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Abstract: The purpose of this study is to summarize the pattern recognition (PR) and deep learning
(DL) artificial intelligence methods developed for the management of data in the last six years. The
methodology used for the study of documents is a content analysis. For this study, 186 references
are considered, from which 120 are selected for the literature review. First, a general introduction
to artificial intelligence is presented, in which PR/DL methods are studied and their relevance to
data management evaluated. Next, a literature review is provided of the most recent applications
of PR/DL, and the capacity of these methods to process large volumes of data is evaluated. The
analysis of the literature also reveals the main applications, challenges, approaches, advantages, and
disadvantages of using these methods. Moreover, we discuss the main measurement instruments;
the methodological contributions by study areas and research domain; and major databases, journals,
and countries that contribute to the field of study. Finally, we identify emerging research trends, their
limitations, and possible future research paths.

Keywords: data management; artificial intelligence; pattern recognition; deep learning

1. Introduction

With the creation of larger volumes of data, the need to analyze them keeps growing.
The management of large compilations of data within an asymmetrical data structure is
an ever growing problem for companies. Likewise, challenges on an operational skills
level, in data integration and in informatics technological infrastructure, require continuous
upgrades in terms of data management software for big data (BD). As a consequence, data
management makes automatization essential for operations management, which results in
BD management. For Ying et al. [1], the rapid evolution of information architecture, along
with the ability to analyze, access, and manage BD, makes timely decision making increas-
ingly critical. Currently, the management of heterogeneous complex data, all the faster in
a BD environment, escapes human capacities. However, this does not apply to machine
learning (ML). Data management demands a correlation, integration, and superposition of
artificial intelligence (AI) with different intelligent computational techniques, such as ML,
DL, BD, and data mining/science [2]. Al and ML have been created to provide solutions to
different problems related to massive data analyses, pattern identification, and automatized
forms, and to generate accurate predictions. Disruptive technologies are techniques that of-
fer research and development options and assist in the management of data. Among them,
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the following techniques are discussed further below: (i) Al (ii) cognitive computation
(CQ), (iii) expert systems, and (iv) machine intelligence (MI), manifested through ML, PR,
and DL, combined with data mining/science, BD, and advanced data analytics [3].

If data are the raw materials in which the new data paradigm of Industry 4.0 is
nurtured, ML and Al are the transformation engines in the current digital age. ML is a
subfield of Al used in the design of new smart data, a model oriented toward decision
making. From the engineering point view, authors, such as Mitchell [4], define ML as a
computer program that learns an experience, E, in respect to a task, T, and performance
measurement, R,—whereby their performance in T, measured with R, improves experience
E. DL, a part of ML, is a tool based on artificial neural networks (ANNs). DL, unlike
ANNSs, can have several hundred complex layers, each one with different processing
units (neurons).

(i) Al is a field of computational sciences that leads the design and construction of
systems capable of performing tasks associated with human intelligence. The modern
version of Al owes much to Alan Turing [5] and to the conference at Dartmouth College in
1956, when the term Al was coined—Ilater to be officially defined by John McCarthy [6] in
1958 as “The science and engineering to fabricate intelligent machines”. In the literature,
several meanings for Al can be found—a not uncommon example of scientific concepts
obtaining their ultimate definition only after a period of maturation [7]. For the purposes
of this article, Al is the simulation of human intelligence processes for machines. These
processes include: data learning—which constantly changes; reasoning—for providing
sense to data; and self-correction mechanisms—for decision making. In the literature, many
Al terms can be found that appear similar, yet, in reality, have very distinct meanings.
One of these terms is (ii) CC, which mimics the intelligence, behavior, and reasoning of
humans to solve complex problems. CC learns to study data according to several sources of
information: these are mainly self-learning technologies that are used for data mining, and
also include PR and natural language process (NLP), among others [8]. CC refines pattern
identification and data processing, thus, becoming capable of identifying new problems
and modeling possible solutions. CC is not responsible for determining decisions instead
of humans. Rather, it simply complements the information from which humans determine
decisions, while Al, by contrast, is responsible for decision making, minimizing human
intervention (according to the best algorithm possible) [9]. Therefore, CC is considered
a subcategory of Al. On the other hand, (iii) expert systems are a branch of Al. They are
processes based in computers, are interactive and reliable, and are capable of making
decisions [10]. Al simulates these processes, and when we talk about expert systems, we
refer to the resolution of complex problems in a specific domain. Expert systems are reliable
operators that do not allow any type of mistake. They are also very flexible and the data
compilation mechanism is highly effective. Another important term is (iv) MI. Although it
is often used indistinguishably with the term Al in fact, it uses various types of intelligent
problem-solving tools (computer sight, voice recognition, forensic analysis, autonomous
vehicles, grouping and classification, among others). MI is suitable for multivariable
problems, where an unclear relation exists between a variable and the expected results.
For Mohannad Naser [11], MI uses revolutionary algorithms designed for learning hidden
patterns in observations through a series of steps of adaptive learning and probabilistic
discovery for systematic values. Once the pattern is discovered, this pattern is exploited
even further to identify its ruling parameters.

Al has many branches, with some of the most commonly used being ML, DL, ANN,
chatbots, computer vision, NLP, natural language generation (NLG), digital virtual as-
sistants, recommendation systems, fuzzy logic, and predictive analysis [12]. In the past
decade, Al has had the potential to change how we work and produce, and as a result, it is
having a significant impact in all engineering domains. Through Al, data management is
transforming the way business is conducted, leading to improvements in customer and
provider services, competitive advantages, new business opportunities, efficiency and cost
reduction, and personalized products and services [13]. Additionally, using the Clarivate-
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WOS tool, Figure 1 illustrates the number of publications that demonstrate the use of
Al methods in engineering. The data show that the use of most methods has increased
in the last decade; however, the number of studies utilizing fuzzy logic techniques and
k-means methods has not seen a significant change. Despite the growing popularity of
neural networks, the number of new studies centered on their use has remained constant
over the past six years. Conversely, the number of studies using ML, PR, MI, support vector
machines (SVMs), and Bayesian methods has seen a noticeable uptick. Additionally, deep
architectures, such as convolutional neural networks and deep belief networks, have been
a trending area of research in recent years.
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Figure 1. Research perspective on the use of different Al methods in engineering.

1.1. Scope and Motives for the Study

The field of artificial learning has seen the emergence of new techniques that can be
used as intelligent methodologies for managing data. This study focuses on the use of
PR/DL methods and explores their potential applications in the field of data management.
By understanding the latest developments in PR/DL methods, we can assess their impact
and how they can contribute to different domains and research areas. As such, the findings
of this study can serve as a roadmap for discovering long-term solutions for PR/DL in data
management engineering.

The purpose of this revision is to provide a summary of the theoretical foundations of
the methods, to give a general understanding of their uses, review recent developments in
the field, examine case studies and research proposals, and explore potential avenues for
future research.

The main objective of this revision is to provide an in-depth examination of the key
aspects of PR/DL, including the open challenges, potential applications, and perspectives
on computational tools.
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The solutions to many problems can be found in the data, and Al techniques, including
PR/DL, are considered to be effective and dependable tools for managing data. PR/DL
technologies have progressed due to the development of advanced algorithms, increased
computational capabilities and performance, and reduced costs for hardware and firmware.
This advancement has resulted in vast amounts of data requiring powerful algorithms
for summarization and interpretation. These algorithms have enabled smart machines to
not only capture and store data, but also perform complex generalization and abstraction
processes, which are useful for tasks such as data mining, medicine, engineering, and
computer vision classification, grouping, identification, and control.

