimental results show both the mean and standard values
of all the experiments in Table 1. The mean values show the precision performance,
while the standard value shows the stability. According to the instruction of the CEC2014
benchmark tests, different kinds of functions are exhibited to verify the performance of the
algorithms. For example, the unimodal function can reflect the exploitation capacity while
the multimodal function shows the exploration capacity.

(1) Unimodal functions (F; — F3). In Table 1, AGSCCS shows better performances in
two functions in a group of three algorithms compared with CS, ACS, ImCS, GBCS,
and ACSA when D = 30. Actually, except for function F,, it may be because the CS
algorithm cannot find the best value for the function, whereas AGSCCS always gets
the best results in F; and F3 compared to the other four algorithms. Given that the
whole domain of the unimodal function is smooth, it is easy for the algorithm to find
the minimum on the unimodal function. In this situation, AGSCCS can also score the
best grades that prove the pretty exploitation capacity compared to other algorithms.
This may owe to the SC technique. It quickly distinguishes the current environment
to the extreme value of the region. Additionally, it benefits the capacity for algorithm
convergence.

(2) Simple multimodal functions (F4 — F¢). These functions are comparatively difficult
for iterations compared to unimodal functions, given that they have more local
extremums. In a total of 13 functions, AGSCCS performs better compared to eight
functions, while CS, ACS, ImCS, GBCS, and ACSA have outstanding performances
in functions 2, 1, 1, 3, 2, respectively; especially Fi;5 shown in Figure 6, given that it
is a shifted and rotated expanded function with multiple extreme points. Moreover,
it adds some characteristics of the Rosenbrock function into the search space, which
strengthens the difficulty for finding the solution. AGSCCS achieves good iterative
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results on this function, which shows an excellent exploration capacity. This good
exploration capacity is from the adaptive guided updating location method. The
guided differential step size method can help the algorithm search for the direction of
good solutions while avoiding bad solutions.

Hybrid functions (Fjy — F»;). In these functions, AGSCCS still achieves the best
compared to the other four algorithms. It has better performances on Fy7, Fi9, F,
and F>;. In the total of six functions, CS, ACS, ImCS, GBCS, and ACSA lead in
only functions 0, 1, 1, 2, 0. In F,, the six algorithms almost converge to smaller
values while AGSCCS can converge to a better value, which exhibits the excellent
capacity of exploration of AGSCCS. Although GBCS has better results in Fyp, AGSCCS
is extremely close to its results. These experimental results can prove the leading
position of AGSCCS in hybrid functions.

Composition functions (F2 — Fzp). In Fy — F39, AGSCCS shows better performances
in four functions in total. Intuitively, AGSCCS has the best results in Fo3 — Fys. In these
four functions, it always gets full marks. Although ACS performs unsatisfactorily
on F7 — F3, it cannot deny its excellent exploration and exploration ability. On the
previous unimodal and multimodal functions, the comprehensive performances of
ACS have been certified. The poor performances of ACS may be due to the instability
of its state under multi-dimensional and multimodal problems. Therefore, AGSCCS
does not show any disadvantages compared with the other four algorithms in hybrid
composition functions.

1510 - 7.7 %

1500 -

y ” ‘.";
. "

10

Figure 6. 3D graph of Shifted and Rotated Expanded Griewank’s plus Rosenbrock’s Function.
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To further analyze the searching process of AGSCCS, the iterative graphs for the
CEC2014 benchmark are as follows.

Given that there is a considerable statistical difference between each function, we take
the logarithm of the obtained function values to get the iterative graph. As can be seen
from Figure 7, in 19 of the 30 test functions AGSCCS performs better than CS, ACS, ImCS,
GBCS, and ACSA in terms of accuracy and stability. On the one hand, 19 functions of
AGSCCS reach the minimum fitness value in the mean of iteration results, which is the
algorithm with the largest number of minimum values among the six algorithms. This is
due to the chaotic initialization and adaptive guided population iteration. The method
of chaotic initialization improves the diversity of the population. The best and worst
solution group of the previous generation are retained to provide references for the next
generation and improve the exploration ability of the population, thus obtaining a smaller
adaptation value. However, on the other hand, the AGSCCS algorithm performs equally
well with the mean error. Compared with the second ImCS algorithm, AGSCCS achieves a
minimum error on 20 test functions, while the second ImCS algorithm only shows better
results on 5 test functions. This is due to the method of shrinking space. This method
actively compresses the space in proper time, reduces the optimization range, improves
the convergence speed, and enhances the stability of the algorithm. Similarly, in terms
of convergence speed, AGSCCS’s convergence is faster than CS, ACS, ImCS, GBCS, and
ACSA. In the same iteration, AGSCCS always tends to achieve a smaller value. There is
no doubt that the SC technique contributes to the fast speed of convergence. In Fg, even if
GBCS achieves the best solution compared with other algorithms within a relatively short
time, it still Fjp©si , F119, and Fp9, which belong to the multimodal functions. Hence, it
is not hard to conclude that GBCS has a worse iteration capacity than AGSCCS. Due to
the SC technique, AGSCCS can easily and quickly find the optimal value in the searching
space. The adaptive random replacement nest step ensures that the searching direction is
not easy to fall into the local optimal. Therefore, in terms of comprehensive strength, the
AGSCCS algorithm performs better.

In summary, it isn’t easy to find the best solution to perfectly solve all kinds of
problems, whether it is through the original CS or some improved method. Therefore, the
proposed AGSCCS is hard to find at all of the optimal solutions simultaneously. However,
according to the above analysis, it can be seen that AGSCCS is a noteworthy method
for optimization problems. It vastly improves the performance of the conventional CS
on various issues, no matter if the problems are unimodal or multimodal. Furthermore,
it shows better results than CS, ACS, ImCS, GBCS, and ACSA. AGSCCS adopts chaotic
mapping generation and adaptive guided step size to avoid local stagnation. SC accelerates
the speed of convergence. Three methods contribute to a stable balance between the
exploitation and exploration capacity for AGSCCS.
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Figure 7. Convergence curve of AGSCCS in CEC2014.

4.3. Discussion

A sensitivity test will be done to verify the validity of the three improved strategies. It
covers four experimental subjects called AGSCCS-1, AGSCCS-2, AGSCCS-3, and AGSCCS
itself. During this process, we take the control variable method to examine the influence
of each strategy. For convenience, the three improved strategies are recorded as the
improvement I (IM I), improvement II (IM II), and improvement III (IM III), which represent
the chaotic mapping initialization, adaptive guided updating local areas, and SC technique,
respectively. The matching package of each subject is shown in Table 2.

Table 2. Matching package of each subject.

AGSCCS-1 AGSCCS-2 AGSCCS-3  AGSCCS

M1

(Logistic chaotic mapping) x v v v
IM 2

(Adaptive guided updating local areas) 4 % 4 4
M3

(SC technique) v v X v

As can be seen from Table 2, each algorithm reduces one strategy compared with
AGSCCS. These reduced strategies will be filled with some parts of the original CS. For
example, AGSCCS-1 has no SC technique. From here, we will choose the common boundary
condition treatment method, which comes from the original CS. The whole sensitivity test
will be done at D = 30. Each benchmark test will be run for 30 turns and the average value
will be taken. The population size is set as 50 and FES = 100,000. The specific experimental
results are shown in Table 3.

Obviously, the three strategies all play a necessary part in the algorithms. AGSCCS
acquires 21 champions in the total of 30 benchmark tests, while AGSCCS-1, AGSCCS-2,
and ACS-CS-3 score 7, 5, and 6 points in total. Among IM1, IM2, and IM3, IM3 has the
most important effects on AGSCCS. Without IM3, it will be inferior in 22 functions. In other
words, without the assistant of SC, AGSCCS-3 shows mediocre performance. IM1 and IM2
seem to have almost the same effect on AGSCCS. AGSCCS-1 is inferior in 19 functions and
AGSCCS-2 is inferior in 20 functions. Although there is no significant difference in the data
performance among the 30 test functions, it is obvious that any of the three improvements
have improved the algorithm’s performance. As mentioned earlier, the SC technique is
the most critical part of the improvement measures because it compresses the searching
space and improves the algorithm’s efficiency. Moreover, the adaptive measures that adjust
the updating methods are both verified to be valid. Although the results brought by the
adaptive measures have a little enhancement, it can be inferred that the two measures bring
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a positive affection for the AGSCCS algorithm. Thus, it is certain that these three strategies
are indispensable, given that they jointly promote the performance of AGSCCS.

Table 3. Sensitive test of AGSCCS. (Bold is the optimal algorithm results of each test function.)

AGSCCS-1 AGSCCS-2 AGSCCS-3 AGSCCS
Mean Std Mean Std Mean Std Mean Std
f1 5.24 x 10° 2.01 x 10° 9.60 x 10° 2.74 x 10° 5.38 x 10° 1.82 x 100 4.23 x 10° 1.40 x 10°
2 1.00 x 100 0.00 1.00 x 1010 0.00 1.00 x 10'° 0.00 1.00 x 1010 0.00
£3 2.90 x 101 7.75 2.10 x 107 5.89 x 10! 2.96 x 101 1.09 x 101 2.80 x 10! 7.34
f4 8.02 x 101 2.56 x 101 9.86 x 10! 1.35 x 101 6.95 x 101 3.26 x 101 7.08 x 101 2.28 x 10!
f5 2.09 x 101 7.14 x 1072 2.09 x 10! 5.53 x 1072 2.09 x 10! 6.35 x 1072 2.09 x 10! 7.94 x 1072
f6 2.69 x 10 1.21 2.79 x 101 1.29 2.68 x 10! 1.18 2.78 x 101 1.32
7 8.43 x 1072 5.51 x 1072 223 x 107! 7.58 x 1072 8.09 x 1072 620 x 1072 751 x 1072 561 x 1072
£8 5.96 x 10! 8.44 1.04 x 10? 1.43 x 10! 5.68 x 10 8.98 5.53 x 10! 8.21
f9 1.05 x 10% 1.66 x 10! 1.63 x 10? 1.82 x 10! 1.08 x 102 1.46 x 101 1.05 x 102 1.48 x 101
f10 233 x 10° 2.56 x 107 2.63 x 103 1.83 x 10? 225 x 10% 2.53 x 107 2.12 x 103 1.96 x 10?
f11 3.89 x 10° 2.09 x 102 391 x 103 2.10 x 102 3.78 x 10° 2.09 x 107 3.85 x 10° 2.67 x 102
f12 1.10 1.61 x 1071 1.04 1.73 x 1071 1.10 1.36 x 1071 9.89 x 1071 143 x 1071
f13 461 x 1071 830x 1072 336 x10~'  415x 1072  4.66 x 107! 813 x 1072 497 x 107! 5.75 x 1072
f14 433 x 107! 271 x 1071 261 x 1071 246 x 1072 401 x 107! 2.37 x 1071 431 x 107! 2.80 x 107!
f15 1.08 x 101 1.57 1.45 x 10! 1.85 1.08 x 10! 1.08 1.07 x 10! 1.01
f16 1.27 x 101 252 x 1071 1.28 x 10! 222 x 107! 1.28 x 101 252 x 107! 1.27 x 10! 2.34 x 107!
f17 3.13 x 104 1.30 x 10* 8.39 x 10* 3.65 x 10* 3.29 x 104 1.42 x 10* 2.72 x 10* 7.89 x 10°
f18 5.03 x 102 1.13 x 10? 2.86 x 103 1.91 x 10° 4.75 x 102 1.05 x 10? 3.33 x 108 1.83 x 10°
f19 9.86 1.45 1.09 x 10 5.97 x 107! 9.37 1.12 9.83 1.58
£20 1.70 x 102 3.37 x 10! 3.15 x 10? 8.00 x 10! 1.67 x 102 2.56 x 10! 1.65 x 102 3.27 x 10!
f21 2.65 x 10° 4.75 x 10? 4.90 x 10° 8.26 x 10? 2.60 x 10° 3.03 x 10? 2.54 x 10° 435 x 10?
22 3.44 x 102 9.97 x 101 3.91 x 10? 8.90 x 101 3.09 x 102 1.09 x 102 2.74 x 10? 1.15 x 10?
23 3.15 x 10% 7.55 x 1072 3.15 x 102 3.32 x 1073 3.15 x 10% 3.76 x 1072 3.15 x 102 1.49 x 107!
24 229 x 102 3.86 2.35 x 102 3.72 228 x 102 2.98 2.28 x 102 2.09
f25 2.06 x 102 1.05 2.11 x 107 1.51 2.07 x 102 1.16 2.06 x 102 1.23
26 1.00 x 102 9.09 x 1072 1.00 x 102 451 x 1072 1.09 x 102 4.83 x 10! 1.00 x 102 8.99 x 1072
27 7.94 x 102 2.44 x 102 4.30 x 102 9.86 8.42 x 10? 1.99 x 102 8.25 x 10? 2.12 x 10?
£28 1.06 x 10° 2.10 x 10? 1.05 x 10% 4.76 x 10! 1.06 x 103 1.49 x 10? 1.03 x 10° 1.19 x 102
29 6.41 x 10° 2.44 x 10° 4.53 x 103 2.07 x 103 6.19 x 10° 2.08 x 10° 5.85 x 10° 459 x 10°
£30 3.64 x 10° 1.69 x 10° 423 x 103 8.66 x 102 3.80 x 10° 241 x 103 3.62 x 10% 1.32 x 10°
+/—/= 19/5/6 20/6/4 22/7/1 -

4.4. Statistical Analysis

In this paper, a Wilcoxon signed rank test and Friedman test are used to verify the
significant difference between AGSCCS and its competitors. The signs ‘+’, ‘', and ‘~’
indicate that our methods perform better, lower, and the same as their competitors. The
results are shown in the last rows in Tables 1 and 3. The Wilcoxon test was performed
at & = 0.05 as the significance level. The final average ranking of all 30 functions by the
above six algorithms is shown in Table 4 through the Friedman test. Obviously, from
the results in the last row of Tables 1 and 3 and the average ranking in Table 3, AGSCCS
achieved the best overall performance among the six algorithms, which statistically verified
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the excellent search efficiency and accuracy of AGSCCS over traditional CS and its three
modern variants.

Table 4. Average rankings of CS, ACS, ImCS, GBCS, ACSA, and AGSCCS according to Friedman test
for 30 functions.

Algorithm Ranking (D = 30)
CS 3.4000
ACS 3.6833
ImCS 3.0000
GBCS 3.8333
ACSA 4.5667
AGSCCS 2.5167

5. Engineering Applications of AGSCCS

As mentioned in Section 1, CS has been widely used in various engineering problems.
To verify the validity of AGSCCS, some issues covering the current—voltage characteristics
of the solar cells and PV module will be solved by the proposed algorithm [59]. The
other five algorithms (CS, ACS, ImCS, GBCS, and ACSA) will also be applied to settle the
problems.

5.1. Problem Formulation

Obviously, since the output characteristics of the PV modules change with the external
environment, it is essential to use an accurate model to describe the PV cells’ characteristics
closely. Especially in the PV model, it is crucial to calculate the current voltage curve
correctly. Generally, the accuracy and reliability of the current-voltage (I-V) characteristic
curve, especially on the diode model parameters, is crucial to accurately identify its internal
parameters. In this section, several equivalent PV models are proposed.

5.1.1. Single Diode Model (SDM)

In this situation, there is only one diode in the circuit diagram. The model has the
following part: a current source, a parallel resistor considering leakage current, and a series
resistor that represents the loss associated with the load current. The formula of the output
current I of SDM is shown in Equation (16).

ek V4 Rosl
”V““—l]—+ = (16)

I=1,,—1 akT
P a * [e Rsh

where [, means the photo-generated current and I, is the reverse saturation current of
the diode, Rs and Ry, are the series and shunt resistances, V is the cell output voltage, n is
the ideal diode factor, T indicates the junction temperature in Kelvin, k is the Boltzmann
constant (1.3806503 x 10~23 J/K), and q is the electron charge (1.60217646 x 10719 C). There
are five unknown parameters in DDM, including Iy, I;4,4, Rs and Rg,.

5.1.2. Double Diode Model

Due to the influence of compound current loss in the depletion region, researchers
have developed a more accurate DDM model than SDM. Its equivalent circuit has two
diodes in parallel. The formula of the output current I of SDM is shown in Equation (17).

(V+RsxI) (V+Rs*I) V+Rgx1
o —1]—Sd2*[eq+ —1]—+S* (17)

I=1,,— * [e alk-T kT
po sdl
Ry,

where al and a2 are the ideal factors in the situation of the two diodes. There are seven
unknown parameters in DDM, including Iy, Is41, Lsa2, 41,42, Rs and Rg,.
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5.1.3. PV Module Model

The PV module model relies on SDM and DDM as the core architecture, which is
usually composed of several series or parallel PV cells and other modules. The models,
in this case, are called the single diode module model (SMM) and double diode module
model (DMM).

The output current I of the SMM formula is written in Equation (18).

(V/Np+Rs+I1/Np) N, «V /N, Rsx1
I = I,oN, — [N, * [eq TR 1] _ Np#V/Ns + Rs (18)
Rsp
The formula of the output current I of SMM is written in Equation (19).
7y Ry 1y ey ) N, *V/Ns+ Rs 1
I'= IpoNp — L1 Np * le kT — 1| = LNy e @k —1| — L Rssh d (19)

where N; represents the number of series solar cells and N, denotes the number of solar
cells in parallel.