This revision serves as an introduction to other topics within PR/DL. To make the
study easier to follow, a conceptual framework was established to classify methodological
proposals (Figure 2). In order to provide a comprehensive overview, Section 1 summarizes
the current PR/DL domains used in various engineering applications. This framework
divides PR/DL methodologies into eight domains: computer-aided diagnostics (CAD),
architecture design, forecasting, control systems, fault detection, image analysis, data
imputation, and security. In Section 2 of the theoretical framework, the main areas of study
affected by recent developments in PR/DL over the past five years are highlighted. It is
important to note that these areas are examined within the scope of this article. A total of
13 areas of study are included in the proposed conceptual framework: agriculture, medicine,
telecommunications, business, transportation, computing, infrastructure, electric power,
weather technology, manufacturing, marketing, and information security. Additionally,
Section 3 presents the different computational paradigms discussed in this study and their
interrelatedness.

1. Domains
Design of ANN Control
CAD architectures R Systems
Fault Image Data Informatic
detection analysis imputation security
2. Study areas
Agriculture Medicine Telecommuricafios Business
Transport Computing Infrastructure  Electrical energy
Weather Technology Manufacturing
Marketing Security
3. Computational paradigms
Artificial
Inteligence

Data
Mining/Science

Data

Figure 2. Conceptual framework proposed for the classification of the methodological proposals.

1.2. Previous Research

Al and engineering are commonly used terms in the field of data analysis. This inte-
grated term, along with technologies such as the Internet of Things (IoT), cloud computing



Symmetry 2023, 15, 535

50f29

(CC), ML, smart sensors, data analytics, robotics, and others, has been the subject of previ-
ous research. Mathematical computational models are used in semantic segmentation to
describe processes within organizations [14]. Yaqoob et al. [15] discuss the use of blockchain,
IoT, and AI for managing healthcare data systems. Izonin et al. [16] use Al techniques,
primarily ANNSs, for managing missing data in air monitoring. Zhuang et al. [17] propose
a process traceability and data management system based on digital twins for complex
products, and Wang et al. [18] conducts a survey to review recent research trends in Al for
urban trajectory data management. They also describe the qualities that a trajectory data
management system should possess to maximize flexibility. Kong et al. [19] propose, using
a digital twin system in IoT, to provide efficient data management for building workshops,
and Putz et al. [20] conducts semistructured interviews with experts to evaluate a model
that uses digital twins in a decentralized data exchange. They also propose an access
control model to address integrity and confidentiality in data management.

Recently, researchers have been comparing statistical and AI methods for inputting
missing data in electrical energy. The experimental results, using 2 years of electrical
energy data from Taiwan, show that Al methods generally have better performance than
statistical methods [21]. Pan and Zhang [22] developed a digital twin framework that
integrates construction information modeling, IoT, and data mining for advanced project
management. The results indicated that Al improves data communication and exploration,
leading to a better understanding, prediction, and optimization of physical construction.
Liu et al. [23] proposed an allocation model for corporate human resources that uses Al
methodologies, specifically an ANN classifier, for data mining. Results showed that the
model has a high ability to combine data in the ideal distribution of human resources.
Jiang et al. [24] presented an integrated framework combining statistical techniques and
Al for measuring and improving publicity in social media related to household waste
management. Hashmi et al. [25] developed an architecture and design framework and
implemented an automated electrical energy management system based on IoT and CC
that generates a loading profile of the consumer in terms of the current, voltage, and
power available through a portal. Shao et al. [26] conducted an exploratory study on the
implementation of Industry 4.0 on a supply chain level and its data management system.

Previous research articles have highlighted the use of Al in data management, but
they primarily focused on traditional techniques. This revision article aims to provide a
broader perspective on the research efforts in the use of two emerging Al methods, PR/DL,
in engineering for data management.

1.3. Main Contributions of This Paper

This revision article aims to (1) analyze and summarize the methodologies related to
PR/DL technologies for data management over the past six years, (2) identify the key chal-
lenges, trends, and emerging future directions for using PR and DL in data management,
and (3) discuss the limitations, performance, evaluation methods, and scope of the PR/DL
methodologies reviewed for data management.

The structure of this revision article is as follows: Section 1 introduces several disrup-
tive technologies used in data management and presents an authors’ discussion about how
Al-integrated advances are being used in conjunction with other technologies to collect
and analyze data. Additionally, the main limitations and contributions of the study are
discussed in this section. Section 2 describes the methodology used in the search and
selection of relevant documents for this study. Section 3 conducts a literature review, in-
troducing new PR and DL techniques, and providing a critical analysis of their relevance,
challenges, limitations, and scope for data management. Additionally, this section includes
a descriptive study analysis. Section 4 discusses potential future research paths and emerg-
ing trends for the use of PR/DL methods in data management. Finally, Section 5 concludes
the literature review with a brief summary.
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2. Literature Review

This section aims to examine, evaluate, and discuss the primary methodologies and
algorithms of the latest generations of PR and DL applications for data management.
Firstly, the main concepts of PR/DL were discussed through the theoretical framework.
Afterwards, the information from each study was analyzed, extracted, and classified using
a systematic literature review approach.

2.1. Pattern Recognition

The concept of PR was first introduced by Oliver Selfridge in 1955, defined as the
extraction of significant characteristics from a group of irrelevant data [27]. Recently, PR has
been defined as a scientific discipline that aims to classify input data into classes or patterns
by extracting significant properties that allow for separation among the classes being
studied (classifying objects into categories). Real-world observations classified using a PR
system are captured through sensors. Depending on the application, it can be used in image
processing, video, text, electromagnetic signals, the web, sounds, and microarray gene data,
odors, or any other type of measurement that requires classification [28]. PR developments
are mainly presented as scientific and engineering disciplines, such as biology, medicine,
computer vision, Al, feature recognition, digital marketing, computer-assisted diagnostics,
voice recognition, among others [29].

In PR, a pattern represents a description of an object. It refers to a group of attributes
used to define an object (a category determined through shared attributes). A class of
patterns is a group of similar patterns. The concept of a characteristic vector can be
defined as a group of properties that distinguish object patterns. Only the properties that
differentiate an object are retained.

PR consists of two phases: (1) the learning or training phase (original information
retrieval, preprocessing, feature extraction, feature normalization, feature analysis, and
feature selection) and (2) the classification or test phase (classifier design and performance
evaluation). In the learning phase, the machine is trained through a pattern recognition
system to recognize specific objects or patterns (extraction and selection module). During
this phase, the classifier is trained and calibrated to divide the feature space. In the
classification phase, the unknown pattern is compared using the trained classifier and
classified into the class that it most closely resembles. The error classification rate is
evaluated using the evaluation system module [30].

In summary, PR is a form of ML that is also a field within AL It mainly relies on statisti-
cal and ML approaches, with an increasing focus on DL methods in recent years. According
to Zhang et al. [31], a complete PR system includes data acquisition, processing, feature
selection, retrieval, and decision-making classification. For Paolanti and Frontoni [32],
depending on the presence or absence of prior knowledge, PR classification methods can be
divided into four main groups: (i) supervised, (ii) unsupervised, (iii) semisupervised, and
(iv) reinforced. Supervised PR uses labeled data to train the system and make predictions,
while unsupervised PR uses multivariate algorithms to reveal similarity relations between
data points and create clusters. Semisupervised PR uses predefined classes to find new
relationships and define new groups, and reinforced PR uses a feedback mechanism and
reward system to improve decision making iteratively. The training of a group of labeled
data involves constantly calculating the cost-difference function (comparing predicted
and actual outcomes) and adjusting the weight and biases values to obtain the lowest
value. This process uses a gradient, which is the rate at which the cost changes based
on the weight or bias values. In group (ii), classification examples are not available, so
multivariable automatic classification algorithms are used to identify similarities between
characteristic values and create clusters. Group (iii) uses predefined object classes to find
new relationships and define new groups. Finally, in group (iv), decisions are improved
through a feedback mechanism and reward system. Table 1 summarizes the main PR
algorithms that use ML and DL statistical methods.
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Table 1. PR applications in engineering for data management.

Type of Study Domain Case Structure Used PR Method for Data Management
Research article [33]. Classification model. Detailed visual recognition. CNN
Research article [34]. Characteristic re’FrTeva}L selection Robotic hand control. SVM and naive Bayes (NB)
and classification.
. Hierarchy pattern recognition for .
Research article [35]. Forecast. Nearest neighbor (NN)

tourist demand.

Research article [36].

Image classification.

Chemical pattern recognition in
medicine plants.

Hierarchical cluster analysis and principal
component analysis (PCA)

Research article [37].

Characteristic retrieval and
classification.

Grip control in hand prosthetic.

CNN

Literature review [28].

PR algorithms security.

General description of PR

Literature index

algorithms.
Research article [38]. Image classification. Image processing in steel samples. Random forest (RF)
Research article [39]. Characteristic retrieval. Structural health monitoring. NN

Research article [40].

Group analysis.

Trajectory semantics for common
life patterns in cities.

ANN, k-means, and density-based method

Research article [41].

Character retrieval.

Online human activities
classification.

CNN

Research article [42].

Optimal number of sensors and
number of fusion patterns.

Structural steel health monitoring.

Concentrated method

Research article [43].

Hybrid synaptic device.

Acoustic pattern recognition.

ANN

Research article [44].

Chemical fingerprint.

Chemical pattern recognition in
medicine plants.

PCA, hierarchical cluster analysis, and
partial least squares discriminant analysis

Survey [45].

Activity recognition based on
Sensors.

Sensor mode, deep mode, and
application.

Content analysis

Research article [46].

Prosthetic leg device.

Recognizer based on
electromyogram.

Hidden Markov model

Research article [47].

Loading profiles grouping.

Residential electric consumption

PCA and k-means

behavior.
Research article [48]. Labeling and audio classification. Pretraining for BD. CNN
Research article [49]. Charactens’fl? re’frleval and Failure diagnostics in rollers. Deep belief networks
classification.
Research article [50]. Data retrieval and classification. Vehicular trajectory integrity. Dynamic time warpiig and bottom-up
algorithms
Research article [51]. Pattern association. Multivariable pattern recognition NB

for quality monitoring.

Research article [52].

Electronic nose.

Toxic volatile compound
monitoring.

Self-organizing map (SOM) and k-means

Research article [53].

Grouping analysis.

Travel behavior analysis at homes.

K-means or C-means

Literature review [54].

Precision agriculture.

Farming teledetection.

Descriptive literature revision

Research article [55].

Characteristic retrieval.

Statistical process control.

CNN

Research article [56].

Data grouping.

Mixed characteristic data cluster
analysis

Mixture regression

Research article [57].

Synaptic device.

Color recognition and color
mixture.

ANN

Research article [58].

Characteristic classification.

Unmanned aircraft structural
health monitoring.

SOM and principal component analysis

Research article [59].

Visual recognition.

Instance segmentation in objects.

CNN

Research article [60].

Characteristic retrieval, selection,
and classification.

Control graphics pattern behavior.

Radial basis function neural network

Research article [61].

Characteristic classification.

Prosthetic control for upper
extremities.

Linear discriminant analysis (LDA)

Research article [62].

Photonic device design.

Dimensional reduction technique.

PCA
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Table 1. Cont.

Type of Study

Domain

Case Structure

Used PR Method for Data Management

Research article [63].

Image classification.

Tool wear forecast.

ANN

Research article [64].

Training pattern generation.

Control graphics for quality
assurance.

SVM and probabilistic neural network

Research article [65].

Characteristic retrieval and
classification.

Failure diagnostics for planetary
gearboxes.

Stacked autoencoders (SAEs) and generative
adversarial networks

Literature review [66].

Application summary for artificial
neural networks.

Current tendencies in ANN
models regarding pattern
recognition.

Content analysis

Image classification and

Pattern identification for partial

Research article [67]. preprocessing. GIS downloads in an IoT context. CNN
- . . Conduction pattern recognition
Research article [68]. Characteristic retrieval, selection, for intelligent electrical energy PCA

and classification.

management.

Research article [69].

Electric signal analysis and
classification.

Reliable schematics for island
detection.

K-nearest neighbor (KNN)

Research article [70].

Classification and forecast.

Determination of flow charts and
flow volume fractions in
pipelines.

Support vector machine and multilayer
perceptron

Research article [71].

Characteristic retrieval and
classification.

Automatic interpretation of data
of nonspecified metabolomics.

CNN and RF

Research article [72].

Group analysis.

Maritime traffic patterns.

Gaussian distribution

Research article [73].

Characteristic classification.

Structural health monitoring at
pedestrian bridges.

ANN

Research article [74].

Learning convergence.

Effective learning rules for pattern
recognition.

Spiking neural networks

Research article [75].

Forecast.

Electrical energy consumption
forecast.

k-medoids, deep neural network (DNN),
and long short-term memory

Research article [76].

Dimension reduction and
clustering.

Computational data mining for
bacterium detection.

PCA, multidimensional scaling, minimum
curvilinearity, and Markov clustering

Research article [77].

Character segmentation, retrieval,
and recognition.

Automatic bill and banknote
processing.

ANN

Literature review [78].

Main methodologies summary.

Syntactic methods for artificial
vision tasks.

Systematic literature review (SLR)

Research article [79].

Drop pattern analysis.

Design of an automatic drop
detection system.

ANN

Research article [80].

Multiple regression model.

Financial indicator retrieval.

Principal component analysis and
backpropagation neural network

Research article [81].

Image classification.

Medical image quality evaluation.

CNN

Research article [82].

Forecast.

Electrical energy consumption
evaluation with velocity forecast.

K-means, ANN, Markov transition matrix,
and multiple linear regression

Research article [83].

Signal process.

Short-circuit failure detection.

Fast Fourier transforms and multiple signal
classification

Survey [84].

Robust and efficient pattern

Interpretation analysis in DL
methods and network

Content analysis

recognition. architecture designs.
Research article [85]. Image processing. Textile industry quality control. CNN
Research article [86]. Signal classification. Fracture cha.ract.erlzatlon m K-means
asphaltic mixtures.
Research article [87]. Signal classification and analysis. ~ Prosthetic control for upper limbs. LDA

Research article [88].

Characteristic retrieval.

Damage detection, localization
and diagnostics.

Autoregressive model

Research article [89].

Data grouping.

Acoustic emission analysis in
cement mortars.

K-means
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Table 1. Cont.
Type of Study Domain Case Structure Used PR Method for Data Management
Research article [90]. Electric signal clas§1f1cat10n Elect.rlcal energy ANN
and analysis. consumption optimization.
Research article [91]. Sound wave clas.smcatlon Ultrasou.nd for In.usc.ular LDA and Gaussian process regression
and grouping. contraction monitoring.

According to Table 1, the types of problems addressed included classification, regres-
sion, and prediction. These structures mainly focused on solutions for artificial vision,
computer-assisted diagnostics, acoustic recognition, and optical character recognition,
among others. In supervised learning, the main methodologies used were ANN, SVM, RE,
decision tree, NB, and KNN algorithms. The most common classifiers were SVM, KNN,
NB, and minimal distance. Clusterizers such as K-means, balanced iterative reducing
and clustering hierarchies (BIRCHs), self-organizing map, wave clusters, mean-shift, the
density-based spatial clustering of applications with noise (DBSCAN), fuzzy k-medias,
fuzzy C-means, k-medias sequential, CHAMELEON, hierarchy clusters, clustering using
representative (CURE), clustering in quest (CLIQUE), expectation-maximization algorithm,
and the statistical information grid-based method (STING) were used. The most commonly
used preprocessing methods were a combination of characteristics and stepwise selection.
For data dimension and characteristic selection, the most used methods were principal com-
ponent analysis, quadratic discriminant analysis, linear Fisher discriminant, LDA, Bayes’
theorem, and wrapper methods. Among statistical methods, generative models, such as
the hidden Markov model (HMM), Gaussian distribution, KNN, latent Dirichlet allocation,
and Parzen window, were most used. The same situation happened with discriminative
models such as SVM and decision trees.