5.2. Results and Analysis

Now, we apply AGSCCS to the PV module parameter optimization problems. To
test the performance, it will be compared with ACS, ImCS, GBCS, ACSA, and CS. The
specific parameter of the algorithms is set the same. The population size is set to 30 and the
function evaluations are set to 50,000. The typical experimental results are stated in Table 5.
Tables 6-8 exhibit the particular value on the SDM PV cells.

Table 5 describes the results of the PV model parameter optimization. Due to the
complex nonlinear relationship between the external output characteristics and the internal
parameters of the PV modules with the external environment changes, parameter identifi-
cation of the PV model is a highly complex optimization problem. AGSCCS has the best
performance of the six tests. It acquires all the champions in question for the PV model
identification compared with the other five algorithms. Especially in SDM, the RMSE of
AGSCCS reaches 9.89 x 104, which is much smaller than the rest of the algorithms. It
also shows strong competitiveness in other models. It can be said that the comprehensive
performance of AGSCCS has been dramatically improved compared with CS. Tables 6-8
explicitly exhibit the specific parameter values on the PV model.

Tables 6-8 show the parameters associated with identifying the PV model using
the AGSCCS algorithm and other five algorithms. As seen from the above table, the
optimization results before the algorithm are pretty close. This can be understood as several
local optimal near the optimal solution, which will increase the difficulty of convergence
of the algorithm. Therefore, CS, ACS, ImCS, GBCS, and ACSA converge only at the local
optimal solution. However, AGSCCS can recognize these local optimum solutions and
converge to smaller ones, which is sufficient to prove that its exploration ability and
exploitation ability have significant advantages over other algorithms.

Table 5. Experimental results in PV module.

cs ACS ImCS GBCS ACSA AGSCCS
Mean Std Mean Std Mean Std Mean Std Mean Std Mean Std
SDM 108x107%  673x107°  116x 1073  957x 107> 101x 1073 484x107° 104x 1073 484 x107° 105x1073 592x107° 989x107% 126 x107°
DDM 149 x 1073 218 x107* 180x 1073 332x107* 180x1073 309x107* 135x1073 236x107* 1.69x10° 289 x107* 133x10% 328x10°*
I{,h‘gfgggft 2441073 793x107°  300x 107  158x107° 28 x107% 112x107% 243x107% 117x107° 245x107% 361x107° 243x107° 532x107°
%%66' 466x107%  542x107*  497x107°  627x107*  417x107°  590x107* 335x1073 295x107* 551x1072  103x 107! 314x1073 576 x 1073

1%%% 368x 1072 491x107%  417x1072  637x107° 374x10°2 340x10% 295x10°2 519x10% 138x10°1 323x10°! 202x1072 585 x1073
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Table 6. Comparison among different algorithms on SDM PV cell.

Algorithm ILw(A) I (A) Rs(Q) Ry (Q) % RMSE
Cs 0.7607 3.70 x 107 0.0358 57.3751 1.4943 1.08 x 1073
ACS 0.7606 436 x 1077 0.0352 64.9443 1.5110 1.16 x 1073
ImCS 0.7607 3.54 x 1077 0.0360 56.7892 1.4905 1.01 x 1073
GBCS 0.7607 3.64 x 1077 0.0359 58.2349 1.4928 1.04 x 1073
ACSA 0.7607 357 x 1077 0.0360 57.2252 1.4910 1.05 x 1073
AGSCCS 0.7608 347 x 1077 0.0362 54.9470 1.4860 9.89 x 10~4
Table 7. Comparison among different algorithms on DDM PV cell.
Algorithm Ly (A) L1 (A) Rs(Q)) Ry(Q) al Lo (pA) a2 RMSE
CS 0.7606 415 x 1077 0.0350 69.7383 1.6110 2.67 x 1077 1.6206 1.49 x 1073
ACS 0.7607 488 x 1077 0.0343 79.6598 1.7060 413 x 1077 1.6896 1.80 x 1073
ImCS 0.7606 3.65 x 1077 0.0340 83.2859 1.5794 340 x 1077 1.5826 1.80 x 1073
GBCS 0.7607 2.77 x 1077 0.0355 66.2202 1.7133 3.38 x 1077 1.6354 1.35 x 1073
ACSA 0.7608 424 x 1077 0.0350 65.8916 1.6702 298 x 1077 1.6187 1.69 x 1073
AGSCCS 0.7594 2.69 x 1077 0.0400 79.9490 1.3166 6.61 x 1078 1.6569 1.33 x 1073
Table 8. Comparison among different algorithms on SMM PV modules.
Algorithm Iy (A) I4(A) R (Q)) R,(Q)) « RMSE
CS 1.0302 3.67 x 10°° 1.1959 1048.6362 48.8467 244 x 1073
ACS 1.0316 3.09 x 10°° 1.2298 928.8406 47.6362 3.00 x 1073
Photowatt- ImCS 1.0466 2.68 x 107° 1.2030 802.3769 46.7762 2.88 x 1073
PWP-201 GBCS 1.0304 355 x 107° 1.1992 1007.7580 48.7176 243 x 1073
ACSA 1.0304 353 x 107° 1.2003 1005.9862 48.6883 245 x 1073
AGSCCS 1.0305 348 x 10°° 1.2013 982.0053 48.6428 243 x 1073
CS 1.6552 6.95 x 107° 0.0002 88.9366 1.6890 466 x 1073
ACS 1.6556 741 x 107 0.0002 157.7937 1.6976 497 x 1073
STM6-40/36 ImCS 1.6603 5.57 x 10:2 0.0004 30.7576 1.6591 417 x 10:§
GBCS 1.6603 543 x 10 0.0004 28.2830 1.6562 3.35 x 10
ACSA 1.6468 227 x 107° 0.0060 167.4477 1.8746 551 x 1072
AGSCCS 1.6633 4.69 x 107° 0.0034 161.7657 1.7099 3.14 x 1073
CS 7.4960 157 x 1075 0.0036 596.5901 1.4274 3.68 x 1072
ACS 75113 230 x 107° 0.0032 558.4491 1.4857 417 x 1072
STP6-120/36 ImCS 7.5110 2.14 x 107° 0.0034 1034.5552 1.4677 3.74 x 1072
GBCS 7.4909 1.03 x 1075 0.0038 826.8380 1.3977 2.95 x 1072
ACSA 7.4705 437 x 101 0.0028 349.0301 4.6720 1.38 x 1071
AGSCCS 7.4708 357 x 107° 0.0044 418.9095 1.2865 2.02 x 1072

From Figure 8, AGSCCS shows excellent performance in the PV module parameter set-
ting problems. It always achieves the best results compared with the other five algorithms
corresponding with CS. The five problems are nonlinear optimization problems, which are
more complex than linear problems. The reason why AGSCCS has the best convergence
capacity may owe to the adaptive random step size in the local searching process. It helps
search different directions, rather than always search through the best solution’s directions.
This measure reduces the risk of falling into the local optimum. Indeed, the increase of
accuracy may also give credit to the help of chaotic map initialization, which promotes
population diversity in the beginning stage. Moreover, AGSCCS has the fastest convergence
speed compared with the other four algorithms. For example, in Figure 8c,d, AGSCCS
is close to convergence when the number of function evaluations reaches 30,000, while
other algorithms have not reached the convergence value at this time. This is because the
SC technique helps accelerate the convergence speed. Compressing the upper and lower
bounds reduces the search space without interfering with the direction selection of the
algorithm to speed up the convergence speed of the algorithm.
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Figure 8. Convergence curve of AGSCCS in PV module. (a) SDM; (b) DDM,; (c) Photowatt-PWP-201;
(d) STM6-40/36; (e) STP6-120/36.

6. Conclusions

In this paper, an Adaptive Guided Spatial Compressive CS (AGSCCS) has been pro-
posed. It mainly aims at improving the section of the local search, which helped enhance
the exploitation of AGSCCS. The improvements have been implemented through three
steps. The first one was the adjustment of the method of population generation. Due to the
heterogeneity of the random number generation method, we adopted a chaotic mapping
instead. In this method, chaotic system mapping is used to form the initial solution, which
increases the irregularity of the solution arrangement and makes it more like a uniform
random distribution. The second one was an adaptive guided scheme of updating location
areas. It retained information about the best and worst solution sets in the population and
transmitted these to the next generation as clues for finding the ideal solution. The last
improvement was a SC technique. It was a novel technique that aimed at quick convergence
and better algorithm precision. When taking the SC technique, the population was gathered
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around the optimal solution, whether the current generation was in local search or global
search. Next, it would collect the information of some excellent solutions and transmit
the information to the offspring. The three measures above sufficiently considered the
balance between exploration and exploitation, giving an outstanding performance. To test
the performance of AGSCCS, we tested the algorithm with the other five algorithms (CS,
ACS, ImCS, GBCS, and ACSA) on the 2014 CEC benchmark. The experimental results were
compared with CS, ACS, ImCS, GBCS, and ACSA. In total, AGSCCS got the best grade.
A sensitive examination has been completed to compare the three promotion strategies,
which were the most significant contributions. We adopted the controlling variables and
compared them. The results revealed that the SC technique has the most significant impact
on AGSCCS. In other words, the SC technique made the most contributions to the algorithm.
The remaining two strategies were almost equal. However, according to the experimental
sensitive test, both of them also contributed to the improvement of the algorithm. At last,
we applied AGSCCS into the PV model to verify the feasibility of a practical application.
The experiments showed that AGSCCS acquired the best results, which further exemplifies
the outstanding performance of the proposed algorithm.

As a metaheuristic algorithm, CS has not been valued for practical applications. As a
metaheuristic with few parameters, CS will achieve development in practical applications
without question. Next, we will strive to find a competitive CS and apply it into more
practical applications in the future. In fact, in Section 5, the photovoltaic model has a deeper
level of research value due to its different weather, climate, etc. Using the CS algorithm to
study these deeper and more complex models will be a potential direction.
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Abstract: In recent decades, one of the scientists’ main concerns has been to improve the accuracy
of satellite attitude, regardless of the expense. The obvious result is that a large number of control
strategies have been used to address this problem. In this study, an adaptive neuro-fuzzy integrated
system (ANFIS) for satellite attitude estimation and control was developed. The controller was
trained with the data provided by an optimal controller. Furthermore, a pulse modulator was used
to generate the right ON/OFF commands of the thruster actuator. To evaluate the performance of
the proposed controller in closed-loop simulation, an ANFIS observer was also used to estimate
the attitude and angular velocities of the satellite using magnetometer, sun sensor, and data gyro
data. However, a new ANFIS system was proposed that can jointly control and estimate the system
attitude. The performance of the proposed controller was compared to the optimal PID controller in
a Monte Carlo simulation with different initial conditions, disturbance, and noise. The results show
that the proposed controller can surpass the optimal PID controller in several aspects including time
and smoothness. In addition, the ANFIS estimator was examined and the results demonstrate the
high ability of this designated observer. Consequently, evaluating the performance of PID and the
proposed controller revealed that the proposed controller consumed less control effort for satellite
attitude estimation under noise and uncertainty.

Keywords: integrated control and estimation; adaptive neuro fuzzy; noise; uncertainty

MSC: 93C42

1. Introduction

Satellite attitude control plays a significant role in most space missions. Therefore, the
development of an accurate and stable controller is an essential part of conducting a space
mission [1-8]. The most advanced satellite attitude control techniques use the concept
of quaternion feedback [9-12]. However, various linear and nonlinear attitude control
strategies based on quaternion feedback have been investigated [13,14]. The quaternion
feedback approach is also used to stabilize the attitude of microsatellites [15].

In recent years, many control techniques have been proposed for satellite attitude
control in the presence of uncertainty and disturbance [16,17]. Li et al. [18] proposed a
robust finite time control algorithm for controlling satellite attitude in the presence of
uncertainty; and Xiao et al. [19] developed a control approach with a simple structure
to perform an attitude tracking maneuver for rigid satellites in the case of disturbances
and uncertain inertia parameters. In another study, Vatankhahghadim and Damaren [20]
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proposed a linear passivity-based controller design for hybrid attitude control of spacecraft
using magnetic torques and thrusters.

Several different types of optimal controllers have been used to enhance the perfor-
mance of the satellite attitude control system. In order to enhance the pointing accuracy
of a small satellite, an attempt was made to optimize the attitude control model based on
the optimal control algorithm [21]. In another study, the optimal magnetic attitude control
for small satellites was studied [22]. Moreover, Arantes et al. [23] tried to analyze and
design a reaction thruster attitude controller and then improve the performance of the
control subsystem. All these optimal control design algorithms inevitably led to a specific
mathematical model, leading to inappropriate behavior compared to external pulses in the
comparison simulation state. It is noteworthy to mention that an optimal controller may
not guarantee the stability of the closed-loop system in the presence of uncertainties.

The adaptive control method is one of the most powerful approaches that can deal
with the problem of system uncertainty. In this regard, Wen et al. [24] proposed a novel
adaptive control method for the spacecraft’s attitude tracking control problem with inertia
uncertainties. Moreover, Lee and Singh [25] proposed an adaptive controller in order to
control the satellite attitude by solar radiation pressure. In another research, they presented
a novel adaptive controller for attitude control of satellites with large uncertainties in the
system parameters utilizing solar radiation pressure [26]. All of these adaptive control
algorithms are model-based, and although they are able to deal accurately with uncertain-
ties, they are incapable of dealing with different dynamic models. The problem of satellite
attitude determination has been extensively studied, and has been the main concern of
many studies in recent decades [27-29]. In a study by Kouyama et al. [30], they proposed an
automated and robust scheme to determine the satellite attitude, which of course follows
an exact map projection. They employed this method in combination with the classic
onboard sensors. In another study, Wu et al. [13] proposed a method by which the problem
of orientation based on a single sensor observation could be solved.

The enormous ability of fuzzy logic to solve various mathematical problems of model-
ing, control, and estimation is undeniable. Daley et al. [31] utilized the self-organizer fuzzy
logic controller (SOC) for attitude control of a flexible satellite with significant dynamic
coupling of the axes that cannot be modeled easily. In another paper, Mukherjee et al. [32]
employed fuzzy logic to control the attitude of Earth-pointing satellites, in which they used
the genetic algorithm to optimize the performance of their proposed nonlinear fuzzy PID
controller. In other research, Huo et al. [33] proposed an adaptive fuzzy fault tolerance
attitude control for a rigid spacecraft. In recent years, fuzzy logic has been used for a
variety of satellite attitude estimation purposes [34]. However, Ran et al. [35] studied an
adaptive fuzzy fault tolerance control for rigid spacecraft attitude maneuvers. Furthermore,
Sun et al. [36] utilized an adaptive fuzzy estimator for spacecraft attitude determination.

In this paper, an ANFIS (adapted neuro-fuzzy inference system) [37] controller was
introduced to control and estimate the satellite attitude. However, to the best of the authors’
knowledge, no study in the literature has been conducted on the integrated control and
estimation of satellite attitude using ANFIS, which is a kind of artificial neural network and
is based on the Takagi-Sugeno fuzzy inference system. The most significant advantage of
the proposed model is the elimination of interphase (sensor equations and equations used
to calculate quaternion errors). This, in turn, eliminates systematic errors and noise that are
unavoidable in classical approaches. Consequently, the ANFIS control method is mostly
applicable in terms of measurement noise, model uncertainty, and external disturbance [38].

The rest of this paper is organized as follows. First, a summary of the satellite attitude
dynamics is given. A brief overview of the optimal PID controller design for control
systems is then given. Next, the general ANFIS structure and the learning algorithms are
discussed. Subsequently, structures of ANFIS controller and satellite attitude estimator are
given. Finally, an ANFIS integrated control and estimation subsystem are introduced to
reduce the complexity of the control system. The usefulness of this model is then examined
by comparing the proposed model results with those of the classical controller.
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2. Modeling of System
2.1. Satellite Dynamics Model

In this section, we introduce equations of motion of a satellite with the Euler equation
and quaternion kinematics. The Euler equation of the rigid body satellite attitude around
its principal axes coordinates is [39]:

hwy = Ma + Mg — (I3 L) wyws
hwy = Moy + Mgz — (I I3)w1ws 1)
ws = M + Mgz — (I I )wawy

where wy, wy, and w3 are the elements of the angular velocity vector of the satellite. In
addition, Iy, I, and I3 are the moments of inertia about the principal axes. M, and M, are
the control and disturbance moments, respectively, which are expressed in the body frame.

For kinematic representation, the quaternion vector § = (41,92, 93, q4)T is utilized,
which is defined as follows:

q1 0 €1 0
o | =sing| e |, qa=cosy )
q3 €3

where 6 is the rotation angle about the Euler axis € = (e1, €2, e3). The kinematic differential
equations for quaternions are as follows:

”:71 0 w3 —Wwy W1 q1
9B | 1| —ws 0 Wy  wy g2
! = _ 3)
‘?3 2 w7 w1 0 w3 q3
4 —w; —wy —w3z 0 n

2.2. Measurements

The sun sensor and the magnetometer were used as reference sensors in this study to
estimate the setting. In order to simulate the magnetometer sensor (magnetic field), height,
latitude, longitude date, were considered as inputs and the magnetic field vector can be

calculated as inertia frame B' using the IGRF11 model [40]. Therefore, the magnetic field is
transformed into the body frame B including a random white noise 71p:

B® = CBB' + 73 @)
The rotation matrix C? can be calculated using the quaternion vector as follows:
1-2(3+33) 2(q192+a391)  2(4143 + 4244)

Cl = | 2(q2m +q302) 1-2(q7 +3) 2(q293 i ﬂlwg) ®)
2(q301 + 9294)  2(q302 + q1q1) 1 —2(q5 +45)
The attitude measurement only needs the direction of the magnetic field, which can
be calculated as follows: B
=B /[B’| ©)

I

The sun vector direction in inertial frame #; can be found by the following

formulation [41]:

il = (cos (/\ed,-pt,-c) cos(¢) sin (/\ecziptic) sin(e) sin (AGCW"C>)T 7
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where
month+9
JD — 367year— INT 7(Year+IN£( 12 ))] + INT(M) + day + 1721013.5
(%erinute)
7+h0ur
+ - 24

T = (JD — 2451545.0) /36525,
A = 280.4606184° + 36000.77005361T,
M = 357.5277233° + 35999.05034T,
Aectiptic = At + 1.914666471° sin(M) + 0.019994643 sin(2M),
e = 23.439291° — 0.0130042T,

In the above equations, JD is Julian Day based on the date and time (year, month, day,
hour, minute, and second); T is the Julian centuries; A, is mean longitude of the sun; M is
the mean anomaly of the sun; Aipric is the ecliptic longitude of the sun; and ¢ is the tilt
angle of the Earth rotation axis.

Similar to the magnetometer, the output of the sun sensor as the direction of the sun
vector in body frame %5 can be estimated as follows:

us = CPul + 75 (8)

Furthermore, to provide the angular velocity measurements, a three-axis rate-gyro
with random white noise was used.

3. Adaptive Neural Fuzzy Inference System
3.1. Fuzzy Logic

Most traditional tools for modeling, thinking, and arithmetic are crisp, deterministic,
and precise in character, so yes or no types instead of more or less types. In conventional
dual logic, for example, a statement may be true or false and nothing in between. For
the first time, L.A. Zadeh [42] proposed a fuzzy logic that contained “true”, “false”, and
“partially true”. He emphasized that real situations are often not clear and deterministic
and cannot be described accurately.

A fuzzy control system is based on fuzzy logic, which analyzes input values in the
form of logical variables that assume continuous values between 0 and 1. Rather than
designing algorithms that explicitly define the control action as a function of the control
input variables, the developer of a fuzzy controller writes rules that associate the input
variables with the control variables through expressions of linguistic variables [43,44].
After all rules have been defined, the control process begins with the calculation of all rule
consequences. Then, the consequences are summarized into a fuzzy set that describes the
possible control actions.

3.2. ANFIS

In general, the fuzzy control logic has two main approaches: (1) Mamdani [45] and
(2) Takagi—-Sugeno [46]. The basis of ANFIS as an adaptive network-based fuzzy system
is the Takagi-Sugeno fuzzy system method [37,47]. Its inference system corresponds
to a set of fuzzy IF-THEN rules that have a learning ability to approximate non-linear
functions. ANFIS is a combination of neural networks and fuzzy systems. However,
ANFIS has become a very powerful simulation method that uses both fuzzy and neural
network methods [48]. Recently, ANFIS modeling has become widespread in various space
missions [49-51].

The main characteristic of the ANFIS controller is the ability to handle inaccuracy
and uncertainty, which allows the use of real data and, more importantly, the design of a
controller based on the provided real data [14,52]. The other considerable superiority of
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the ANFIS system is the required number of input variables for control and estimation.
Simplicity of modeling compared to classical modeling, along with the superiority of this
method in the presence of noise and uncertainty compared to PID controllers, which makes
our proposed model more accurate.

ANFIS has five layers (as shown in Figure 1) as follows:

Layer1l
A, Layer2  Layer3 Layer4 Layer5
r < o
Input O/ >®—> f
Wy [y Output
y < xy

Figure 1. ANFIS structure.
Layer 1: Define membership function of input variables.
O1; = pa,(x) fori=1,2
Ovi = pp, ,(x) fori=3,4
Layer 2: Product of the membership function for each input.
Oz = wi = pa(x) pp,(x) i = 1,2
Layer 3: Normalize the output of layer 2.

Wi

On: = w: =
3,i i w1 + wy

i=1,2

Layer 4: The output of this layer is:
Oui = Wifi = @i(pix + qiy +1i)
Layer 5: The output of this layer is the summation of all outputs in layer 4.

Ywifi

Os; =) @ifi = >,
1

3.3. Hybrid Learning Algorithm

Least square gradient reduction was used to train the ANFIS system (locating the
membership function parameters) and the pattern between the input and the output data
provided by an optimal PID controller.

Each learning level can be divided into two parts. In the forward stage, the inputs and
outputs of each layer are calculated and the optimal coefficients are provided. Then, in the
reverse stage, the parameters of the ANFIS system are updated.

3.4. Optimal PID Controller

The control moment vector by using the PID controller can be calculated as follows:

Me = Kyde + Kaew + Ky [ qedt + Ko [ wat ©)
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where g, is the quaternion error and can be obtained from the following equation [39]:

q1e J4c q3c  —92¢ —Y1c q

[ 9e :| —_ | q2e | _ | 43 G4c qic —Y92 q2 (10)
44 q3e 2c  —q1c G4 —93c q3
4e q1c q2¢ q3c 4c q4

where g.s are the quaternions of the command attitude.
The control gains (K,, Ky, K;) in Equation (9) are optimized in order to minimize the
following cost function:

3 3
=/ (leil * 2|qei|>dt (1
i=1 i=1

By considering the following constraint as:
|MC‘ < Mcmm( (12)

Consequently, this constraint guarantees the appropriate signal command to input the
modulator for ON-OFF command of the thrusters with torque M,,,, -

4. ANFIS Controller and Estimator
4.1. ANFIS Controller
The aim of this training is to model an optimal PID controller as close as possible. The

control input variables are angular velocity and quaternion errors, and the control output
variable is the control torque M¢ (as shown in Figure 2).

)

Inputs

M, } Output

de

Figure 2. Block diagram of the ANFIS controller.

After the input and output variables are supplied by a system with PID controller, the
collection of these data is repeated several times, taking into account 15 different initial
conditions (each simulation for 20 s with 0.01 s sampling time). This means that the initial
quaternions and initial angular velocities are changed to provide a wide range of data for
ANFIS learning. Thereafter, the ANFIS controller training process begins and the ANFIS
system learns the path from the inputs to the outputs. Now, the ANFIS controller can work
with all initial conditions.

4.2. ANFIS Estimator

In this study, we utilized sun sensor and magnetometer outputs to estimate attitude.
Therefore, data for ANFIS estimation learning from these two sensors were provided both
in the body (sensor) and in the inertia frame (calculation) (as shown in Figure 3). However,
several different scenarios were considered to provide a large database for learning the
ANFIS estimator.
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Inputs < Outputs

Figure 3. Block diagram of the ANFIS observer.

4.3. Combined Control and Estimation Using ANFIS

In this study, both the ANFIS estimator and ANFIS controller were used in a closed
loop simulation. The nesting simulations show the performance of these two ANFIS
subsystems working simultaneously (as shown in Figure 4).

System |I I Attitude \

M, ‘ ANFIS Observer

—>| Rate Gyro

de
ANFIS Controller _
w

Figure 4. Block diagram of the combined ANFIS observer and controller.

4.4. Integrated Control and Estimation Using ANFIS

As mentioned in the introduction, the main purpose of this study was to evaluate the
performance of an ANFIS system as a combination of estimator and controller instead of
two separate subsystems (ANFIS estimator and ANFIS controller). As shown in Figure 5,
for the proposed ANFIS subsystem, input variables are the inputs of the estimator (sensor
data), and output variables are the outputs of the controller (control torque). In fact, the
ANFIS integrated control and estimation subsystem receives data read by the sun sensor
and the magnetic sensor as input variables and then passes the control torque directly to
the system dynamics, as shown in Figure 6).

Inputs <

Figure 5. Block diagram of the integrated ANFIS controller and observer.
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System Attitude
M,
ANFIS Sensors

Figure 6. Block diagram of the control system using the ANFIS integrated controller and observer.

5. Evaluation of ANFIS Control and Estimation

To study the performance of attitude estimation and the control of satellites using
ANFIS, a satellite with the moments of inertia that presented in Table 1 was considered. For
all simulations, the final simulation duration time was selected to be 20 s, and the sampling
time for estimation was 0.01 s. The system initial conditions and the desire attitude are
provided in Table 2.

Table 1. Nominal and indeterminate moments of inertia (in Kg-mz).

L, I I,
Moment of Inertia 1.5 2.6 3
Moments of Inertia in 25 4 33

case of uncertainty

Table 2. Sample initial condition (this initial condition is not in the training set).

wx(Rad/s) wy(Rad/s) w,(Rad/s) ¢ (deg) 0 (deg) @ (deg)

Initial condition 0.0125 0.05 0.075 10 5 10
Desired condition 0 0 0 5 0 0

5.1. ANFIS Performance Comparison

As the simulations are presented for the stabilization of satellite attitude on zero con-
dition, the most important characteristics of the results are the settling time of control, the
control effort (fuel consumption), and the steady state error. Therefore, these characteristics
are considered as the criteria for a comparison of the results.

The comparison of time histories of control moments for PID and ANFIS in the
presence of noise and uncertainty are shown in Figures 7 and 8, respectively. The trajectory
of the Euler angles are also presented in Figures 9 and 10. As shown in Figure 7, it can be
seen that the PID controller is noisy and the ANFIS controller design method produces
smoother control actions. Moreover, the trajectory of the attitude angles using PID controller
has larger over-shoot values. As a result, the attitude angles are smoother and they can
quickly reach the desired values.
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Figure 7. Comparison of control moments in (a) X, (b) Y, and (c) Z directions using ANFIS and PID
in the presence of noise.
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Figure 8. Comparison of control moment in (a) X, (b) Y, and (c) Z directions using ANFIS and PID in
the presence of uncertainty.
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Figure 9. Comparison of Euler angles (a) ¢, (b) 6, and (c)  using ANFIS and PID controllers in the

presence of noise.

— ANFIS

20

Time (second)

Time (second)

(b)

— ANFIS
---1---PID

15 20

10
Time (second)

Figure 10. Comparison of Euler angles (a) ¢, (b) 6, and (c) ¢ using ANFIS and PID controllers in the

presence of uncertainty.
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The numerical results of the comparison of the ANFIS controller and PID controller
are provided in Table 3 with/without noise and uncertainty. It is clear from this table that
the fuel consumption of the ANFIS controller was 5% lower than PID, even if there is no
uncertainty and /or measurement noise. The presence of noise and uncertainty induced
more fuel consumption (14% and 9%, respectively). Accordingly, the ANFIS controller used
less control effort (fuel) in all situations (noise and uncertainty).

Table 3. Fuel consumption of the PID and ANFIS controllers (in N.M.S).

X Axis Y Axis Z Axis Total
Without noise and uncertainty
ANFIS 0.1311 0.3956 0.7208 1.2475
PID 0.1287 0.4282 0.7485 1.3054
Considering noise
ANFIS 0.1732 0.4117 0.6925 1.2774
PID 0.1983 0.4719 0.8126 1.4830
Considering uncertainty

ANFIS 0.1910 0.6030 0.7891 1.5831
PID 0.1992 0.7048 0.8343 1.7383

The settling time with 1% error is listed in Table 4 for both controllers. The improve-
ment in settling time using ANFIS over the PID was more obvious. In some cases, the
settling time of ANFIS was almost half the PID, which is very important in space systems.

Table 4. Settling time for 1% error for satellite Euler angles using PID and ANFIS controllers (in

seconds).
X Axis Y Axis Z Axis
Without noise and uncertainty
ANFIS 7.23 4.87 8.88
PID 9.62 8.82 9.51
Considering noise
ANFIS 6.4 6.62 4.94
PID 9.34 8.68 9.46
Considering uncertainty
ANFIS 4.59 11.38 10.9
PID 9.84 10.65 10

5.2. Command Modulation

To evaluate the ANFIS controller results for the real thruster actuator, the control
moments should be converted to ON-OFF commands. However, a PWPF (pulse-width
pulse-frequency) modulator is used to transform the continuous control moment command
to the ON-OFF commands. The trajectory of the attitude angles and the thruster commands
are shown in Figures 11 and 12, respectively. It is clear that the limit of thrust results in a
slower approach to the final attitudes. However, the results are acceptable considering the
model uncertainty and measurement noise.

5.3. Monte Carlo Simulation

To analyze the robustness of the proposed integrated ANFIS estimator and controller,
a Monte-Carlo simulation was conducted. A random initial condition (between —15 and
+15 degrees) was considered in addition to the random noise and random uncertainty
(I'1 Kg-m?). The attitude control error of Euler angles of time = 20 s are shown for each
Monte-Carlo simulation and the average and 3o (standard deviation) until each iteration
are shown in Figure 13 for 200 iterations. The maximum control error was less than
0.02 degrees, which is considerably low.
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Figure 11. Euler angles time history using a PWPF modulator.
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Figure 12. The control moment of the thruster in the (a) X, (b) Y, and (c) Z axis.
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6. Conclusions

In this study, an ANFIS (adaptive neuro-fuzzy inference system) controller and esti-
mator was proposed in order to estimate and control the attitude of a satellite. However,
the ANFIS controller was trained using an optimal PID. The other significant ability of the
proposed system is in estimating the necessary states accurately via an ANFIS observer.
To train the observer, a satellite in several different conditions (noise and uncertainty) was
considered. The performance of the ANFIS controller and estimator was also compared
with the PID controller in the presence of uncertainties and noises.

A comparison oof the performance of the PID and ANFIS controllers showed that
the proposed ANFIS controller consumed less control effort (fuel) in all situations (noise
and uncertainty). In addition, the proposed controller outputs behaved smoother and
reached stability in a shorter time interval than the PID controller. Likewise, system
outputs (control angles) were smoother and reached the desired angles faster. Furthermore,
using an ANFIS estimator in the system showed that despite its simple design, it can
estimate the states, even in the presence of uncertainty. Results of using the synchronous
control and estimation ANFIS simulator showed that although both stages (control and
estimation) were conducted in one-step, the performance of the integrated system was
similar to the combined controller and estimator. Due to the proven abilities of the ANFIS
controller and observer, it can be concluded that it is able to work with black box systems.
It means that the determined dynamic is not essential, which makes it possible to be used
for unknown space bodies (e.g., space debris) as well as fast parameter varying space
objects (e.g., space robots and manipulators). In this study, we aimed to utilize as less
feedback parameters as possible while the simplicity and practicability of determining
those parameters were considered. Future work will focus on the attitude control of flexible
satellites with multi-section appendages as well as considering fluid fuel sloshing using
the ANFIS controller.
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Abstract: The poor real-time performance and high maintenance costs of the dynamometer card
(DC) sensors have been significant obstacles to the timely fault diagnosis in the sucker rod pumping
system (SRPS). In contrast to the DCs, the motor power curves (MPCs), which are accessible easily
and highly associated with the entire system, have been attempted to predict the working conditions
of the SRPS in recent years. However, the lack of labeled MPCs limits the successful applications in
the industrial scenario. Thereby, this paper presents an unsupervised fault diagnosis methodology
to leverage the generated MPCs of different working conditions to diagnose the actual unlabeled
MPCs. Firstly, the MPCs of six working conditions are generated with an integrated dynamics
mathematical model. Secondly, a framework named mechanism-assisted domain adaptation net-
work (MADAN) is proposed to minimize the distribution discrepancy between the generated and
actual MPCs. Specifically, benefiting from introducing the mechanism analysis to label the collected
MPCs preliminarily, a conditional distribution discrepancy metric is defined to guarantee a more
accurate distribution matching with respect to different working conditions. Eventually, validation
experiments are performed to evaluate the mathematical model and the diagnosis method with a set
of actual MPCs collected by a self-developed device. The experimental result demonstrates that the
proposed method offers a promising approach for the unsupervised diagnosis of the SRPS.

Keywords: domain adaptation; fault diagnosis; mathematical model; motor power curve; sucker
rod pump

MSC: 68T07

1. Introduction

The sucker rod pump system (SRPS) plays an indispensable role in the field of oil
exploitation [1]. Due to the long-time operations and harsh working environment, some
faults will inevitably occur, resulting in economic loss and energy consumption [2]. With
the rapid development of machine learning, many data-driven fault diagnosis methods
have been utilized to guarantee manufacturing security and improve production efficiency
in the SRPS [3,4]. However, the most traditional and commonly used diagnostic methods
universally depend on the dynamometer card (DC), which is measured by the load sensor
installed on the “horse head”. These DC-based methods inevitably suffer from the high
maintenance cost and low detection frequency, resulting in poor ability in the real-time
diagnosis of the SRPS.

Owing to power’s advantages of accessibility and high correlation with the SRPS,
the motor power-based diagnosis methods have received ever-increasing attention [5].
Ref. [6] distilled seven features from the motor power curves (MPCs) and utilized improved
hidden conditional random fields to diagnose different working conditions. An MPC-based
broad learning method was proposed in [7].

Even though conspicuous achievements have been achieved, these methodologies
lack applicability due to their reliance on the massive labeled data, which is invalid in the
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real industrial scenarios [8]. Some researchers tried to tackle this problem by implementing
a transformation between the MPC and the DC to facilitate the diagnosis based on the
MPCs. In [9], the MPCs were labeled by transforming into DCs with a mechanism model
considering many crucial factors. However, the inversed DCs were not closed because
the torque factor was zero at the dead points, resulting in huge discrepancies between the
actual and inversed DCs. Nowadays, new research transformed the DC to MPC to alleviate
the discrepancies at the dead points in [10]. However, the complete DC dataset is still a
problematic prerequisite for some wells with incomplete data.