From Table 1, 54 research articles, four review articles, and two polls composed the
most significant contributions. The most used PR method for data management was
CNN:s, used in 16% of publications, followed by ANN methodological frameworks, used
in 13% of publications. Characteristic selection methodologies such as PCA were used
in 10% of publications. Other data partition methods based on the well-known centroid
algorithm, k-means, were used in 7% of publications. NN, SVM, and LDA algorithms
were each used in 5% of publications, and SOM was used in 3%. Finally, methods such as
the hierarchical cluster analysis, random forest, concentrated method, Bayesian network,
mixture regression, radial basis neural network, deep belief networks, dynamic time
warping, SAE, Gaussian distribution, hidden Markov model, spiking neural networks,
fast Fourier transforms, k-medoids, and autoregressive model each accounted for 2% of
the publications.

2.2. Deep Learning

When selecting DNN, it is important to consider the type of classification or pattern
recognition being used and whether unsupervised learning can be utilized. DNNs are
a type of ML model that can be used for both supervised and unsupervised learning,
and are effective in analyzing large amounts of data. They are characterized by having
many layers, leading to a higher level of complexity [92]. The number of layers and
type of neural network used in a DNN are chosen, and the training process is used to
determine the weights. Currently, there are several popular types of DNNSs, including
multilayer perceptron (MLP) [93], convolutional neural network (CNN) [94], recurrent
neural network (RNN) [95], generative adversarial networks (GANs) [96], the deep belief
network (DBN) [97], SAE [98], and graph neural networks (GNNs) [99]. Some authors refer
to DNNSs in general without specifying the specific type of architecture. Table 2 provides a
summary of the main DL methods used for data management.
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Table 2. DL applications in engineering for data management.

Type of Study Dominion Case Structure DL Methods Used for Data Management
Research article [21]. Data input. Hybrid framework f(?r el.ectrlcal MLP
energy data monitoring.

Research article [92]. Informatics security. Attack detection in data NB and DNN
management.

Research article [100]. Nonlinear classifiers. Multllayered neur.al network CNN
interpretation.

Research article [101]. Federated learning. Data collaboration framework at DNN
an IoT scenario.

Research article [102]. Classification model. Fabrication quality control. MLP

Research article [103]. Hybrid model for object detection. Semantic image segmentation. CNN

Survey [104].

New GNN taxonomy:.

GNN general and complete
description.

Literature survey

Useful life prediction bearing

Research article [105]. Failure diagnostics. : . DBN
electric locomotive.
Research article [106]. Computer vision. Climatic degradation free images. GAN
Research article [107]. Classification model. Parkm§on s disease .automatlc CNN
illness detection.
Research article [108]. Predictive model. Smart electrical energy gauges. RNN
Research article [109]. Graphic signal processing. Convolutlonal. filter graphs and GNN
architecture.
Research article [110]. Computer vision. Cardiac movement analysis. SAE

Survey [111]. ANN. CNN new algorithms. Literature survey
Research article [112]. Forecast. Climatologic information. MLP
Research article [113]. Classification model. Teledetection. CNN and SAE
Research article [114]. Signal integrity evaluator. Automatic image quality. SAE
Research article [115]. Hybrid model for data analysis. Urban traffic flow forecast. CNN and RNN
Research article [116]. Data input. Hybrid framework fo‘r Hadoop DBN

cluster monitoring.
Data administration from the

Research article [117]. Federated learning. Industrial Internet of Things DNN

(IloT).
Research article [118]. Failure diagnostics. Useful life forecast for rollers. CNN
Research article [119]. Model classification. Health attentl(c:)g APP based in MLP
Research article [120]. Data input. Urban traffic management and GAN

control.
Research article [121]. Data input. Noise elimination model for SAE

traffic data.

Survey [122].

Data overfitting in DL.

Image data enhancement.

Literature survey

Hidden link visibility in supply

Research article [123]. Predictive methods. . GNN
chains.

Research article [124]. Data input. Historical rnon?tormg of a raised CNN
bridge.

Research article [125]. Parallel calculation method Urban traffic flow forecast. DBN.

(master—slave).
Research article [126]. Backpropagation algorithm. Neural error assignation. DNN
Research article [127]. Hybrid ML model. Information lifecycle MLP
management.
Useful life forecast engine
Research article [128]. Failure detection. bearings, centrifugal pump, and CNN

hydraulic pump.
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Table 2. Cont.

Type of Study

Dominion

Case Structure

DL Methods Used for Data Management

Synthetic image and automatic

Research article [129]. Computer vision. COVID-19 patient detection. GAN
Research article [130]. Local dlrectl(()lrj]e;lppp(;&tlon pattern Facial expression recognition. DBN
Survey [131]. Object detection. Summary of latest methodological Literature survey

advances with DL.

High-resolution network

Research article [132]. (HRNet). Visual recognition. CNN
Research article [133]. iii;:ffi?;iiﬁ?;ﬁgg y Emergency event forecast. RNN
Research article [134]. Empirical risk minimization. ML on graphs. GNN
Research article [135]. Characteristic retrieval. Human activity recognition. CNN and RNN
Research article [136]. DL architecture. Location recognition. DNN
Research article [137]. Object detection fast R-CNN. Detection system performance. CNN

Survey [138].

DL.

Concepts, CNN architectures,
challenges, applications, and
future directions.

Literature survey

Deep long short-term memory

Automatic COVID-19 detection

Research article [139] (LSTM) architecture. and X-rays. DNN
Research article [140]. Forecast. Electrical energy load profiles in RNN
smart gauges.
. ) Supervised classificationand Earthquake detection and
Research article [141]. ConvNetQuake algorithm. localization. CNN
. D Credit approval decision
Research article [142]. Bioinspired DL. . MLP
automation.
Research article [143]. Hybrid forecast model. Natural gas price. DBN
Research article [144]. ANN classifier. Facial image manlpulat1on GAN
detection.
Research article [145]. Image classification. Breast cancer .and . CNN
computer-assisted diagnostics.
Research article [146]. Deep tensor Ineural network Molecular property discoveries. DNN
architecture.
Research article [147]. Process analytics. Enterprise process forecast. SAE
Literature review [14g].  Conceptual framework for GNN Latest GNN methods. SLR
process classification.
Research article [149]. Computer vision. Synthetic med'l cal image GAN
generation.
Research article [150]. Failure detection. Useful life forecast of rollers. RNN
Research article [151]. Classification model. COVID-13 a;tomgtlc pneumorua CNN
etection.
Research article [152]. Cyberattack detection. SCADA network systems. DBN
Research article [153]. DL architecture. Short-terrr} urban traffic flow DNN
orecast.
Research article [154]. Graphic 51gnal. nonlinear Topological network analysis. GNN
processing.
Research article [155]. Time series analysis. BD growth forecast. SAE

Research article [156].

Image classification.

CNN architecture design.

CNN and genetic algorithms

Research article [157].

Robust predictive modeling.

Detection of novel chemical
substances.

CNN

According to Table 2, the main types of problems addressed using deep learning meth-
ods were pattern classification, feature learning, and feature representation. These methods
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were primarily used in the fields of computer vision, process control, multimedia analysis
and understanding, image recognition, image super-resolution, data recovery, understand-
ing, transmission, and NLP. The literature review showed that in supervised learning, the
most used techniques were CNNs, DNNs, and RNNs, including the gated recurrent unit
(GRU) and LSTM approaches. In unsupervised learning, generative networks, dimensional
reduction, clustering (GANSs, autoencoders, restricted Boltzmann machine (RBM), etc.),
and RNNs, including GRU and LSTM approaches, were widely used. For sequential data
processing and retrieval tasks, such as image/video/music analyses and NLP, RNNs were
commonly used, and its extension, recursive neural networks, were shown to be effective.