In order to reduce the dependence on the labeled dataset, this paper tries to propose a
model-based method to generate the MPCs. Although many scholars have been committed
to the process modeling of the SRPS, their purpose is to obtain the polished load without
correlating the uphole portion to simulate the MPC [11-13]. In this respect, this paper is
dedicated to establishing an integrated dynamics mathematical model involving the motor,
the four-bar linkage, the sucker rod, and the pump to generate the MPCs at normal and
five kinds of faulty scenarios.

Even though the labeled MPCs can be obtained from the model-based method, the tra-
ditional intelligent diagnosis strategies trained with such samples possibly fail in classifying
actual MPCs. The distribution discrepancy that arises from unavoidable assumptions and
simplifications in the model limits the successful applications of these strategies. Do-
main adaptation (DA), which is a popular branch of transfer learning, has advantages in
solving the problem of inconsistent feature distribution [14-17]. Traditional DA employs
the Maximum Mean Discrepancy (MMD) term as the discrepancy penalty to extract the
domain-invariant features [18-20]. Inspired by the idea of the generative adversarial net-
work, the domain discriminator was explored to align the distributions in an adversarial
manner [21]. Ref. [22] leveraged a one-dimensional convolutional neural network (1-D
CNN) to bridge the distribution discrepancy by maximizing the discriminator loss and
minimizing the classifier loss. In [23], Wasserstein distance replaced the traditional discrim-
inator to minimize the distribution discrepancy. A strong-weak learning framework was
proposed to solve the imbalanced data and mismatched domain simultaneously based on
the domain adversarial training in [24]. In [25], discriminator and MMD were exploited
together to enhance feature representation. The discriminator network was extended to
partial domain adaptation in [26,27].

The aforementioned discriminator and MMD are dedicated to aligning the marginal
probability distribution. Specifically, inspired by [28], the conditional probability distri-
bution is also increasingly integrated into the domain adversarial training in recent years.
In [29], the adversarial training was utilized to realize marginal fusion, and a variance
matrix was defined to achieve conditional alignments. The joint distribution supplanted the
marginal distribution for conditional distribution alignments in [30]. In [31], a pre-training
network was designed for pseudo-label learning and MMD was applied to align the con-
ditional distribution. Ref. [32] utilized the adversarial network and the joint adaptation
network to alleviate the distribution discrepancy of the label and feature spaces.

Although conditional distribution alignment has made some progress to the DA,
little attention has been paid to the pseudo-label learning of the target domain. The
common pseudo-label methodologies rely on the traditional clustering algorithm, source
domain classifier, and the pre-trained network with source domain data. Limited by
the inaccuracy of the initial phase of the neural network and the huge distribution gap
between the target and source domains, these algorithms will assign extensive inaccurate
pseudo-labels to interfere with the domain alignment. Therefore, in order to achieve more
accurate pseudo-labels to narrow down the distribution discrepancy, a novel method
named mechanism-assisted domain adaptation network (MADAN) is proposed. In the
MADAN, the mechanical properties of the MPCs under different working conditions are
adopted for pseudo-label learning along with the label classifier. Particularly, the classifier
iterates continuously with training to alleviate conditional distribution discrepancy through
a well-defined MMD term. The marginal distribution alignment is implemented with the
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help of the adversarial domain adaptation, and 1-D CNN constructs the feature generator
network to extract the features of the time-series signal.

The main contributions of this paper can be summarized as follows:

1. An integrated dynamics mathematical model is established to generate the MPCs
at normal and five kinds of faulty scenarios. The model calculates “four-bar” linkage
movement, sucker rod vibration, the pump chamber pressure, and the liquid flow rate.
The adjustment strategies of the model and relevant parameters under different working
conditions are also presented.

2. A novel DA method named MADAN is proposed to exploit the knowledge learned
from the generated MPCs to facilitate diagnosing the MPCs collected in practical scenarios.
The mechanism-assisted pseudo-label learning is constructed to realize better conditional
distribution alignment of the collected and generated MPCs under different working
conditions. Furthermore, the domain classifier is designed for the marginal distribution
alignment of the collected and generated MPCs.

3. Experiments demonstrate the superiority of the proposed fault diagnosis methodol-
ogy with the MPCs collected by self-developed portable devices in the practical application
scenario. The model’s validity is verified by analyzing crucial downhole parameters and
comparing the generated and actual MPCs. Furthermore, we experimentally show that
MADAN outperforms five other state-of-the-art methods in terms of diagnostic accuracy
and distribution alignment.

The rest of this article is organized as follows. The integrated dynamics mathematical
model to generate the MPCs under various working conditions is surveyed in Section 2.
Section 3 describes the proposed MADAN method. Section 4 shows the effectiveness
of the proposed method through experimental verification. Finally, Section 5 concludes
this article.

2. Generation of the Motor Power Curves

Driven by the motor, the pump connected with a series of transmissions is in a
reciprocating up-and-down motion to pull the oil from the down-hole to the ground in the
SRPS. As the energy for the whole system, the MPCs involve information about the SRPS
working properties. Homoplastically, the MPCs of the well can be obtained by the inversion
of the individual components simulation. To generate supplementary power waveforms
of different working states for fault diagnosis, a detailed and integrated discussion of the
mathematical model for the SRPS is presented in this section.

2.1. Mathematical Model of the Sucker Rod Pumping System
Figure 1 indicates a typical structure of the SRPS.
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Figure 1. Sucker rod pump system.
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Aiming at the MPCs composed by the power vs. time, the mathematical model follows
the order as the red arrows in Figure 1 as time — crank angle — polished rod motion =
plunger motion 2 pump pressure = polished rod load — crank torque — power. The
prediction of SRPS behavior involves calculating “four-bar” linkage movement, sucker rod
vibration, down-hole pump simulation of the pump, etc. Of these items, the operation of
the down-hole pump, the polished rod motion, and the vibrations of the rod string are of
the most difficulty but primary importance. In this subsection, the establishment of the
mathematical model centers on the difficulties mentioned.

2.1.1. Polished Rod Motion Simulation

As the crank angular velocity approaches constant speed in practice, the crank angle 6
vs. time is given by
27mtnt
0(t) = wt = . 1
(1) = wt =2 0
From trigonometrical considerations, the calculation for the displacement of the pol-
ished rod s(t) is listed as follows:

Xmax — X
Xmax — Xmin ’
Csin
L 7
Rsin(01 + 6(1))
ll ’
A3+ C2— 12— R2+2,Rcos(6; +6(t))
2A,C ! @)

= /2 + R2 — 21,R cos(6; + 6(1)),

$(t) = Smax

X1 = arcsin

X2 = arcsin

B = arccos

D
6; = arctan ——,
1 = arctan B_C
134+ A3 — (C+R)?
Xmax = arccos T ,
24+ A2 — (C—R)?
Xmin = arccos 2 22121512 )

The polished rod load is obtained as the summation torque acting on the polished
rod of the crank torque, the counterbalance torque arising from the balanced weight and
the net weight of the crankshaft, and counterbalance torque. The crank torque is derived
backward by the relation

F. = ﬁ(F - Wub)m]; - (chRck + chR) sin()(t), 3)

where y = 1 when TF < 0, and u = —1 when TF = 0. The torque factor as obtained from

mechanics is given by
7F = iR sinp @
Ap sing

2.1.2. Rod String Simulation

Considering the rod string is up to thousands of meters long, the elastic deformation
and vibration should not be neglected during the reciprocating up-and-down motion.
Simulation of the rod string involves the calculation of a boundary problem. The boundary
upon the ground is regarded as a compulsive movement, which is determined by the
motion of the polish rod. The boundary of the down-hole is decided by the pump pressure
acting at the plunger and the elastic force of the rod string. Benefiting from the rod string
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acting as a spring-mass-damping system with multiple degrees of freedom, the rod string is
divided into individual parts connected by an equivalent spring, as illustrated in Figure 1.

Combined with buoyancy, gravity, frictional damping of the rod, and tubing, the dy-
namic analysis of the rod string can be deduced as

) . F=ki(Po— P —1),
MiP; +b1P + kz(Pl P, — Zz) + Mlg pog(P() — P1)

 Hfr(Po = P1)Coy =k (Po — Pr — 1),
MaPy + by P + k3(Pr — P3 — I3) + Mag — pog(P1 — P2)S;
+fr(Pr — P2)Cioy = ko(Py — P — o)

7

Q)

M, - an 1+ by 1Pn1+k(nl_Pn_l)+Mn 18 — Pog(
_n1>sr+fr(n2_ nl)ClUv—kn 1(n2_Pn l_ln l)
ann‘|‘bnpn kn( ln)+Mng Pog( - Pn)sr

+f7( -1 — Py 2)Clth— —Fy,

where P; and P; denote the first and second derivatives of P; regarding time, respectively.
C; can be caculated as C; = 7t(d, +d;).

2.1.3. Down-Hole Pump Simulation

Equal to the force on the bottom of the rod string F;,, the force on the plunge can also
be deduced from the down-hole pump simulation as follows:

Fu(t) = Sp(Py — Py(t)) — S¢Py + f, Py, ©)

It is mainly related to the pressure of the pump. Suffering from various coupled
variables and sophisticated processes existing in the down-hole, the simulation of pressure
remains a severe issue but is the core of the whole model. In order to get around this
impasse, the basic concepts of iterative algorithms are applied in this subsection. The
pressure proportional to the mass per unit volume of free gas can be deduced as follows:

Mfg(t)‘:

Pp(t) = Vp(t) — Va(t) = Vo(t)”

@)

The variation of gas, liquid, and oil in the pump can be calculated by flow rate. When
the standing valve is closed, the flow rate is zero. When the standing valve is open, the flow
rate can be calculated as

_ Gi5sp1 Py(t ) Ps
Vs

Considering a bit of gas dissolved in the oil, the solubility of the gas is calculated
based on Henry’s Law. On the assumption that the water—oil-gas mass ratio of flows is
constant in one stroke, the specific calculation is organized as follows:

pg(t —1)Vio(t—1)
Pg(t = 1)V (t = 1) + g (t — 1) My(t — 1)’

Q(t) (8)

Mg (t) = Mg(t)

Mg(t) = Mg(t —1) +7,Q(t — 1) At,
Mo (t) = Vo(t)oo = Mo(t — 1) +7,Q(t — 1) At, )
Mw(t) = Vw<t)Pw = MW(t - 1) + 7wQ(t - 1) At,

Py(t — 1) My
pg(t—l):pTTdmo

Og(t—1) = CyPy(t —1).
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An iterative equation for estimating the pump pressure P, is given as

Pp(t)  Mpg(t) Vp(t—1) = Vot —1) = Vo(t—1)
Pp(t_l) Mfg(t_1> Vp(t) _Vw(t) _Vo(t)

(10)

2.1.4. Moter and Gearbox Simulation

Considering the energy loss in the gearbox and the motor, the crank toque vs. the
motor power is simplified as

Fertmiyy

P =
" 9540

, when P > 0,0 = 1,else c = —1. (11)

2.1.5. Dynamic Implementation of the Overall Model

As the order of the red arrows in Figure 1, Algorithm 1 outlines the procedure of the
whole generating power method mentioned above combining the standing and traveling
valve switch situations. By the proposed mathematical model, the theoretical MPC can be
obtained based on the mechanical parameters of the specific oil well.

Algorithm 1: Generation of motor power waveforms.

Input: Times of stroke: #, a series of mechanical parameters of the system
Output: Py, ()
fort =1t060/n do
S(t) < t refer to Equations (1) and (2);
Py(t), Py(t) « S(t) refer to Equation (5);
if P,(t — 1) < P then
| Q(t) < Py(t — 1) refer to Equation (8);
else
| Q(t)=0;
end
if P,(t —1) < P, then
Mo (1), Ve(t), Vo(t), Va(t), Vp(t) <= Q(t — 1), Pa(t) refer to Equation (9);
Py(t) <= Pp(t —1), Mgy(t), Vg(t), Vo(t), Viu(t), Vp(t) refer to Equation (10);
else
‘ Pp(t) =Py
end
Fy(t) < Py(t) refer to Equation (6);
F( ) <= Fu(t) refer to Equation (5);
( ) <= F(t) refer to Equations (3) and (4);
Py (t) < F.(t) refer to Equation (11);

end

2.2. Generation for Faulty Working States

Based on the mathematical model of the SRPS, the MPCs of five faulty working states
are analyzed in this subsection. The characteristics forming reasons and representation in
the model will be discussed emphatically.

2.2.1. Traveling Valve Leakage

After repeating the switch operation numerous times, the traveling valve will wear
out so that the oil in the sucker rod leaks into the chamber with the rate concerned to the
Py(t). In order to simulate this state, the leaked oil is divided into static and dynamic parts.
The pressure and the flow rate are the same as the normal state when the traveling valve
is open. When the traveling valve is closed, the static part that is caused by the pressure
discrepancy between the top and bottom of the plunger can be deduced as
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C3S P; — P,(t
AQs(t):pl\/%lt d plP( ) (12)

The dynamic part that is caused by the motion of the plunger can be calculated as

AQq(t) = 7Sy Py. (13)
The leaked oil can be obtained from the sum of the static part and the dynamic part.

2.2.2. Insufficient Liquid Supply

After a long extraction period, the reservoir formation pressure usually decreases,
resulting in insufficient fluid supply capacity. In this working state, the submergence
pressure P is less than the pressure under the normal working state. There will be less oil
flowing into the pump, and the traveling valve will open in a shorter time. To simulate this
working state, only the submergence pressure P; needs to be set as a smaller value.

2.2.3. Gas Affected

During the oil production process, the remaining free gas accumulates due to the
sealing performance of the pump. In the upstroke, the remaining free gas will slow down
the reduction of pressure in the pump, which in turn delays the opening of the standing
valve, resulting in a low fluid intake. Analogously, in the downstroke, the remaining free
gas will also delay the opening of the traveling valve because of the deferred increase of
pressure in the pump. In the simulation, the initial mass of the free gas in the pump and
the gas mass ratio of flows are set as higher proportions than the normal working state.

2.2.4. Gas Locking

This working state is the special case of gas affected. When the remaining free gas is
accumulating to a threshold, the pressure Py(t) is greater than the submergence pressure
P; so that the valves remain closed without any inflow or outflow all the time. In order to
simulate this state, the pressure is set as P; < Py (t) < Py.

2.2.5. Parting Rod

The rod string may crack suffering from corrosion, mechanical vibration, and friction in
the down-hole after a long period of continuous work. In this working state, the polished rod
load is only related to the rod weight, vibration, and friction above the breakpoint because the
pump departs from the rod string. So, the Py () is equal to 0, and only the department above
the breakpoint needs to be calculated in Equation (5) during the simulation.

3. Domain Adaptation Based on Generated Motor Power Curves

Although the labeled MPCs are supplemented with the mechanism model, the distri-
bution discrepancies between generated and collected MPCs limit the diagnosis accuracy.
A novel domain adaptation diagnostic network combining the mechanism analysis is
proposed in this section to tackle this issue. Considering the load characteristics of the SRPS
in one period, the pseudo-labels are assigned for the collected MPCs preliminarily. Then,
the conditional and marginal probability distribution of the generated and collected MPCs
are well aligned by distilling the domain-invariant features. That implements to acquire
knowledge from the generated MPCs to facilitate the diagnosis of collected MPCs. The
method’s detailed architecture and training process are discussed in the subsequent section.

3.1. Problem Setting

Benefiting from the dynamic mechanism analysis, the MPCs of different working
conditions are generated. However, the data-driven diagnosis methods trained with such
generated curves possibly fail in diagnosing actual curves even though the waves have
the same varying tendency under different conditions. The simplification and idealization
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in the mechanism simulation should be the main reason for the misdiagnosis. Take the
vibration simulation of the sucker rod as an example. The rod is divided into several indi-
vidually connected segments to simulate elastic deformation and vibration. The simulated
MPCs with different quantities of segments and a similar actual MPC are illustrated in
Figure 2.
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Figure 2. The comparison between the actual and generated MPCs with different segments of the rod.
(a) Generated power curves. (b) Actual power curve.

Dividing the rod into different segments changes the vibration analysis of the rod,
which in turn affects the transformation of the DCs to the MPCs. Similar simplified features,
e.g., gearbox vibrations, liquid flow rate, and crankshaft speed, lead to the difference
between the generated and actual curves collectively.

Inspired by the idea of domain adaptation, which can project the data from various
domains into a shared subspace, this section proposes an innovative fault diagnosis ap-
proach. It can leverage the knowledge learned from the generated MPCs with labels to
facilitate diagnosing actual unlabeled MPCs. In order to promote the features between the
generated and actual MPCs to be aligned, a domain classifier is built for marginal distribu-
tion adaptation. What is more, a conditional distribution discrepancy metric is employed
for conditional distribution adaptation. Therefore, the proposed domain adaptive method
not only considers all in-domain features as a whole for feature alignment but also ensures
category features of different domains to be aligned.

3.2. Network Architecture

According to the above-mentioned description, the generated MPCs with labels are
denoted as the source domain D5 = {(x},y5)}!; of six categories of working conditions,
and the actual MPCs are denoted as the target domain Dy = {( )(]t)}?; , without labels.
Leveraging the knowledge learned from Dj to facilitate diagnosing for I, the proposed
framework is illustrated in Figure 3. Overall, the methodology contains a feature generator
network f, with parameters 0,, a domain classifier f; with parameters 6, a label classifier
fe with parameters 6, a conditional distribution discrepancy metrics M, and a pseudo-label
learning layer fp. The detailed description of the methodology is discussed as follows:

3.2.1. Pseudo-Label Learning Layer

Different from the marginal distribution, which does not require the category label,
conditional distribution needs the labels to adapt the category-level discrepancy. Unfortu-
nately, the samples in the target domain are unlabeled. Many existing approaches assign
pseudo-labels to these samples based on maximum predictive probability, clustering algo-
rithms, or pre-trained models trained with source domain samples. However, since the
initial pseudo-labels learned by these methods are inaccurate, some errors will be caused
by incorrect labels and accumulate with the strategy training, resulting in negative effects
on fault diagnosis. In this respect, a novel pseudo-label learning method combining the
mechanism analysis in the SRPS and the source domain samples is proposed to tackle
this problem.
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Figure 3. The framework of the proposed approach.

The mechanism analysis of the MPCs under different working conditions is summa-
rized as follows:

1. Normal working condition Yj: The MPCs of the upstroke and the downstroke are
relatively full with similar peaks. 2. Traveling valve leakage Y7: The leakage will delay
the increase of the pressure during the upstroke, resulting in the delayed opening of the
standing valve. Therefore, the power of the upstroke will be less than the normal working
condition. 3. Insufficient liquid supply Y,: The pump chamber can not be fulled in the
upstroke. During the downstroke, the load reduces in the initial stage of the opening of the
traveling valve. The load increases rapidly when the plunger hits the oil interface, resulting
in double peaks in the power curve. The average value of the MPC is also lower than the
normal power. 4. Gas affected Y3: Similar to the condition of insufficient liquid supply,
the pump chamber also can not be filled because of the superabundant gas dissolved in oil,
resulting in the lower average power in the downstroke. The difference is that more gas is
present to act as a buffer to the plunger, so there is no second peak in the downstroke. 5. Gas
locking Yy: The gas in the chamber makes the pressure insufficient to open the standing
and traveling valve, so the oil cannot be adequately discharged. During the downstroke,
the motor power curve will have negative values due to the gravity of the oil in the sucker
rod. 6. Parting rod Y5: The motor load is mainly caused by the crank and the weight of the
rod above the breakpoint. During the upstroke, the energy stored in the crank is more than
the requirement to uplift the remaining rod, resulting in the apparent negative power in
the MPC.

On the basis of the above analysis, the mechanistic pseudo-labels of the source domain
{73} | and the target domain {]7; }7; , are obtained as shown in Figure 4, where P, and Py
denote the power points of the upstroke and the downstroke in one stroke, respectively.
N, and N; denote the numbers of the points in the upstroke and the downstroke. 4; and a;
are setas 0.9 and 1.1.

With the help of mechanism analysis, the accuracy of the initial pseudo-labels is
improved. However, as the training continues, the accuracy of the classifier gradually
outperforms the mechanical analysis. Therefore, we design the pseudo-label learning layer
based on the comparison between the accuracy of the mechanical analysis P, and the
accuracy of the classifier in the current epoch P; with the date of the source domain. The
P, and P, can be calculated as follows:

Py = ) LT vi), (14)
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where £(,) denotes the cross-entropy loss function.
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Figure 4. Pseudo-label learning based on the mechanism analysis.

The final pseudo-labels in the target domain ]jjt can be obtained as follows:

y§/ PmZPC

At
= { Felfo X 0),0),  Pu < P (16)

The target domain with the pseudo-labels are defined as Dy = {( X;/ yf;)};l; 1

3.2.2. Feature Generator Network

Inspired by the great nonlinear characterization capabilities of convolutional neural
network (CNN), 1-D CNN specializing in the time-series signal is selected to extract features
from the generated and actual power curves. The feature generator is implemented based
on a 3-layer 1-D CNN associated with a fully connected layer (FC), whose structure is
detailed in Table 1.

Table 1. The structure of the feature generator network.

Layer Activation Kernel Kernel Size Output
Type Function Number X Stride Size
Input / / / (1024,1)
Conv1 Relu 16 64 x 1 (16,1024,1)
MaxPooling1 / 16 2x2 (16,512,1)
Conv2 Relu 32 5x1 (32,512,1)
MaxPooling?2 / 32 2x2 (32,256,1)
Conv3 Relu 64 5x1 (64,256,1)
MaxPooling3 / 64 2x2 (64,128,1)
Flatten / / / (8192,1)
FC Relu 1024 / (1024,1)

3.2.3. Label Classifier

The label classifiers aim to recognize the working condition and direct the feature
generator to retain the information of each working condition. As illustrated in Figure 3,
the label classifier consists of one hidden layer with the neurons of 256 and one output
layer with the Softmax as the activation function. The dropout ratio is set as 0.5. For the

classifier of the source domain Ds = {(x, )}/, the desired objective function can be
defined as
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Y L(fe(fe(xirbg),0c), yi)- (17)
® XiYi€Ds
It is noteworthy that the classifier of the target domain is not involved in the back-
propagation. It is only used for pseudo-label learning, and its parameters are kept the same
as the parameters of the source domain label classifier.

3.2.4. Domain Classifier

In order to direct the feature generator to extract the domain-invariant features, a do-
main classifier f; is designed by following the idea of DANN [21]. The f; consists of three
FCs with neurons as 1024-256-1. The output is a binary classifier that outputs 0 for all target
samples and 1 for all source samples. The desired objective function can be defined as

1

L =
47 Ny + Ny

Yo L(falfe(xir05),04), Vi), (18)

Xiyi€Ds UDy
where yj; denotes the domain label.

3.2.5. Conditional Distribution Discrepancy Metrics

Regarding all the samples in one domain as one class, the marginal distributions can
be well aligned by the domain classifier. However, only adapting the marginal distributions
is insufficient, since the discriminative hyperplane may differ for diverse domain tasks.
The conditional distribution adaptation, which aims to match the discriminative structures
between source and target data, is also indispensable and highly effective. With the
aid of the pseudo-label learning layer, pseudo-labels for target data can be preliminarily
supplied. Defining C as the total number of categories and the category ¢ € {Yp, Y1 ---, Y5},
the distance index, MMD, can be designed to measure the discrepancy of conditional
distributions D and D; as

Dy = Z || 2 fs (xilyi =¢, 9 Z fs X]|y] =c0 )”Hr (19)

c=1 S Xi€Ds XJG]D)t
where || - || represents the Reproducing Kernel Hilbert Space.

3.3. Optimization

According to the network losses discussed above, the optimization objective of the
proposed MADAN is summarized as

L=Lc—ALgj+ ADyy, (20)

where the hyperparameters A1 and A; indicate the penalty coefficient for different loss
functions. A gradient reversal layer (GRL) [33] is placed before the domain classifier
to receive the gradient of L; by multiplying a negative factor. The network is updated
employing the adaptive moment estimation optimizer (Adam) with the learning rate 7,
which is set to 0.001. The parameters 0, 0 , and 0, are updated simultaneously at each
step as

oL, . ALy . . 9Dy
O ¢ 0y = (5 — Mg +th2g )
oL,
_ 21
0 <+ 6 T3, (21)
oL,
By < 0y — TA 222
d d 1 aed
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With the updates of the parameters, the extracted features are domain-invariant and
discriminative simultaneously. The label classifier not only can predict labels for generated
MPCs but also is available for the collected MPCs.

4. Industrial Experiments

A series of industrial experiments are conducted in this section with the MPCs collected
in SRPS with self-developed equipment to verify the feasibility of the proposed mathematic
model and the diagnosis method in practical application scenarios. The generated MPCs
with the mathematic model are discussed with the mechanical characteristics and compared
with the collected MPCs under different working conditions. Moreover, we compare the
MADAN with some baseline methods in the field of DA to demonstrate the effectiveness
of the improvement in practical applications.

4.1. Data Collection

As illustrated in Figure 5, the portable device developed by the authors’ team in
Northeastern University implements the MPCs acquisition by collecting the three-phase
current and voltage of the motor. The device consists of five core units as follows:

1. Power acquisition unit: realize the motor power calculation with the help of the ATT7022B.

2. Transmission unit: realize remote query and parameter adjustment on mobiles
and computers.

3. Human-machine interaction unit: a touch screen is equipped to facilitate parameter
entry, data query, and data display.

4. Data storage unit: it is used to store the collected and calculated data and parameters.

5. Data processing unit: with the help of the XC7Z020CLG400 chip, it implements the
core calculation, including the trained diagnostic model, device operation, etc.

Frequency
conversion
cabinet

Figure 5. A self-developed data acquisition and analysis equipment employed in the SRPS.
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After long-term practice, 300 groups of MPCs are collected from seven oil wells with
the same mechanical parameters as shown in Table 2. All simulations are implemented
in the MATLAB and Pytorch framework and conducted on a workstation with a Core
i7-9700K CPU@3.60 GHz and a GTX2080TI GPU with 11-GB memory.

Table 2. The main parameters of the test well.

Parameters Value Parameters Value
Well CYJ14-5-73HB Moter Y250M-6
Ay /mm 7000 n/min~! 4
Ay /mm 3110 P;/atm 120
C/mm 5790 P;/atm 180
B/mm 7210 Vg YwiYo 0.1:0.2:0.2
G/mm 1460 dp /mm 44
D/mm 3110 d,/mm 22
R/mm 1270 Sp/mm? 1520
W /kg 5374 f I;/m 1600
Wep/kg 5378 f M;/kg 5139.2
W, /kg 1229 M,y01/g-mol ™! 16

4.2. Validation of the Generated Motor Power Curves

According to the working and mechanical parameters listed in Table 2, the analysis
results of six working conditions generated with the model in Section 2 are illustrated in
Figures 6-11. Each working state contains four sub-figures. The first sub-figures express the
variation curves of the crucial variables in the pump containing the chamber volume, oil
and water volume, the pressure, and the flow rate through the standing valve. The second
and third sub-figures illustrate the generated DCs and MPCs under different working
conditions. The fourth sub-figures are typical MPCs selected from the collected samples in

practical scenarios.
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Figure 7. Traveling valve leakage working state. (a) Pump simulation. (b) Generated DC. (c)
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~
o

~
o

3 -4
10
g 10 % 200
T chamber volume
. —=-liquid vplume
6 —flow rafe 6 . 65
— pump pressure o 150 £ =
£ : S 8 =
24 : 4 2 g g™
E - < 2 S
g I e \ 3 100 @ 55
) p \\ ) [ o
_' AW g ’ AN 50
50
0 — 0 45
0 2 4 6 8 10 12 0 1 2 3 4 5
Time(s) Position(m)
(a) (b)
30
30
25
25
20
_ =20
=15 i;‘,
5 215
2 3
g g
10
5
0 5
5 0 )
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time(s) Time(s)
(9 (d)

Figure 8. Insulfficient liquid supply working state. (a) Pump simulation. (b) Generated DC. (c) Gener-
ated MPC. (d) Actual MPC.

160



Mathematics 2022, 10, 1224

-3

0.01 10

chgmber volume
==-liquid volume

0.008 rate 0.8
mp pressure @
£0.006 06
|5 @
£ T
50.004 04 3
> ]
w

180

N o
<) S

Pressure(atm)

n
o

100

65
_60
z
=
©
©
o
-
55
50
0 1 2 3 4 5
Position(m)
(b)
50

Power(kw)
- N w »
o o o o o

=)

2 4 6 8 10 12
Time(s)

(d)
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Figure 11. Parting rod working state. (a) Pump simulation. (b) Generated DC. (c) Generated MPC.
(d) Actual MPC.

As illustrated in the figures, the variation of essential parameters is consistent with
the settings in Section 2.2. The characteristics embodied in the generated DCs under
the different working conditions conform to the historical experience learned from the
extensive data collected in different practical application scenarios. The generated and
measured power curves have similar trends, and their characteristics are consistent with
the previous mechanical analysis in Section 3.2.1. These results verify the rationality of the
model on the mechanism analysis.

In order to take a more in-depth validity on the quantitative analysis, 50 samples of
the MPCs under each working condition are generated as the training data by adjusting
the downhole parameters to diagnose 300 groups of collected samples, which are testing
data. The diagnostic method employs the mechanical feature extraction combined with the
conditional random field (MCRF), which is mentioned in [6]. The experimental result is
presented in Figure 12, where the diagnostic accuracy achieves 73% without the help of
collected samples at all. This demonstrates the effectiveness of the generated data. However,
the diagnostic accuracy does not meet the industrial requirement. The main reason mainly
includes two aspects. On the one hand, limited by the insufficiency of the mechanism
feature extraction method, some MPCs of critical working conditions are difficult to identify.
On the other hand, the generated samples deviate from the actual samples’ distribution
because of the model’s simplifications and interference in the data acquisition.

Moreover, the collected data are divided into two parts, where 240 groups are ran-
domly selected as the training set, and the remaining 60 groups are the testing set. To
comprehensively investigate the generated data, we set various scenarios with different
amounts of generated samples adding to the training set of the collected data to monitor
the working conditions in the SRPS. Three methods named 1-D CNN, CNN, and MCRF
are selected from three perspectives of time-series, image, and mechanism to conduct
experiments. The diagnostic results are shown in Table 3.

As illustrated in Table 3, the diagnosis accuracy presents an upward trend as the
generated samples are added to the original training set. Machine learning is more capable
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of extracting features than mechanistic feature analysis, and the time-series-based approach
is more applicable to the MPCs than the curves acting as pictures.
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Figure 12. The confusion matrices of diagnosis result.

Table 3. Diagnostic results with different amount of generated samples.

Method A B C D E
Collected samples 0 240 240 240 240
Generated samples 300 0 150 300 450
1-D CNN 0.747 0.863 0.907 0.933 0.94
CNN 0.713 0.843 0.883 0.90 0.9133
MCRF 0.733 0.837 0.883 0.893 0.9067

4.3. Diagnosis Based on Domain Adaptation

In this section, the proposed MADAN is employed to minimize the distribution
discrepancy across domains in practical application scenarios. Since the new conditional
metrics and pseudo-label learning strategy are appended to the objective function for the
distribution alignment, the convergence analysis is imperative to illustrate the stability and
transfer ability. As shown in Figure 13a, the discrepancy in diagnostic accuracy between
the source and target domain gradually decreases with the iteration of optimization, which
illustrates the effectiveness of the feature generator network in bridging the distribution
discrepancy. In addition, the accuracy curves converge rapidly and finally approach 1,
which demonstrates the superiority of this method in industrial diagnosis.
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Figure 13. The trend of training accuracy and loss on the MADAN. (a) Accuracy. (b) Loss.

Furthermore, the training loss including classification loss (classifier_loss), domain
classifier error (adversarial_loss), and conditional distribution loss (distance_loss) are
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plotted in Figure 13b, respectively. It can be found that the classification loss is gradually
decreasing with the increasing of training epoch and finally approaches 0. The reciprocal
oscillation of the adversarial loss illustrates that the domain classifier efficiently guides
the feature generator network to explore domain-invariant features. This is because the
feature extraction network keeps improving the information extraction capability under
the requirement of the classifier error reduction, which makes the domain classifier keep
improving the ability to discriminate domain features to inhibit the feature extraction
network from retaining domain-related information. The conditional distribution loss
presents a gradual declining trend. This demonstrates that the conditional distribution
discrepancy is gradually disappearing.

For comparison purposes, several state-of-the-art methods are considered for com-
parisons with the MADAN, including 1-D CNN, DANN [21], DATLN [22], DTN [30], and
MiDAN [24]. In order to make a fair comparison, all the compared methods adopt the
same 1-D CNN architectures to explore features. The details of the compared methods are
presented in Table 4, where MDA denotes the marginal distributions alignment and CDA
denotes the conditional distributions alignment.

Table 4. Detailed description of the compared methods.

Method MDA CDA Pseudo-Labels
1-D CNN / / /
DANN MMD / /
DATLN MMD + Adversail / /
DTN MMD MMD Pre-train network
MiDAN Adversail MMD Pre-train network
MADAN (ours) Adversail MMD Mechanism + Classifier

The diagnostic result is an average of five random tests, where the testing set is
60 groups randomly split from the 300 groups of collected MPCs. To comprehensively show
the capabilities of the proposed method, three evaluation indicators including Accuracy,
F1-score, and MCC are selected to assess the performance of each method. The expressions
of the MCC are defined as follows:

MCC — TN x TP —FN x FP

V(TE+TP)(EN + TN)(TP + FN)(FP + TN)

(22)

The results are listed in Table 5.

Table 5. Comparison research under various methodologies.

Method Accuracy (%) F1 (%) MCC (%)
1-D CNN 83.33 83.25 79.9
DANN 91.67 91.38 89.69
DATLN 92.33 92.17 90.58
DTN 95.33 95.34 94.39
MiDAN 97 97.03 96.42
MADAN (ours) 98.33 98.51 98.17

As the results show, the MADAN performs better than other diagnostic methodologies
in all evaluation indicators. Concretely, t-distributed stochastic neighbor embedding (t-
SNE) is employed to demonstrate visual insights into the distribution discrepancy of
features distilled by different methods from the generated and collected MPC. The t-SNE
visualization for the original data and the features after the alignment by the methods
mentioned above are illustrated in Figure 14.