From Table 2, 54 research articles, 1 literature review article, and 5 polls were found to
be the most significant contributions in the field of deep learning for data management. The
most used deep learning method was the CNN, which was used in 22% of the publications.
The second most used method was DNN5s, which were used in 13% of the publications.
Other commonly used methods for pattern identification and classification included DBNS,
RNNs, MLPs, and SAEs, each being used in 10% of the publications. Another unsupervised
deep learning method, GANs, was used in 8% of the publications. Finally, GNNS, a type of
algorithm designed to perform inferences on data represented by graphics, were used in
7% of the publications.

It was observed that different authors proposed the use of different CNN architectures,
among the most used being AlexNet [158], VGGNet [159], ResNet [160], Inception-V3 [161],
GoogleNet [162], DenseNet [163], CapsuleNet [164], HRNet [132], among others.

3. Methodology

A systematic literature review (SLR) was conducted, which involved a thorough search
of the most relevant pattern recognition/deep learning (PR/DL) artificial intelligence stud-
ies in the field of data management. SLRs are studies that synthesize available scientific
evidence. In this study, a review of qualitative and quantitative aspects of previous studies
was performed with the aim of analyzing, classifying, and summarizing the existing infor-
mation on the topic. The SLR methodology included a content analysis, a valid technique
for studying scientific documents [165]. The content analysis was used to thoroughly read
the articles and select the relevant information from each of the studies included in the
SLR. To successfully conduct an SLR, it is necessary to have a good understanding of the
methodologies used in previous studies [166-173].

The goal of this literature review was to examine the main PR/DL methodologies
as reliable and efficient tools in the field of data management. The methodological devel-
opment of this study provided an understanding of the most recent PR/DL algorithms
used in data management in engineering. Hamid et al. [174] used an SLR to analyze the
methodological development of Al for big data processes in order to identify the main
challenges and gaps in the use of application systems for smart tourism.

Ribeiro-Navarrete et al. [175] used an SLR to research Al technologies for controlling
COVID-19 and future pandemics by analyzing the gathering and massive data management
from users’ mobile devices. Similarly, Garg and Mago [176] also used an SLR to summarize
and describe the role of various ML techniques used in various medical applications.

3.1. Study Search

The research employed the Prisma methodology [177,178], as outlined in Figure 3.
Articles from 2016 to 2021 were included in the study. The search was conducted using
Google Scholar and digital platforms, such as Springer Link, Emerald Insight, Science Direct,
Wiley Online Library, Taylor & Francis Group, and IEEE Xplore Digital Library, among
others. The main focus of the study was to identify the key types of studies, dominions, case
structures, and algorithms that contributed to the development of methodologic proposals
for data management using PR and DL.
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Identification of studies via databases and registers

Records dentified from:
Databases {n= 1087)

SclenceDirect (n=142), IEEE (n=125), Springer
(n=91). MDFPI (n=8%), Wiley Online Library (n=96),
Nature (n=50), ACM (n=38), Flos One {n=44),
Frontiers (n=37), Science (n=48), MIT Press Direct
(n=44), Taylor & Francls Online (n=48), SAGE
(n=42). Hyndawi (n=33). ProQuest (n=38), ACS

Population

Records removed before screening:

Duplicate records removed (n=17)

Records marked as ineligible by
avtomation tools (n=21)

Records removed for other reasons

(n=45). Emeraldinsight (n=24), Inderscience

Publishers {n=31}.

Records screened (n =1034)

Screening

Reports assessed for eligiblity (n=221)

Reparts sought for retieval (n=221)

{n=13)

Records exclvded (n =815)

Reports not refrieved (n=0)

Reponts excluded:

Data management capacily in
engineeting (h=17).

Reszareh domain (h=21).

Research areas (n= 23)

Studies included in review (n=120)

Reports of included studies

Included

Online (n=2), SAGE (n=3).

Results obtained (n=14).

FR/DL methodology used (n=24).

ScienceDirect (n=39). IEEE (n=39), Springer
(n=12). MDPI (n=8) Wiley Online Library (n=2),
Meture (n=11), ACM (n=1), Plos One (n=1).
ACS (n=1), Science (n=1) Taylor & Francis

Figure 3. PRISMA flow diagram in three levels.

The initial search for the term ML returned over four million results; therefore, it
was necessary to refine the search by using an advanced search method. This included
using AND/OR connectors with the following keywords: “data management” AND “deep
learning”, “data management” AND “pattern recognition”, “data management” AND
“artificial neural networks”, and other techniques used for retrieving, analyzing, and
managing big data, specifically limited to methodologic proposals for PR/DL.

As a result, 1087 articles were identified in the first step. The second step was the
selection of the most relevant titles. The third step was the summary reading. The fourth
and last steps comprised completely reading the articles. After the above, the studies were
reviewed according to the exclusion criteria (Table 3). Finally, 120 articles were selected to
be a part of the SLR.

Table 3. Study inclusion and exclusion criteria.

Inclusion Criteria

Exclusion Criteria

Studies answer directly to research question of the study.
Studies must clearly show an Al focus using PR or DL during a large
portion of its methodology.
h5 index > 40.

SJR index > 40.

Studies must be classified under journal quartile Q1 and Q2,
preferably Q1.

Number of quotes.

Number of citations, excluding for publications of the year 2021.

Not written in the English language.
Lack of focus on domains and research areas.

Data management capacity in engineering.
Scientific publications not reviewed by peers.

Studies must be published between the years 2016-2021.

Database reputation.
No use of PR/DL methodologies.
If the studies were published in more than one magazine or conference,
the most recent version is included.
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3.2. Study Selection

The strategy for selecting studies in this research included six inclusion criteria and
seven exclusion criteria. The articles had to pertain to the research question of the study
and have a focus on PR/DL methodologies using Al The selection process also considered
two quality measures, the h5 index from Google Scholar [179] and the SJR (Q1 and Q2)
from the SCImago journal rank [180]. A summary of these criteria can be found in Table 3.

4. Descriptive Study Analysis

Figure 4, using the VOSviewer software, summarizes the main keywords found in

the SLR.
chemical patgh recognition
ampilifees @ classification
convolutional neural networks
condition monitoring
feature extraction p‘tern recognition
neuralpetwork
structural health. monitorin,
) a\gh g senst jusion
activiygiggegnition = 4,206 detection human activiffprecognition
aerospacesstructures
& X
o conyplutional neugalnetwork ~ Meridmode!
dqyygmed&uon .
i I | K region@roposal t fbwnq,pwedlmon
convolutiol ral networ
Ly & PROTES recurrent Wal network
semantic segmentation economic data
Salr residential logl forecasting
" v : short-term 19ad forecastin; i
missiBEata .tz collgboration dee 'Enlh& oad g data mifting
y deep neufggnetworks i
[
deep stacked deoising autoenc  sypervised learning
fault wnosls : f
bioinformatics \ machine learning
n-ggans deep belief rigworks (dbns) \
¢ i cardiovas@ar biology
convolutiond! {neural network (.
transfer learning activity pattép recognition
graph autoencoder (gae) 2 4 Y par@ecce
graphiilers computationdliBliblogy/bioinfor
artificialiintelligence *
y combinatorics multil W%CEPVOW
a contrario detection.
2017 2018 2019 2020 2021

Figure 4. Main keywords found.

The distribution of publications by quartile showed that the study was mainly limited
to high-impact journals in the engineering area; for this reason, 116 studies were a part of
quartile one and only three were a part of quartile two [39,42,52,135] (Figure 5).

Q1 -97%

Q2-3%

Figure 5. Distribution by quartile based on the SJR index.

The number of references per year, showed in Figure 6, confirmed the growing interest
of researchers in PR/DL methodological proposals for data management. According to the
inclusion and exclusion criteria of this study, in the year 2021, 31 articles were published.
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Figure 6. Distribution of references by year of publication.

The distribution of studies by domain showed that the SLR used a total of eight
domains with 120 articles. The DL image analysis domain provided the largest contribution
with 15 studies. In the second position, the DL forecast domain contributed 13. In the
third position was PR control systems (with 13). In the fourth position was PR architecture
design (with 11). The fifth position was held by PR fault detection (with nine). In the sixth
position, PR-CAD had seven. The seventh position was given to DL data imputation with
five. Finally, the eighth position went to DL security with two (Figure 7).

27% PR
24% 24% DL
20%
o 16% 15%
O 13% 13% 13%
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Figure 7. Distribution of studies by domains.

According to the conceptual framework for the SLR, the top 13 areas that comprised the
greatest methodological contributions were (1) DL computing (20 studies), (2) PR technol-
ogy (10 studies), (3) PR infrastructure (8 studies), (4) engineering solutions in DL medicine
(7 studies), (5) PR/DL manufacturing processes (6 studies), (6) PR/DL transport, electrical
energy, and telecommunications (5 studies each), (7) PR agriculture (3 studies), (8) smart
tools for decision making PR/DL business (2 studies each), and (9) DL marketing, weather
conditions, and informatic security (1 study each) (Figure 8).

Figures 9-11 show, in order, the distribution trends of the Google Scholar h5 index,
the SJR index, and the number of citations received by each reference as of 2/20/2022.
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Figure 8. Distribution of references by study area.
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Figure 9. Distribution of the h5 index in SLR.
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Figure 10. Distribution of the SJR index in SLR.
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Figure 11. Distribution of SLR references by number of citations.

The journals with the most publications were IEEE Access (with eight publications),
Nature Communications, (with six) and Pattern Recognition (with five) (Table S1). Table
51 includes the author, year of publication of the article, name of the journal, h5 index
(median), SJR index, SJR quartile, and the number of citations that the articles received as
of the aforementioned date.

The country with the most research on methodological proposals for PR/DL was
China, with 43 publications, followed by the USA with 19 publications and the United
Kingdom with 5 publications (Figure S1). The ScienceDirect and IEEE databases had
the most publications on this topic, with 39 publications each, followed by the Springer
database with 12 publications (Figure S2).

In the SLR study, the main performance metrics used to evaluate the DNN algorithms
were the correlation coefficient (R), mean absolute percentage error (MAPE), area under
the curve (AUC), mean absolute error (MAE), root mean squared error (RMSE), variance
of absolute percentage error (VAPE), and root mean square prediction error (RMSEP).
Through an analysis of these statistical indicators, it was found that accuracy was the most
influential factor, accounting for 27% of the metrics. It was closely followed by performance
at 24%, convergence at 18%, speed at 11%, tolerance to failure at 7%, volume at 6%, scaling
at 4%, and latency at 3%.

The study found that current DNN models, such as the CNN, DBN, SAE, RNN, MLP,
and GAN, were the most used techniques for PR among other ANN models. Models such
as reservoir computing, the time-delay neural network (TDNN)), transformers, SOMs, the
radial basis function network (RBFN), single-layer perceptron (SLP), probabilistic neural
network (PNN), and RBM also showed good performance in PR applications. Additionally,
new models with methodological proposals were proposed to address limitations or issues
that may arise with DNN models.

5. Discussion

The 4.0 data ecosystem, which merges the real and virtual worlds, necessitates the
integration of Al and BD to foster ML systems. The interconnectivity between systems and
computers enables the processing of BD from the IoT and local supply chains. The ability
to analyze BD is possible due to the use of MI generated through Al techniques. These ML
systems can now extract valuable insights by interpreting BD into actionable ideas and, in
many instances, they enable autonomous decision making without human intervention.
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The BD analysis is a complex system involving multiple variables that need to be
identified and processed. If the goal of the ML model is to predict continuous variables,
it performs regression. However, if the objective is to predict discrete variables, it per-
forms classification. Forecasting is a high-value research domain that has been a trend
in scientific discussion in recent years, driven by ML technologies. The SLR identified
important PR/DL methodological advancements in areas such as energy consumption
forecast, climate, commodity price, traffic flow, accident forecast, tourist demand, and other
topics. Today, these constant methodological advancements have led to the development
and improvement of DNN proposals, resulting in exceptional predictive performances.
As a result, DNN has become an essential tool for PR in a wide range of applications,
such as image classification, iris scanning, object detection, fingerprint scanning, video
compression, and optic character recognition, among others. In comparison, traditional PR
methods have certain disadvantages, such as the need for a greater effort to design and
learn significant and high-level characteristics, the limited learning of superficial character-
istics, and the need for well-labeled BD to train the models, limiting them to learn from
static data.

In PR systems, the performance of an algorithm mainly depends on its parameters.
The algorithms used must be able to understand and take into account different factors
that affect the distribution of input data, as this allows for variations in the real world.
Algorithms that can abstract and process a wide range of phenomena have the strongest
predictive power. While DL methods require a larger volume of data compared to statistical
and ML methods, the processing of a large volume of data positively correlates with the
performance of all three methods.

According to the SLR, the success of PR applications relies heavily on the method-
ological advancements in statistical and ML methods, with ML and its evolution towards
DL being powerful and efficient tools for managing BD. The constant evolution and de-
velopment of DL methodologies has led to a new paradigm for ML, where the constant
optimization of its algorithms results in new and improved capabilities.

PR methods have a clear capacity for managing big data; their ability to identify
specific trends and patterns gives them a significant advantage, making PR an essential
support tool for decision-making in engineering. PR’s capacity for data retrieval, classifica-
tion, and categorization allows it to gain experience and acquire knowledge, resulting in
improved accuracy and efficiency. PR methods are precise in handling multivariable and
multidimensional data and can perform well in changing or unknown environments.

The SLR study on PR applications in engineering for data management identified
several challenges, including time consumption, mainly due to the complexity and scale
of the process (handling large amounts of data in the form of megabytes, gigabytes, and
even terabytes). Insufficient data can lead to problems with accuracy and complicate
object recognition logic. Additionally, the SLR highlighted other challenges, such as
overfitting, difficulties in object detection, noise (image restoration), uncertainty, difficulty
in recognizing identical images, data issues (incomplete, dispersed, and dynamic), complex
relationships between fields, challenges in voice recognition accuracy, hierarchy, and data,
complexity of DNN models, recognition issues with surface materials, interpretability
of results, incorporating domain knowledge, more accurate recognition of unsupervised
activities, active user interaction, flexible models for recognizing high-level activities and
integration with other systems, and recognizing planned attacks, among others.

As per the SLR, ML and DL statistical models were shown to require understanding
the inner workings of the black box predictive models that run them in order to comprehend
which aspects of input data drive decision making in the network [32]. Thus, the decision-
making process in the DNN has become a subject of active research.

Currently, DL methods, particularly CNN architectures, have shown remarkable
success in PR tasks. According to the SLR, CNNs have a larger number and development
of methodological proposals for tasks, such as recognizing emotions, image recognition,
facial expressions, video recognition, voice and text recognition, etc. In general, CNNs
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have performed well in image data, PR, classification, and regression [111], and have
advantages in accuracy for solving real-life problems in BD management. One of the
notable advantages of CNNSs is their ability to provide greater precision and improve
system performance due to their unique features, such as local connectivity and shared
weights [66].

CNNs have several advantages compared to other DNN models. These include being
more similar to the human visual processing system, having a highly optimized structure
for processing 2D and 3D images, and being effective in learning and identifying abstract
2D characteristics [32]. Additionally, CNNs are an effective method for diagnosing fail-
ures [118], detecting lanes [181], inputting data [124], extracting features [135], classifying
images [145], classifying audio [48], building recommendation systems [182], and more.