From Table 5 and Figure 14, some results can be clearly obtained. Firstly, in terms
of classification performance, the outlier source samples are much less with the help of
transfer learning. In addition, the MADAN can better cluster the same categories and
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separate different categories than the other methods. Secondly, in terms of the marginal
distributions alignment, the adversarial training is superior to the MMD, where Figure 14c,e
correspond to Figure 14b,d, respectively. Thirdly, in terms of the conditional distributions
alignment, the data in different domains within each category are more evenly distributed,
where Figure 14d—f correspond to Figure 14a—c. Fourthly, in terms of pseudo-label learning,
despite MiDAN having achieved good results, our MADAN performs better in the same
number of iterations due to the higher pseudo-label accuracy resulting from assisted
mechanisms during the initial training. From the analysis and discussion above, it can
be seen that the proposed MADAN can effectively bridge the distribution discrepancy,
resulting in better diagnosis performance in practical application scenarios.
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Figure 14. T-SNE feature visualization. (a) Source sample. (b) 1-D CNN. (c) DANN. (d) DATLN. (e)
DTN. (f) MiDAN. (g) MADAN (ours).

5. Conclusions

The motor power as an easily collected signal contains information about the working
status of the SRPS. In order to tackle the issue of an insufficiently labeled MPC database due
to the early stage of the electrical parameters research on the SRPS, this paper has proposed
an unsupervised fault diagnosis methodology named MADAN to leverage the generated
MPCs of different working conditions to diagnose the actual MPCs. Firstly, an integrated
dynamics mathematical model has been established to generate the MPCs under different
working conditions. Secondly, a mechanism-assisted pseudo-label learning strategy and a
conditional distribution discrepancy metric have been added to the adversarial domain
adaptation model to bridge the marginal and conditional distribution discrepancy of the
generated and collected MPCs. Finally, a set of actual MPCs collected by self-developed
portable devices has been utilized to verify the feasibility of the proposed methodology.
The experimental results indicated that the generated and the actual MPCs had similar
trends, and the MADAN can effectively utilize the generated and actual unlabeled MPCs
to realize the power fault diagnosis of oil wells.
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Abbreviations

The following abbreviations are used in this manuscript:

b;
CoC1CGs
Ch

G

dp

dr

F

E

Damping coefficient of ith rod string
Constant

Henry’s law constant

Perimeter of the rod string and pump
Diameter of pump

Diameter of sucker rod

Polished rod load

Crank torque

Friction coefficient of ith rod string
Friction coefficient of plunger

ith rod modulus of elasticity
Length of ith rod string

Mass of ith rod string

Mass of free gas in pump

Mass of whole gas in pump

Mass of oil in pump

Molar mass of methane

Mass of water in pump

Times of stroke

Motor speed

Motor power

Discharge pressure of the pump
Load on the plunger

Submergence pressure (Mpa)
Flow rate though standing valve
Weight radius of crankshaft
Displacement of sucker rod node
Are of sucker rod

Leaked area of traveling valve
Passage area of standing valve
Passage area of traveling valve
Passage area of plunger

Absolute temperature

Torque factor

Volume of oil in the pump

Volume of the pump

Volume of water in the pump
Balanced weight of crankshaft
Weight of crankshaft
Counterbalance weight

Gas mass ratio of produced fluid
Oil mass ratio of produced fluid
Water mass ratio of produced fluid
Gas solubility

Efficiency of four-bar linkage
Efficiency of motor and reduction gearbox
Gas related constant

Density of produced fluid

Density of oil

Density of water

Damping coefficient of standing valve
Angular velocity of crankshaft
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Abstract: This paper considers the single machine scheduling problem with due window, delivery
time and deteriorating job, whose goal is to minimize the window location, window size, earliness
and tardiness. Common due window and slack due window are considered. The delivery time
depends on the actual processing time of past sequences. The actual processing time of the job is
an increasing function of the start time. Based on the small perturbations technique and adjacent
exchange technique, we obtain the propositions of the problems. For common and slack due window
assignment, we prove that the two objective functions are polynomial time solvable in O(nlogn)
time. We propose the corresponding algorithms to obtain the optimal sequence, window location

and window size.
Keywords: scheduling; due window; deteriorating job; delivery time; earliness; tardiness

MSC: 90B35

1. Introduction

In order to gain the competitive advantage, modern operations management advocates
that companies improve customer service. Operationally, good customer service means
fulfilling orders within a specified time period. The research on due window usually
assumes three situations. First, the jobs that are completed before the start time of the
due window have earliness costs. Second, the jobs that are completed after the end of
the due window have tardiness costs. Third, the jobs that are completed within the due
window do not incur any costs. For cost considerations, we need to take into account the
comprehensive factors, which contain earliness costs, tardiness costs, starting time of the
window and window size.

Based on the research gap found in the literature review, this paper studies scheduling
problems involving both simple linear degradation and past sequence dependent delivery
time under the common and slack due window assignment. To the best of our knowledge,
such articles are rare for the common or slack due window assignment. In this paper, the
single machine scheduling problem with delivery time and deteriorating job is considered.
The actual processing time of job is an increasing function of the start time. The delivery
time depends on the actual processing time of past sequence. The goal is to minimize
the window location, window size, earliness and tardiness. Small perturbation technique
and adjacent switching technique are effective methods to deal with scheduling problems.
Based on the small perturbations technique and adjacent exchange technique, we obtain
the propositions of the method. By the propositions, we propose the polynomial time
solvable algorithms to obtain the optimal sequence, window location and window size.
The complexity of the algorithms is O(nlogn).

2. Literature Review

In the field of production sequencing and scheduling, the scheduling problem with
due window has received a lot of attention. In 1955, Jackson first proposed the concept
of due date [1]. The scheduling problem of the optimal due date was considered by
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Seidmann [2] and Panwalkar [3]. In 2015, Li et al. studied the scheduling problem with
the slack due window, resource allocation and learning effect [4]. In 2015, Yang et al.
studied the scheduling problem with deteriorating jobs, learning effect and due window [5].
In 2016, Yin et al. studied the scheduling problem with resource allocation and slack
due window [6]. In 2017, Wang et al. studied the scheduling problem with the slack
due window and controllable processing times [7]. In 2020, Wang et al. considered the
scheduling problem with due window and position-dependent weights [8]. In 2020, Sun
et al. considered the proportional flow shop scheduling problem with due window and
position-dependent weights [9]. In 2021, Yue et al. studied a scheduling model with due
window and the processing time as a special function [10].

The processing time of deteriorating job is variable. As the jobs are processed, and
the processing times of jobs increase. The concept of deteriorating jobs was proposed
by Gupta [11]. Under the common due window assignment, Yue et al. considered the
scheduling problem with deteriorating jobs [12]. In 2018, Wang et al. studied the unrelated
parallel processors scheduling problem with a maintenance activity and deterioration
effect [13]. In 2019, Sun et al. considered the single machine scheduling problem with
machine maintenance and deteriorating jobs [14]. In 2020, Cheng et al. studied the single
machine scheduling problem whose processing time was a stage function of the start
time [15]. In 2020, Liang et al. studied the scheduling problem with resource allocation and
deteriorating jobs [16].

After a job is processed, the job should be delivered to the customer, which is called
the past sequence dependent (psd) delivery time. Koulamas and Kyparisis first proposed
the past sequence dependent delivery time [17]. In 2012, Liu et al. studied some new results
on single machine scheduling with past sequence dependent delivery times [18]. In 2014,
Zhao et al. studied single machine scheduling problems with general position-dependent
processing times and past sequence dependent delivery times [19]. In 2020, Mir et al.
studied parallel machine problem with delivery time and deterioration effect [20]. In 2021,
Toksari et al. studied some scheduling problems with learning effect and past sequence
dependent delivery times [21]. In 2021, Wang et al. studied single machine scheduling with
position-dependent weights and delivery times [22].

The problem is described in the third Section 3. The research method is given in the
forth Section 4. The summary is given in the last Section 5.

3. Notation and Problem Statement

There are n independent jobs S = {Ji,..., .} processed at time ty () > 0) on a
machine. The actual processing time p; of J; is

pi = bit, )
where b; is the deterioration rate, t; is the start time. The delivery time g;) of Jj;; is
m—fwz]—rzf’n' @
]_

i—1
where 7 is the delivery rate, pj; is the actual possessing time of ] and wy; = Y. p; =
j=0

i—1
fo ZH (1+b}), pjop = to- The subscript [i] indicates that the job is arranged at the ith
j=1
position. The completion time Cp;) of Jj; is
i—1

[l]—w[l]+p[l]+q[l]—t0 1+b[l +1’ 1—!14-17[/ 3)
]:
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The common due window (CONW) and slack due window (SLKW) are considered.
Let [d/,d] be the due window of J;, where d} and d!/ are the start time and end time of due
window, respectively. For the common due window, all jobs have the same start time d’
and end time d” of due window. For the slack due window, d; = p; + q1 and d! = p; + q».
D = d! — d is the size of due window, D = g, — 41, 41 and ¢ are the decision variables. C;
represents the completion time of J;. E; is the earliness of J;, E; = max{0,d; — C;}; T; is the
tardiness of J;, T; = max{0,C; —d;'}.

The goal is to minimize the earliness, tardiness, start time of window and window
size. The objective functions are

M:

=

[aEH +CTH +ed’ + fD], (4)

I
—_

M:

M= [aEM + CT[ i] +eqq + fD] (5)

I
—_

where g, ¢, e, f represent the unit cost of earliness, the unit cost of tardiness, and the unit cost
of the start time and window size. If Cjj; < d’ < Cp;q) and Cp < d” < Cpp1q) (CONW),
the objective function is

]
M=) a(d—Cy)+ Y, c(Cy—d")+ned +nf(d —d)

i=

—_
Il
—
¥
N

(6)

——aZC]+c Z Cpjy + [ha +n(e = f)ld" + [nf — (n —1)c]d".

i=I+1
Ifd" = Cpyq) and d” = Cpj) (CONW), the objective function is
h n
M=) a(Cyyq) — Z Cpy) +neCyq) +nf (Cpyp — Cpigyy)
i=1 =I+1 @)
=—a Z Cpy+c Z Cjj + [ha +n(e — f)ICpyr) + [nf — (n —1)c]Cyy.-
i=I+1

The objective function of SLKW model is similar to that of CONW model.
By the three-region notation, the models can be defined as

n
1|CONW, p; = b;t;, qpsd| Z[aE[i] + CT[Z-] +ed —i—fD],
i=1

n
1|SLKW, p; = b;t;, std| Z[QEM + CT[i] +eq1 + D],
i=1
where g4 represents the past sequence dependent delivery time.

4. Research Method

In this section, we present several properties for an optimal schedule. First, we show
the optimal common and slack due window positions by using the technique of small
perturbations. Then, the sequence of jobs within different sets is determined by the adja-
cent exchange technique. Finally, we propose the polynomial time algorithms to obtain
the optimal sequence.
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4.1. The Problem 1|CONW, p; = bit;, qpsa| Xi—y [aEpy + cTjj) +ed’ + fD]
4.1.1. Optimal Properties of the Problem

Lemma 1. For any job sequence, d' of the optimal schedule is the start time of some job.

Proof. (a) When Cj) < d' < Cpjyqjand d” = Cy, 0 < h <1 <n, Cg = to. The objective
function is

M= —a):c i+ lzlcl] + [ha+n(e— f)ld' + [nf — (n—1)c]Cyy. ®)
i=l+
when d" = Cp, the objective function is

=—a Z Cpiy + cl §1C[l —Va+n(e— f)ICy + [nf — (n—1DelCy. (9)
M — M, = [ha+n(e— f)][d" — Cpy]. (10)

when d’ = C}j,}, the objective function is
faZC +c ;rlc[z [ha +n(e — f)ICpsa) + [nf — (n = De]Cyp. - (11)
M — M, = [ha +n(e — f)][d' — Cpypq)]. (12)

when ha +n(e — f) < 0, M > Mp; otherwise, M > M;.
(b) When Cpj,) < d’ < Cpyyqpand Cpyp < d” < Cppyq), 0 < b < 1 < n. The objective
function is

:—aZC]+c Z Cpy + [ha +n(e — f)ld' + [nf — (n—TI)cld". (13)
i=1+1
when d" = Cp, the objective function is
:—aZC]+c > i+ [~ Tat nle— f)Cyy + [nf — (n—D)ld”. (149
i=I+1
M— Mz = [h&l + n(e — f)] [d/ — C[h]] (15)
whend =C (h+1], the objective function is
=—a 2 Cpj +c 2 Cpiy + [ha +n(e = f)|Cpyq) + [nf — (n = 1D)cld”.  (16)
i=l+1
M — My = [ha+n(e— f)][d" — Cpjyq)). (17)
when ha +n(e — f) < 0, M > My; otherwise, M > M. [

Lemma 2. For any job sequence, d” of the optimal schedule is the completion time of some job.

Proof. (a) When d’ = Cpj and Cjj < d” < Cpj4q), 0 < h <1 < n. The objective function is

=—a Z Cjij +c Z Cij + [(h = )a+n(e— f)|Cpy + [nf — (n —I)cld". (18)

i=l+1
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when d" = Cy, the objective function is

:—aZC +c IZ Cijj + [(h=V)a+n(e— f)|Cyy + [nf — (n =1)c]Cpy.  (19)
i=l+1

M- M = [ﬂf (7’1 — Z)C} [d” — C[”] (20)

when d” = Cj,q}, the objective function is

:—aZC[I—i—C ;2C1]+ h—=1)a+n(e—f)ICy + [nf — (n =1 =1)c]Cppq)- (21)
i=l+

M~ M, = [nf — (n—1)c|[d" — Cpypq]. (22)

whennf — (n—1)c <0, M > My; otherwise, M > Mj.
(b) When Cpj,) < d’ < Cpyyqpand Cpy < d” < Cppyq), 0 < b < 1 < n. The objective
function is

= —aZC i te Z Cii + [ha +n(e = f)ld + [nf — (n —T)cld". (23)

i=I+1

when d" = Cy), the objective function is

= —a ZC[l +c §1C[ + [ha +n(e— f)ld' + [nf — (n—1)clCy. (24)
M—M3 = [Tlf— (n—l)c}[d"—C[l]]. (25)

When d” = Cj;,4), the objective function is
My = —aZCZ] +c Z Cji + [ha+n(e— f)ld" + [nf — (n =1 —=1)c|Cpp4q). (26)
i=[+42
M — M4 = [Vlf — (1’[ — Z)C] [d” — C[l+1]]' (27)
whennf — (n—1)c <0, M > My; otherwise, M > M. [
Lemma 3. For the optimal schedule, d’ is the completion time Cyy,, d" is the completion time C,
h= [n(f;e)},l - (”(C;f)]
Proof. when d’ = Cp) and d” = Cyjj for the optimal schedule, the objective function is
= —HZC +c Z Ci+ [(h=1Da+n(e— f)ICpy + [nf — (n—Dc]Cpp.~ (28)
i=l+1
(a) When d’ = Cp,_q and d” = Cp), the objective function is
=—a Z Cpy+c Z Cpy + [(h=2)a+n(e— f)ICp_1 + [nf — (n—1)c]Cy.  (29)
i=I+1
M—M; = [(h—1)a+n(e— f)][Cp — Cp—y] 0. (30)

So,hgl—l—@.
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When d’ = Cjj, 1) and d” = Cyj}, the objective function is

:—uZC +c 2 Cjj + [ha +mn(e — f)ICpyq + [nf — (n = 1D)c]Cy. (31
i=+1

M — My = [fa+n(e — f)][Cpy — Cpr)) < 0. 2

So M= < < 14 108y — pali=e,

a

(b) When 4" — Ci—1 and &' = Ci), the objective function is

—aZc +CZC]+ h—"1)a+n(e—f)|Cpy + [nf — (n =1+ 1)c]Cp_y). (33)

M— M3 = [I’Zf — (7’1 -1+ 1)C] [Cm — C[l—l]] <0. (34)

So,1 <14 M),
when d” = Cpj;q) and d' = Cp, the objective function is

:_”ZC[1+C Z Cpy+ [(h=1)a+n(e— f)ICp + [nf — (n =1 —1)c|Cppyq)- (35)

i=I+2
M*M4=[”f*("*l)c][c[z]*c[mﬂSO- (36)
SoMf) <<yl o ey o

Suppose d’ = Cp) and d” = Cy) for the optimal schedule. Three sets O = {J; € Qi <
h=1}, o ={; €Qli=h}, B ={; € Qh+1<i<1-1},Q4 = {J; € Qli =1},
Os5 = {J; € Ol +1 < i < n}, O is the job sequence.

Lemma 4. In the optimal schedule, the jobs in ()1 can be processed in descending order of b.

Proof. ], is at the uth position and Ji is at the (1 + 1)th position in Q. 71y = {J1,..., ],
Jereo-sJn}, 1 <u <u+1<h—1. The objective function of 7ty is M. Swap J; and Ji to
get sequence 7 = {J1,..., Ji, Jg,- -, Ju}. The objective function of 715 is Mp.

My — MZ—ﬂto(bk—bg Y1 +7) H 1+b1] (37)
i=1

If bg > by, M1 < M. O
Lemma 5. The deterioration rate of the job in (; is less than the deterioration rate of any job in ().

Proof. ], is at the (1 — 1)th position, and J is at the hth position. 71y = {h,..., Jor Jkre -+
Jn}- The objective function of 71y is M. Swap J; and Ji to get sequence 715 = {J1, ..., Ji,
Jgreees Jn }. The objective function of 71, is Mj.

M — Mo = {[(h— 1)a-+ (e f))r — a}to(bg — b) [1( + by 8)
i=1

If by < bg, M; < M, 0O

Lemma 6. In the optimal schedule, the jobs in (3 can be processed in any order of b;.
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Proof. ], is at the uth position and J; which is at the (u + 1)th position in O3, m; =
{h,. corJgr i Jn}, h+1<u<u+1<I-1. The objective function of 71 is M;. Swap
J¢ and Ji to get sequence 713 = {J1,..., Jk, Jg,-- -, Ju}- The objective function of 775 is M.

M; = M. (39)
O
Lemma 7. The deterioration rate of any job in Q)3 is less than the deterioration rate of the job in Qy.

Proof. |, is at the uth position, h +1 < u < [ —1. Ji is at the /th position. 71 =
{I,---sJgr--- s Jkr-- -, Jn}. The objective function of 71 is M;. Swap J; and Ji to get se-
quence 713 = {J1,..., Ji,- -+, Jg, .-, Ju}. The objective function of 715 is M,.

-1
leMZZ[Tlf*(n*l) to?‘ 1+b[ (40)
z:lz;éu

Ifbg < bk, M < M, 0O
Lemma 8. In the optimal schedule, the jobs in Q5 can be processed in ascending order of b;.

Proof. ] is at the uth position and J is at the (1 + 1)th position in Qs, 711 = {J1, ..., J¢, Ji,
In}, 1+1 <u < u+1 < n. The objective function of 71y is M;. Swap Jg and Jj to get
sequence 713 = {J1,...,Jk, Jg,-- -, Jn}. The objective function of 775 is M.

My — My = cto(1+71)(bg — by) H (1+ by (41)
i=1

Ifbg < bk/ My < M, 0O
Lemma 9. The deterioration rate of the job in Q)4 is less than the deterioration rate of any job in Qs.

Proof. ] is at the Ith position, and Ji is at the (I + 1)th position. 711 = {J1,...,J¢, Ji,- - -,
Jn}. The objective function of 7ty is My. Swap J; and Ji to get sequence 72 = {J1,..., Jk, Jq,
.., Jn}. The objective function of 71, is Mj.

-1
My — My = {cr+[nf — (n = I)c]}o(bg — be) [ [(1 + byy)). (42)
i=1

Ifbg < bk, M < M, 0O

Suppose J; is at the uth position and J; is at the vth position in the sequence 711 =
{]1,...,]g,...,]k,...,]n}, 1 <u <h,1 <v < n. The objective function of 7r; is Mj. Swap
J¢ and Ji to get sequence o = {Ji,...,Jk,---,Jg,---, Ju}. The objective function of 7,
is Mz.

[uy

u— i—1

Ml—Mz—tob —by) H 1+b1]{ a—a Z 1+V—|—b[l]) H (l—f—b[m])

i1 i=u+1 m=u+1

-1 i-1 ol
+e Y (+r+by) [T +bpy)+er [T Q+by)

oy m=u+1 i=u+1

- (43)
+lha+n(e— (1 +r+by) [T Q+bp)
i=u+1
I-1
+[nf —(n—1+1)c](1+7r+by) [1Ta + b)) )
i=u+1
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Define
h i—1 v—1 i—1
T =—a—a Y, (L+r+by) [[ Q+bpy)+c) A+r+by) [T 1+bp)
i=u+1 m=u-+1 i=l m=u+1
v—1 h—1
+cr H (1 +b[i]) + [h(l—Fi’l(E—f)](l—‘—T—‘—bw) 1_[ (1 +b[i])
i=u+1 i=u+1

+ [Tlf— (n—l—i—l)c](l—i—r—i—b[l]) ﬁ (1+b[i])-

i=u+1
(44)
If 1 >0, ] ¢ should be at the uth position; otherwise, ], should be at the vth position.

4.1.2. Optimal Algorithm
The Algorithm 1 is summarized as follows:

Algorithm 11|CONW, p; = bjt}, qpsa| Xi—y[aEp) + cTjj) +ed’ + fD]

Input: t9,a,c,¢, f, bj, r
Output: The optimal sequence, d’, d”
1: First step : Sorted by by < - -+ < by
2: Second step: Determine h = [@],l = [M], d' = Cy, d" = Cp.
3: Third step: Determine set ()3 that contains | — h — 1 jobs, i.e., b[l], eeey b[l—h—l]'
4: Last step: Determine the jobs of sets ()1 U (2 and (4 U Q5 by 774p.

Theorem 1. For the problem 1|CONW, p; = bit;, qpsa| Lis [aE () + T}y + ed’ + fD], the com-
plexity of the algorithm is O(nlogn).

Proof. The first step requires O(nlogn) time. The second and third steps are completed
in constant time. The last step requires O(n) time. So the complexity of the algorithm is
O(nlogn). O

Example 1. There are 4 jobs processed in sequence on a single machine. ty =1,r =0.1, by =2,
by =03,b3=1,0,=07a=4,c=5e=1f=2
Step 1. Because by < by < b3 <by, Jo = Ja — 3 = 1.
Step 2. Calculate the values h = f@] =11= f@} =3,d =Cpj, d" = Cp.
Step 3. J» is contained in set ()3 which is at the second position.
Step 4. (a) When u = 1and v =3, TTE) = —3.61 < 0, J4 is determined at the third position;
(b) Whenu = 1and v = 4, TT(|j4] = 4.125 > 0, J3 is determined at the first position.
Therefore, the optimal sequence is J3 — J» — J4 — J1.

4.2. The Problem 1|SLKW, p; = biti, qpsa| Yiq [aEp) + Ty +eq1 + fD]
4.2.1. Optimal Properties of the Problem

Lemma 10. For any job sequence, qy of the optimal schedule is the (1 + r) times the sum of actual
processing time for some jobs or t.

h—1 h -1
Proof. (@) When (1+7) ¥ pyy <q1 <(1+7) L pjandga = (1+7) ¥ pj, 1 <h<I<
i=0 i=0 i=0

n. The objective function is

h n 1-1
M= —a(1+7) le[i] +c(1+7) IZ wi + [ha+nle— f)lgr + [nf — (n =] (1 +7) Zopm. (45)
i= i=I+1 i=
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h—-1
when g; = (1+7) ¥ pj;), the objective function is
i=0
h—1 n h—1
My=—a(l+r) Y wy+c+r) Y, wy+[(h—Na+nle—(1+r) ) py
i=1 i=l+1 i=0 (46)

-1

+nf = (n =D +0 L p:

h—1
M —M; = [ha+n(e = f)llgr — 1 +7) )} ppl. (47)
i=0
h
when g; = (1+7) ¥ pjj, the objective function is
i=0
h+1 n h
My=—a(l+7r) ) wy+c+r) Y, wy+[(h+Da+nle—)(1+7)) py
i=1 i=I+1 i=0 (48)
-1
(nf —(m—=Dc](1+7) Y ppy
i=0
h
M—M, = [ha+n(e— f)llqn — A +7) Y pyl- (49)
i=0
when ha 4+ n(e — f) < 0 M > My; otherwise M > M.
/
(b) When (1+7) Z Py <q1 < (1+7) Z ppjand (1+7) Z P <92 < (1+7) ZOP[i]/
=
1<h<I<n The ob]ectlve function is
h n
M= —a(l+7) ) jwy+c(l+r) ), wy+[ha+nle=flg+[nf - (n =g (50
i=1 i=l+1
h=1
when g, = (1+7) ¥ p|;), the objective function is
=0
h—=1 n h—1
Mz =—a(l+7) Y wy+c(l+r) Y, wy+[(h=Dat+nle—fI1+71) Y pj
i-1 =111 i=0 (51)
+[nf = (n = Declg.
h—1
M —Ms = [ha+n(e = f)llgr — (1 +7) )} ppl. (52)
i=0
h
when g; = (1+7) ¥ pjj, the objective function is
=
h n h
My = (1+r)2w[i]+c(1+r) Y wy+ha+n(e—A+1)Y ppy 53
i=0

i=l+1

I
—_

i

+ [nf — (n—1)c|qp.

h
M — My = [ha+n(e = f)llqr — (1 +7) ) pjy). (54)

when ha +n(e — f) < 0, M > My; otherwise, M > M. [

177



Mathematics 2022, 10, 1672

Lemma 11. For any job sequence, qy of the optimal schedule is (1 + r) times sum of actual
processing time for some jobs or t.

1-1 !
Proof. (a) Whenqy = (1+7) ¥ pand (1+7) L py <q2<(1+7) L pi, 1 <h <1<
i i=0 i=0

n. The objective function is

h—1 n h—1

M=—a(l+r) Y wy+c(l+r) Y wy+[(h—Dat+nle—H(1+7) Y py
i=1 i=1+1 i=0 (55)

+ [nf —(n—1)c|qa.

-1
when g, = (1+7) ¥ p|;, the objective function is
i=0

h—1 n h—1
My :—a(1+r) ZZUM +C(1+1’) Z wrj) + [(h*l)ﬂ%‘n(E*f)](lﬂLT’) Z Pli
i=1 i=I+1 i=0
1-1 (56)
+[1’lf—(1’l—l)](1+1’) pH
i=0
-1
M—M; = [nf —(n=1D)cllga — (1 +1) ) ppl- (57)
i=0
when gy = (1+7) Zl: pjij, the objective function is
i=0
h—1 n h—1
My =—a(l+7r) ) wy+c(l+r) Y, wy+[(h—Datnle—f)]1+7)) pj
i=1 i=1+2 i=0
(58)
+nf—m—1-1)c|(1+7r) Zp
l
M—M; = [nf — (n—1cllg2— (1 +7) Y pl- (59)
i=0

whennf — (n—1)c < 0 M > Mpy; otherwise M > M;.
l
(b) When (1+7) Z Py <q1 < (1+7) Z ppiand (1+7) E P <92 < (1+7) Zopm,
1<h<I<n. The ob]ectlve function is

h n

M=—-a(l+r) ;w[i] +c(l+71) ’;1“’[1’] +[ha+n(e— g1+ [nf — (n—1)c]ga. (60)
= 1=+

-1
when g2 = (1+7) ¥ py;, the objective function is
i=0

h n
Mz =—a(l+7r)) wy+c(l+r) ) wy+[ha+n(e—f)lq
i=1 i=l+1
(61)
+nf—(m—=1c](1+7r) Zp[
-1
M—Ms = [nf —(n=1)c]lga = (L+7) }_ ppy]. (62)

i=0
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1
when g, = (1+7) ¥ pjj, the objective function is
i=0

h n

My=—a(l+7r) ) wy+c(l+r) Y, wy+[ha+nle—f)lg
i=1 i=142
(63)
+nf—m—1-1)c](1+71) Zp
i=
!
M—My=[nf—(n—1I)c|g2 — 1—|—r2 (64)
whennf — (n—1)c <0, M > My; otherwise, M > M. [
h—1 -1 (f-e)
Lemma 12. For the optimal schedule, q1is (1+1) ¥ pj, q2is (1 +7) ¥ ppy, h = E f 1,
i=0 i=0

] = ["(C;f)‘l'

h—1 -1
Proof. When g1 = (1+7) ¥ pjjand g2 = (1+7) ¥ py for the optimal schedule, the
i=0 i=0

objective function is

h—1 n h—1

M=—a(l1+7) 21 wi) +c(1+7) ' 121wm +[(h—=1)a+n(e—f)](1+7r) ;)pm
i= i=l+ i=
-1
+[nf—(m—=10c](1+7) ;]pm.
h—2 -1

(@) When gy = (1+7) E ppijand g2 = (1+7) Z pji) the objective function is
=0

h—2 n

h—2
My =—a(l+7) Z wy +c(+7) Y, wy+[(h—2)a+nle—f)l(1+7) ;)pm

i=1 i=I+1
-1

+[nf—(n—10)c](1+7) ;)P[i}’

M—M; =[(h—T)a+n(e— (1 +7)pp_1 <0.

Soh <1+ 12U,
h -1
wheng; = (1+7) Z jandqa = (1+7) ¥ pjj, the objective function is
i=0

h n &
Mp=—a(l+r) ) wy+e(l+r) ), wy+lha+nle=fI1+7)) ppy
i=1 i=l+1 =0

-1
Flef = (=) Ly

M= M, = —[ha+n(e— f)J(1+7)py <0
0,9 < <14 M)y — ey

4
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1-2 h—1
(b) When gy = (1+7) ¥ pjjand g1 = (147) ¥ pjj, the objective function is
i i=0

h—=1 n h—1
Mz =—a(l+r) Y wy+cl+r)Y wy+[(h—Na+nle—f(1+7r) ) py
i=1 i=l i=0 (70)
1-2
i=0
M=M= [nf—(n—1+1)c](1+7)py_y < 0. (71)
So, I <1+ @
1 h—1
When gy = (1+47) ¥ pjjand g1 = (1+7) ¥ pjj, the objective function is
j= i=0
h—1 n h—1
My=—a(l+r) Y wy+c+r) Y, wy+[(h—Na+nle—f)(1+7r) ) py
i=1 i=1+2 i=0 (72)
+nf—m—1-1)c](1+7r) Zp
M—M4:—[nf—(n—l)c](l—i—r)p[l] <0. (73)

SoMf) <<yl ey o

Suppose g1 = (1 +7) Z pijand g2 = (1+7) Z p|j) for the optimal schedule. Three

setsQl—{]1€Q|z<h—1} Qz—{]1€Q|h<z<l—1} Qs ={J; €|l <i<n}, Qis
the job sequence.

Lemma 13. In the optimal schedule, the jobs in ()1 can be processed in descending order of b;.
Proof. ] is at the uth position and Ji is at the (1 + 1)th position in Qy, 11 = {Jy,..., Jg,

Jer-o-rJn}, 1 <u <u+1<h—1. The objective function of 7ty is M. Swap J; and Ji to
get sequence 2 = {J1,..., Ji, Jg, ..., Jn}. The objective function of 715 is M.

M — M, = (1+1’t0 H1+bl] (74)
i=1

If bg > b, M1 < Mp. O
Lemma 14. In the optimal schedule, the jobs in Q) can be processed in any order of b;.
Proof. ], is at the uth position and J is at the (u + 1)th positionin O, 711 = {J1,...,Jq,

Jer-oorJnt, B <u<u+1<1—1. The objective function of 71 is My. Swap J, and Ji to get
sequence 713 = {Ji,..., Ji, Jg,- - -, Ju}. The objective function of 715 is M.

M; = M. (75)
O

Lemma 15. In the optimal schedule, the jobs in Q)3 can be processed in ascending order of b;.
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Proof. J, is at the uth position and Jj is at the (u + 1)th positionin Q3, 11 = {J1,..., ],
Jkr--sJn}, 1 <v <v+1 < n. The objective function of 711 is My. Swap Jg and Ji to get
sequence 712 = {J1,...,Jk,Jg,- -, Jn}- The objective function of 775 is M.

M2—C(1+7’t0b—bk Hl+b (76)
i=1

Ifbg < bk, M < M, 0O

Lemma 16. The deterioration rate of any job in )y is less than the deterioration rate of any job
in Ql-

Proof. ], is at the (1 — 1)th position, and J is at the hth position. 7wy = {J1,..., Jg, Ji, - - -,
Jn}- The objective function of 71y is M. Swap J; and Ji to get sequence 715 = {J1, ..., Ji,
Joroees Jn }. The objective function of 71, is Mj.

h
M — M = [(h—l)a+n(e—f)](1+r)to(b —by) (1+bm). (77)

i

|
V]

I
—_

If b, < bg, My < M. O

Lemma 17. The deterioration rate of any job in Q) is less than the deterioration rate of any job
in 03.

Proof. ], is at the (I — 1)th position and Jj is at the Ith position. 7y = {J1,..., J¢, Jk,-- -,
Jn}. The objective function of 7r1 is M. Swap Jg and Jj to get sequence 71, = {1, e
Jgr - Ju}. The objective function of 715 is M.

-2
My — My = [nf — (n = 1)c](1+r)to(bg — by) Hl—!—b[l (78)
i=1

Ifbg <b,M <M, 0O

Suppose J; is at the uth position and Ji is at the vth position in the sequence 711 =
{h-- e Ty Jn}, 1 <u < h—1,1 < v < n. The objective function of 711 is M.
Swap J, and Ji to get sequence 1o = {Ji,..., Jx,--.,Jg -, Jn}. The objective function of
Uv) is Mz.

[uny

u—

M — My =to(1+7)( b —by) H1+b { a—a Z H 1+b

i=1 i=u+1m=u+1
1-1
*CZ H (14 b)) + [nf = (n=1D)e] TT (1 +0p) (79)
i=l m=u+1 i=u+1
h—1
+l(h=Va+nle—f)] [T Q+by)}
i=u+1
Define
h—2 i h—1
Mo =—a—a Y, [T Q+bp) +[(h=Da+nle—f)] TT (1+by)
i=u+1m=u+1 i=u+1
-1 (80)
+c2 ]’[ (1+bp) + [nf —(m—=Dc] TT (1 +by).
i=l m=u+1 i=u+1

If 10 >0, ¢ should be at the uth position; otherwise, ], should be at the vth position.
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4.2.2. Optimal Algorithm

The Algorithm 2 is summarized as follows:

Algorithm 2 1{SLKW, p; = bit;, qpsq| Yy [aE ;) + Ty + eq1 + fD]

Input: ty,a,c,¢, f, bj, r
Output: The optimal sequence, 41, 42
1: First step : Sorted by by < - -+ < by
2: Second step: Whenc < f <e, g1 =qp =), Q1 UQp = ¢, O3 = {][1],- o T -
3: Third step: Whenc > fand f <e,q1 = to, g2 = (1+7) L, Pl = (M] O =9,
Oy = {][1], 1]} 03 = {]l+1]/-' ’ n]}
4: Forth step: Determine = [ ] [M}, ;= 1+r) P, 92 = (1+
" Lo Pl
5: Last step: p = {Jj1), ..., Jj_p }- Determine the jobs of sets (; and Q3 by 77;0.