Additionally, the SAE can be used in coding—decoding processes to learn to repre-
sent advanced features through an unsupervised learning scheme. This type of network
is used to evaluate the quality of images [114,183], noise in data [121,184], computer vi-
sion [110,185], process analytics [147], forecasting [155], etc. Similarly, RNNs are an efficient
prediction algorithm, and PR mainly uses sequential data in the network. Due to their
embedded structure in data sequencing, they provide valuable information, making them
an excellent tool for sequential ML, such as voice processing and NLP, and they are used
in predictive models for electrical energy consumption [108], urban traffic [115], early
emergency warnings [133], failure detection [150], etc. Adversarial learning has shown
significant advancements in generative models, with GANs being one of the best examples,
specialized in unsupervised learning. In GANSs, a generator competes against a discrimina-
tor. The generator attempts to model the data distribution by generating false images using
a noise vector input and uses these false images to deceive the discriminator, while the
discriminator competes with the generator to identify real images from the false ones [131].
GANSs have been proven to be effective in applications such as enhancing the quality of im-
ages [106], inputting data [120], automatic image recognition [129], computer security [144],
generating synthetic images [149], etc.

DBNs, or deep belief networks, are a type of generative graphic model composed of
multiple RBMs stacked on top of each other. They are commonly used for tasks such as
voice recognition, NLP, and image and audio classification. DBNs have connections be-
tween layers, but not within a single layer. These layers can be trained using unsupervised
algorithms [66]. DBNs have been used in various applications, such as failure diagnos-
tics [105], data input [116], urban traffic flow [125], facial expression recognition [130], price
forecasting [143], and control systems [152]. On the other hand, MLPs are a common type
of network that are based on a simpler network called a "simple perceptron.” They have one
or more hidden layers and an output layer, and are a unidirectional, feedforward network.
The input layer is used to introduce and propagate information from the outside, and the
number of neurons must match the number of inputs into the data. The hidden layer in an
MLP network performs the nonlinear processing of information. The number of neurons
used for the input and output layers varies depending on the specific application. The
algorithm commonly used for training MLPs is called backpropagation, which aims to
find the optimal weights for each connection in the network to produce an output that
closely matches the desired output, while minimizing the error. MLPs are relatively easy
to implement, and produce high-quality models with a relatively low training time com-
pared to more complex methods. They are commonly used in applications such as quality
control [101], time series forecasting [112], CC [119], life cycle of information [127], data
input [21], and automated decision making [142].

Recent research found in SLRs suggests a growing interest in GNN methodologies for
graphic data coming from different scenarios of the real world. GNNs are DNNs based
on graphs, where nodes store information from neighboring nodes; in other words, data
are transmitted and incorporated into the properties of the corresponding node (message
transference).
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GNNs are a powerful tool for unsupervised learning, and are commonly used for
forecasting, imputing missing data, and 3D modeling in a wide range of fields, such as social
networks, movement planning, knowledge graphs, recommendation systems, molecular
compositions, search engines, power blackouts, financial markets, among others [157].
They are typically used for tasks such as node classification, link prediction, clustering, and
graph classification. The GNN process consists of four phases: the preprocessing of graphs,
graph construction, graph representation, and graph classification [148]. GNNs take a
formatted graph as the input and produce a numeric value vector that represents important
information about the nodes and their relationships. The output of GNNs is an embedding,
which is a vector representation of the node’s data and its knowledge from other nodes in
the graph. In summary, the SLR (systematic literature review) mainly proposed the use of
convolutional GNN architectures, followed by other taxonomies, such as recurrent GNNSs,
graph autoencoders, and spatial-temporal GNNS.

6. Conclusions

The growth of BD is driven by key technological trends, such as IoT technology,
Industry 4.0, and the data paradigm 4.0. The effective management of BD requires the
ongoing development of ML concepts, where the combination of PR/DL methods should
lead to reliable and efficient data management frameworks. This study focused on the field
of engineering and specifically examined the Al techniques of PR/DL that are currently
being used in diverse applications for data management. This document complemented
the study of Joel et al. [186], which proposes a conceptual framework for the analysis of
major emerging ML methodology proposals. Due to space limitations, the focus of the
review of each article was on the type of research, topic content, case structure considered,
and Al methodology used.

This review highlighted the latest developments in PR/DL methodological proposals
for data management and provided a general overview of these methods. The methodology
of this study involved selecting research articles from highly reputable and relevant journals.
The articles selected for the SLR came from journals with a high SJR and Google Scholar
h5 index. The review was conducted between the years 2016 and 2021, and a total of
186 studies was used, of which 120 were included in the SLR.

This SLR encompassed various methodological supports that complement PR/DL
solutions, such as the component analysis, support vector machines, hierarchical cluster
analysis, K-means clustering, LDA, focused method, decision trees, self-organizing map,
RF, hidden Markov model, NB, mixture regression, K nearest neighbors, dynamic time
warping, Gaussian distribution, fast Fourier transforms, k-medoids, and the autoregressive
model. These methods were utilized for a variety of data types and engineering applications
in the past six years.

The literature suggests that CNN architectures have contributed significant advance-
ments as PR (predictive) solutions for data mining in engineering problems. Addition-
ally, SAEs, RNNs, DBNs, GANs, and GNNs were also highlighted as notable meth-
ods. The fields of computer science and technological development had the highest
number of methodological proposals for the development of PR/DL solutions. Further-
more, research in PR/DL proposals was led by countries such as China, followed by the
United States. The databases Science Direct, IEEE, and Springer and journals IEEE Access,
Nature Communications, and Sensors provided the most significant contributions.

This study found that PR/DL methods have been adapted and increasingly used for
addressing various issues in data management. This conclusion was supported by other
literature reviews, such as [28,30,54,186]. These studies indicated a positive correlation
between new PR/DL technologies and emerging methods of artificial intelligence for
big data management, which is a crucial aspect for Industry 4.0. The findings of this
study aligned with the conclusions of other authors [2,66,78,148], who claimed that PR/DL
methods have greater capabilities for resolving complex interactions of parameters in
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data management, allowing for the solving of problems that are difficult to address using
traditional statistical methods.

As ML becomes more prevalent, there is an increasing need to acquire larger amounts
of data, particularly for next-generation DNNs. DL is a powerful tool for interpreting
engineering data. More advanced DNN methods focus on the properties that define the
object, which results in faster processing speeds and improved recognition efficiency, even
with low-quality patterns.

The use of multiple clustering algorithms presents a challenging problem. The SLR
suggested methodological advancements that involve the deliberate or random selection of
certain clustering techniques, with modifications to the initial conditions and the use of
different subgroups for parameters.

The SLR found several key findings: (1) In the field of failure detection systems,
PR/DL methods have the potential to be next-generation approaches for engineering by
performing evaluations, mainly in the diagnostics of rollers, bearings, gear assemblies,
electrical systems, engines, pumps, etc. (2) In the field of computer-assisted image and di-
agnostic analyses, the SLR showed that PR/DL methods can process dimensional graphical
information from sensors; the main methodological contributions focused on the analysis
of medical images, location detection, visual recognition, facial expressions, CC, automatic
image quality, remote sensing, substance and microorganism detection, quality control,
color mixture recognition, chemical patterns, structural health, detailed visual recognition,
etc. (3) The SLR suggested that PR/DL methods could be used in the fields of neural
network architectural design and control systems to describe outdoor/indoor systems,
classify objects, analyze sensitivity parameters, detect emergency events, control urban
traffic, robotic assistance, network topology, and network interpretation, among others.
(4) The field of forecasting was shown to be mainly used for the analysis of time series
for urban traffic, commodity pricing, process analytics, consumption profiles, emergency
events, demand forecasting, flow regimes, and tool wearing, among others. (5) The fields
of data input and information security had relatively few solution methodologies. Some
DL solutions were found for power data, traffic data, structural sensor data, IoT scenarios,
facial image manipulation, etc.