Theorem 2. For the problem 1{SLKW, p; = bit;, qpsa| Yi— [aEjj + Ty + eq1 + fD], the com-
plexity of the algorithm is O(nlogn).

Proof. The first step requires O(nlogn) time. The second, third and forth steps are com-
pleted in constant time. The last step requires O(n) time. So the complexity of the algorithm
is O(nlogn). O

Example 2. There are 4 jobs processed in sequence on a single machine. ty =1,r = 0.1, by =2,

b2:0.3,b3 :1,54 :0.7,ﬂ:4,C:5,€:1,f:2.

Step 1. Because by < by < bz < by, ]2 % ]4 — 3= 1.

Step 2. Calculate the values h = [ 1 =11= [@] =3 q1= (1+nty, qo =

(14w

Step 3. ]2 and J4 are contained in set Oy which are at the first and second position.

Step 4. J3 and ] are contained in set ()3, which are at the third and forth positions, () = ¢.
Therefore, the optimal sequence is J — J4 — J3 — J1.

4.3. Discussion

This paper studies scheduling problems involving both simple linear degradation
and past sequence dependent delivery time under the common and slack due window
assignment. To the best of our knowledge, such articles are rare for the common or slack
due window assignment. Small perturbation technique and adjacent switching technique
are effective methods to deal with scheduling problems. Based on the small perturbations
technique and adjacent exchange technique, we obtain the propositions of the method.
By the propositions, the polynomial time algorithms are proposed to obtain the optimal
sequence. However, not all scheduling problems can be solved by these techniques. Specific
problems need to be analyzed in detail. In the future research, it is worth investigating
multi-machine scheduling problems.

5. Conclusions

The single machine scheduling problem with deteriorating jobs and delivery time is
considered under due window assignment. The goal is to minimize the window location,
window size, earliness and tardiness. Based on the small perturbations technique and
adjacent exchange technique, we obtain the propositions of the problems. However, not
all scheduling problems can be solved by these techniques. Specific problems need to be
analyzed in detail. For common and slack due window assignment, we prove that the
two objective functions are polynomial time solvable in O(nlogn) time. We propose the
corresponding algorithms to obtain the optimal sequence, window location and window
size. In the future, the multi-machine environment can be considered to expand the research,
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i.e., parallel machines and flow shop setting. The more general deterioration processing
time is also considered for a single machine scheduling or the multi-machine scheduling.
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Abstract: In this paper, we demonstrate the Collatz conjecture using the mathematical complete
induction method. We show that this conjecture is satisfied for the first values of natural numbers,
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used in one case that we analyze using the mathematical complete induction method in the process
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1. Introduction

The Collatz conjecture is one of the best-known unsolved problems in sequences and
series of number theory. It states:

“For any positive integer n, if a sequence is defined by recurrence, so that, if the previous
term is even then the next term is obtained by dividing by 2 the previous term, and if it is
odd it is obtained by multiplying by 3 the previous term and adding 1, this sequence always
reaches the number 1, and therefore, its last terms will always be the cycle 4,2, 1.”.

This conjecture is called the Collatz Conjecture because it was stated by Lothar Collatz
in 1937 [1]. However, it is also known by other names such as the 3#n + 1 conjecture, the
Ulam conjecture, Kakutani’s problem, the Thwaites conjecture, Hasse’s algorithm, the
Syracuse problem [2], the hailstone sequence or hailstone numbers, because the values
ascend or descend multiple times [3], or the wondrous numbers [4].

This conjecture has not been proven; however, many mathematicians have studied it
and achieved important results, see [5-18]. Most of them have argued that the conjecture is
true, as a result of the experimental evidence and heuristic arguments [12].

In this paper, we demonstrate the Collatz conjecture using the mathematical complete
induction method. We show that this conjecture is satisfied for the first values of natural
numbers. From this analysis, we can deduce a formula for the general term of Collatz
sequence for any odd natural number n after several iterations, and this formula is used in
one case that we analyze using the mathematical complete induction method in the process
of demonstrating the conjecture.

The paper is organized as follows: In Section 2, we show that the conjecture is satisfied
for the first values of natural numbers, and we deduce a formula for the general term of
the Collatz sequence for any odd natural number 7 after several iterations. In Section 3, we
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demonstrate the Collatz conjecture using the mathematical complete induction method.
Finally, we discuss our conclusions in Section 4.

2. Sequences for the First Natural Numbers and Formula for the General Term of
Collatz Sequence for Any Odd Natural Number n

Formally, each term of the sequence of numbers is equivalent to applying the following
function to n, and each term of the sequence:

0o
_ I3 if n is even
f(m) {3n+1, if nis odd

Therefore, given any natural number, we can consider its orbit; that is, the successive
images when iterating the function, in the following way.
For example, if n = 13:

X = f(40) = ¥ =20 1)
1

The conjecture says that we will always reach 1 (and therefore cycle 4, 2, 1) when
starting with any natural number.
We will now present what happens with the first natural numbers.

Forn=1:
xp=f(1)=3x1+1=4
xn=f4)=3=2 2)
x3=f(2)=5=1
Forn=2: )
n=f2)=5=1 ®3)
Forn =3:
x1=f(B8)=3 x34+1=10
X = f(10) = 2 =5
x3=f(05)=3x5+1=16
xy=f(16) = =8 4)
x5 = f(8) = § =4
Xe=f(4)=3=2
x7=f2)=35=1

Therefore, for the first value of n, we observe that the conjecture is satisfied. The
conjecture is also satisfied for numerous other numbers greater than 3, and for numbers
that are a power of 2, we will also always reach 1, dividing successively by 2.

Given this, at a certain point in the process of demonstration using the mathematical
complete induction method, we will need a formula that could represent the general term
of the Collatz sequence for any odd natural number 7 after several iterations, and we
examine how this formula could be below.

If n is an odd natural number, then using the definition of f(n), the first iteration
would be:

x1=3n+1

Since 3n + 1 is always an even number, the next iteration would be:

_3n+1
2

X2
The next iteration will depend on whether the previously obtained result is even or

odd, and since it is possible to obtain an even number in the following or next iterations,
let us assume that an even number is obtained in the following r; — 1 iteration until we
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again obtain an odd number (r; > 1). Therefore, the result obtained after r; — 1 iteration

would be:
3n+1
Xr+1 = o

Now, if 3’27{ L is an odd number, the next iteration would be:

_ 3n+1
xr1+2 =3 o7 +1
X _ 3®n+3+21
rn+2 — P
. 2 "o . .
Since 3’”2# is an even number, the next iteration would be:
3% +3+2n
Y43 = 1

Moreover, for the same reason as before, we will assume that we obtain an even
number in the next r, — 1 iteration until we obtain again an odd number (r, > 1). Therefore,
the result would be:

3%n+3+2n
Xri4r42 = 2,17_,_,2

Following the same reasoning, this process will continue, and after several iterations,
for example, r1 + 12 + ... + 1 + k iterations, we would find that the term X;11,2¢ .. +rk+k Of
the sequence would be:

3kn + 3k—1 + 3k—22r1 + 3k—32r1+r2 .+ 11 +rat AT
x71+72+...+1’k+k = o+t At (5)

This formula will be used in the next section when we analyze a specific case using
the mathematical complete induction method.

3. Proof of the Collatz Conjecture Using Mathematical Complete Induction

We need to prove that, for all n € N, the obtained sequence reaches 1.

In the previous section, we saw that this holds true for values of n from 1 to 3. Moreover,
it is also proven to be true for values higher than n = 3, and it is found to also be true, for
example, for all n = 25, s € N, because we always reach 1 when dividing successively by 2.

To apply the mathematical complete induction method, we will assume that, for a
certain m € N that is sufficiently high in value and for any other natural number less than
m, we can reach the number 1 with successive iterations. Hence, if we can prove that it
is true for m + 1, we can conclude that it is true for all n € N. Therefore, in our induction
hypothesis, we assume that it is true for a sufficiently large m € N value and any other
natural number less than m.

We explore below if this is true also for m + 1. Note that m + 1 can be an odd or even
number, depending on whether m is even or odd, respectively. Hence, we will analyze
both cases:

Case 1: m + 1 is an even number

If m + 1 is an even number, it is because m is an odd number; that is, m = 2f + 1 for
t € N. Hence, m + 1 = 2t + 2, and the first iteration applying the definition of f(n) would be:

2t 42
X1=——=1t+1
1 5 +
Note that t + 1 <2t + 1 = m, and as we were assuming that we reach the number 1 for
all natural numbers less or equal than m, then we reach the number 1 for ¢ + 1.
Therefore, if m + 1 is an even number, the obtained sequence reaches 1.
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Case 2: m + 1 is an odd number

If m + 1 is an odd number, it is because m is an even number; that is, m = 2t for t € N,
and t > 1. Hence, m + 1 = 2t + 1, and the first iteration applying the definition of f(n)
would be:
x1=32t+1)+1=6t+4

Given that 6t + 4 is an even number, the next iteration would be:

Xy = 76t+4 =3t4+2
2

At this point, note that the next iteration depends on whether ¢ is an even or odd
number; if f is an even number, then 3t + 2 will be an even number; however, if f is an odd
number, then 3t + 2 will be an odd number.

Next, we will analyze both options:

Option 1: t is an even number:

If ¢ is an even number, then 3f + 2 is an even number, and the next iteration applying
the definition of f(n) would be:

- 3t+42
T2
Note that 3t2—+2 < 2t = m because t > 2, and as we were assuming that we reach the

number 1 for all natural numbers less or equal than m, then we can reach number 1 for %

and for m + 1. Therefore, if m + 1 is an odd number and t an even number, the sequence
obtained reaches 1.

Option 2: t is an odd number:

If ¢ is an odd number, then 3t + 2 is an odd number, and now using the formula from
Equation (5), which represents the general term of Collatz sequence for any odd natural
number after several iterations, we have that after r{ + 7, + ... + r; + k iterations, we
would obtain:

3k(3t + 2) + 3k—1 + 3](—2271 + 3k—3271+r2 +...+ 2}’1+72+...+Vk_1
Xritratotrtk = 1y +rot (6)

Rewriting the above formula, we have:

3kt 4 3k-1 4 3k=2on1 4 3k=Spnitra g pritnatednr o 3k(pp 4 2)
271+7’2+...+7’k 27’1+72+...+7k (7)

At this point, note that for m = 2t, t being an odd natural number, we were assuming
that the sequence reaches number 1, and calculating the first terms for the sequence of
m = 2t, we have:

xlz%:t
X =3t+1 8)
x5 = 5t

The next iteration will depend on whether the previously obtained result is even or
odd, and since we can obtain an even number in the following or next iterations, then using
the formula from Equation (5) and after the nexts; + s, +... +5;, + u — 3 iterations, we
would obtain:

3ut 3u-1 + 3u—2951 + 3u—=39s1+s2 + ... 2512t tsu
Xsi+sp+...+sy+u — 251+s2+...+Su ©)

u
If wecall S = ) s;, and since for m = 2t we were assuming that the sequence reaches
i=1
the number 1, it means that the limit of xs., when S and u tend to infinity is equal to 1.
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k
Thus, if we call R = Y r; in Equation (7) and we calculate the limit when R and k tend
i=1
to infinity, we have:

3kpyak—14gk—29r1 L gk=3pr1+ra . or1trattrg skty2)
o+ Frg or trtetre T

lim
(Rk) — (oo,oo)

_ 3kt+3k—1+3k—22r1 +3k—32r1+r2+.'.+2r1+72+m+rk71 + hm m

= (R k) - (oo oo) 2r1+72+“.+rk (R k) . (00 OO) 2r1+r2+,“+yk —

o . Supygu—1ly gu—2981 4 3u=3ps1+sy 4 051 FSpFtsy g . 3k 242

= lim e e e + lim ﬁ =
(Su) — (00,00) 2 (Rk) — (00,00)2

—14 lim 3K (2t42)

(Rk) — (o0,00) 2R

Note now that the value of R cannot be less than k, because in using the definition
of the sequence, every time a term x; in the sequence is odd, the next calculated term is
always even.

The value of R cannot be equal to k either, because for this to happen, it would mean
that all r; = 1 that is, every time we divide by 2, the value obtained is an odd number.
Moreover, it can be shown how this is only possible if the value of ¢ is a value that increases
as we calculate new iterations. However, we should remember that the value of t is an odd
number that we take at random so that 3t + 2 is an odd number, but without changing the ¢
value in each iteration.

Next, it is shown how this t value should be changing, so R would be equal to k.

Recall that 3t + 2 is odd because t is also odd, and therefore, the next term of the
sequence would be:

X4 =308t+2)+1=9+7

Since 9t + 7 is even, the next term in the sequence would be:

9t +7
X5 =~

For w to be odd, there must be an a € N such that:

9t +7
— =2a+1
> +
Hence, the question now is: Are there natural numbers t and a that satisfy the previous
equation? The answer is yes, when t = 4w + 3 and a = 9w + 8 for w € N.
Therefore, assuming that w is odd because t = 4w + 3 for w € N, the next term in the

sequence would be:
9t +7 27t +2
Yo = 3<;> 1= %3

Since this value is even, the next term would be:

27t +23
X7 = ———

The question now is: Can the previous value be odd? That is, are there natural
numbers t and a such that 27t + 23 = 8a + 4? The answer is yes when t = 8w + 7 for w € N.

Hence, we can observe that the value of t has increased. Previously, it was t = 4w + 3 =
2?w + (2% — 1), and now it should be t = 8w + 7 = 23w + (22 — 1) for w € N, and so on.

Hence, for R = k, the t value would be increasing, increasing the exponent of the
power of 2, which means that, in this case, it is not possible when setting an odd value of t;
however, to make it possible, the value of t must be changing, increasing in the way we
have seen. Hence, this implies that the case R = k is not possible.

Therefore R > k, then R =k + v for v € N, and then v > k or v < k (this last option could
happen if many r; = 1).
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Analyzing both cases, we have:

e Firstcasev>k: Ifv>kthenv=k+wforw € N, R =2k + w, and the above limit when
R and k tend to infinity would be calculated as:

1 lim
* (RK) 2 (c00) 2R k — oo 2Zktw k oo

k k k
3%(2t+2) — 14 32t +2) 1+ lim (z) 2t +2 C140-1
e Secondcasev<k:Ifv<kthenv=k— wforw e Nand w<k, R=2k —w, and the

above limit when R and k tend to infinity would be calculated as:

k k
14 tim SEED) g gy 322

k
3\ 2t+2
=1 li -] ——=140=1
(RK) — (co00) 2R k = oo 22k—w +k m ( ) +

4 2-w

Thus, for an odd number m + 1 and an odd number ¢, the obtained sequence also
reaches 1.

Therefore, for an m + 1 even or odd number, the sequence reaches 1, and this means
that, for all natural numbers 7, the Collatz sequence always reaches 1, as we sought to prove.

4. Conclusions

We have shown how to use the mathematical complete induction method to prove the
Collatz conjecture. We show that this conjecture is satisfied for the first values of natural
numbers. From this analysis, we can deduce a formula for the general term of a Collatz
sequence for any odd natural number 7 after several iterations. This formula is used in
one case that we analyzed by mathematical complete induction during the demonstration.
Thus, using the mathematical complete induction method, we have demonstrated that the
Collatz conjecture is true.
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Abstract: In landslide displacement prediction, random factors that would affect the performance of
prediction are usually ignored by using a time series analysis method. In order to solve this problem,
in this paper, a landslide displacement prediction model, the local mean decomposition-bidirectional
long short-term memory (LMD-BiLSTM), is proposed based on the time-frequency analysis method.
The model uses the local mean decomposition (LMD) algorithm to decompose landslide displacement
and obtains several subsequences of landslide displacement with different frequencies. This paper
analyzes the internal relationship between the landslide displacement and rainfall, reservoir water
level, and landslide state. The maximum information coefficient (MIC) algorithm is used to calculate
the intrinsic correlation between each subsequence of landslide displacement and rainfall, reservoir
water level, and landslide state. Subsequences of influential factors with high correlation are selected
as input variables of the bidirectional long short-term memory (BiLSTM) model to predict each
subsequence. Finally, the predicted results of each of the subsequences are added to obtain the
final predicted displacement. The proposed LMD-BiLSTM model effectiveness is verified based on
the Baishuihe landslide. The prediction results and evaluation indexes show that the model can
accurately predict landslide displacement.

Keywords: landslide displacement prediction; local mean decomposition; bidirectional long short-

term memory; maximal information coefficient

MSC: 68T07

1. Introduction

Landslide geological disasters are a serious type of geological disaster that occur
worldwide, inducing serious threats and losses to the development of human society.
In recent years, under the influence of extreme global climate change, seismic activities,
coupled with the rapid development of human engineering activities, have become more
intense interferences to the natural environment, directly leading to geological disasters
with greater intensity and higher frequency [1,2]. This increases the difficulty of developing
landslide disaster reduction strategies [3]. Combined with land use change, population
growth, uncontro