The latest and advanced PR/DL methods have driven numerous small and big changes
that have had a positive impact on society. From all angles, Al is making inroads in areas
that were previously only accessible to human intelligence. Achieving its full potential is
within reach, as long as it is conducted ethically and in a sustainable manner.

According to the results of the SLR analysis, future studies should include more
in-depth research to optimize the clarification of problems and object location, and to
improve scalability with a larger number of layers. Additionally, research should address
issues related to scaling or normalization, encoder-decoder architectures in NLP modeling
and automatic translation, large-scale graphic processing performance, control graphics
performance, solutions to leak gradients or explosions in training (propagation method),
challenges in selecting methods for parameters for ANN design in relation to PR, chal-
lenges in computer vision and NLP in PR, problems in information security (persistent
advanced threats), and new challenges in failure recognition, among others. To provide a
comprehensive and complementary PR/DL approach, a multidisciplinary research team is
needed to enhance the performance and success of applications.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/sym15020535/s1, Table S1: table of references, Figure S1:
number of publications by country where the study was carried out (2016-2021), Figure S2: number
of articles identified.
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Q Quartile

R Correlation coefficient

CC Cloud computing

Al Artificial intelligence

BD Big data

ML Machine learning

MI Machine intelligence

DL Deep learning

NB Naive bayes

NN Nearest neighbor

RF Random forest

PR Pattern recognition

KNN K-nearest neighbor

SLR Systematic literature review
ANN Atrtificial neural network
SVM Support vector machine
GNN Graph neural network

CNN Convolutional neural network
DBN Deep belief network

SAE Stacked autoencoder

RNN Recurrent neural network
MLP Multilayer perceptron

GAN Generative adversarial network
SOM Self-organizing map

SLP Single-layer perceptron

PNN Probabilistic neural network
RBM Restricted Boltzmann machine
PCA Principal component analysis
HMM Hidden Markov model

ToT Internet of Things

NLP Natural language processing
NLG Natural language generation
AUC Area under the curve

CAD Computer-aided diagnosis
DNN Deep neural network

MAE Mean absolute error

LDA Linear discriminant analysis
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GRU Gated recurrent unit

TDNN Time-delay neural network

MAPE Mean absolute percentage error

RMSE Root mean squared error

VAPE Variance of absolute percentage error
RBEN Radial basis function network

LSTM Long short-term memory

CURE Clustering using representatives

STING Statistical information grid-based method
RMSEP Root mean square prediction error
BIRCH Balanced iterative reducing and clustering using hierarchies

CLIQUE Clustering in quest
DBSCAN Density-based spatial clustering of applications with noise

References

1. Ying, S,; Sindakis, S.; Aggarwal, S.; Chen, C.; Su, ]. Managing big data in the retail industry of Singapore: Examining the impact
on customer satisfaction and organizational performance. Eur. Manag. J. 2021, 39, 390-400. [CrossRef]

2. Fuertes, G.; Zamorano, J.; Alfaro, M.; Vargas, M.; Sabattin, J.; Duran, C.; Ternero, R.; Rivera, R. Opportunities of the technological
trends linked to Industry 4.0 for achieve sustainable manufacturing objectives. Sustainability 2022, 14, 11118. [CrossRef]

3. Saura, J.R. Using data sciences in digital marketing: Framework, methods, and performance metrics. J. Innov. Knowl. 2021, 6,
92-102. [CrossRef]

4. Mitchell, TM. Machine Learning; McGraw-Hill: New York, NY, USA, 1997.

5. Turing, A M. Computing machinery and intelligence. In Parsing the Turing Test; Springer: Dordrecht, The Netherlands, 2009;
pp- 23-66.

6.  McCarthy, J. Programs with common sense. In Proceedings of the Symposium on Mechanisation, Teddington, UK, 24-27
November 1958; pp. 77-84.

7. Collins, C.; Dennehy, D.; Conboy, K.; Mikalef, P. Artificial intelligence in information systems research: A systematic literature
review and research agenda. Int. ]. Inf. Manag. 2021, 60, 102383. [CrossRef]

8.  Huang, X. A data-driven WSN security threat analysis model based on cognitive computing. . Sens. 2022, 2022, 5013905.
[CrossRef]

9.  Sreedevi, A.G.; Nitya Harshitha, T.; Sugumaran, V.; Shankar, P. Application of cognitive computing in healthcare, cybersecurity,
big data and IoT: A literature review. Inf. Process. Manag. 2022, 59, 102888. [CrossRef]

10. Wu, D.D.; Hall, J. Expert systems and risk analytics in service engineering. Expert Syst. 2022, 39, €12909. [CrossRef]

11.  Naser, M.Z. Mechanistically informed machine learning and artificial intelligence in fire engineering and sciences. Fire Technol.
2021, 57, 2741-2784. [CrossRef]

12.  Alam, G,; Ihsanullah, I.; Naushad, M.; Sillanpdd, M. Applications of artificial intelligence in water treatment for optimization and
automation of adsorption processes: Recent advances and prospects. Chem. Eng. J. 2022, 427, 130011. [CrossRef]

13.  Duch-Brown, N.; Gomez-Herrera, E.; Mueller-Langer, F,; Tolan, S. Market power and artificial intelligence work on online labour
markets. Res. Policy 2022, 51, 104446. [CrossRef]

14. Fuertes, G.; Alfaro, M.; Vargas, M.; Espinoza, A.; Galvez, D.; Sepalveda-Rojas, J.P. Measure of semantic likeness among business
process activities in a telecommunication company. IEEE Access 2020, 8, 32332-32340. [CrossRef]

15.  Yaqoob, I; Salah, K.; Jayaraman, R.; Al-Hammadji, Y. Blockchain for healthcare data management: Opportunities, challenges, and
future recommendations. Neural Comput. Appl. 2021, 34, 11475-11490. [CrossRef]

16. Izonin, I.; Tkachenko, R.; Verhun, V.; Zub, K. An approach towards missing data management using improved GRNN-SGTM
ensemble method. Eng. Sci. Technol. Int. ]. 2021, 24, 749-759. [CrossRef]

17.  Zhuang, C.; Gong, J.; Liu, J. Digital twin-based assembly data management and process traceability for complex products.
J. Manuf. Syst. 2021, 58, 118-131. [CrossRef]

18. Wang, S.; Bao, Z.; Culpepper, ].S.; Cong, G. A survey on trajectory data management, analytics, and learning. ACM Comput. Surv.
2021, 54, 1-36. [CrossRef]

19. Kong, T.; Hu, T.; Zhou, T; Ye, Y. Data construction method for the applications of workshop digital twin system. J. Manuf. Syst.
2021, 58, 323-328. [CrossRef]

20. Putz, B,; Dietz, M.; Empl, P;; Pernul, G. EtherTwin: Blockchain-based secure digital twin information management. Inf. Process.
Manag. 2021, 58, 102425. [CrossRef]

21. Wang, M.C;; Tsai, C.E; Lin, W.C. Towards missing electric power data imputation for energy management systems. Expert Syst.
Appl. 2021, 174, 114743. [CrossRef]

22. Pan, Y. Zhang, L. A BIM-data mining integrated digital twin framework for advanced project management. Autom. Constr. 2021,
124, 103564. [CrossRef]

23. Liu, P; Qingqing, W.; Liu, W. Enterprise human resource management platform based on FPGA and data mining.

Microprocess. Microsyst. 2021, 80, 103330. [CrossRef]


http://doi.org/10.1016/j.emj.2020.04.001
http://doi.org/10.3390/su141811118
http://doi.org/10.1016/j.jik.2020.08.001
http://doi.org/10.1016/j.ijinfomgt.2021.102383
http://doi.org/10.1155/2022/5013905
http://doi.org/10.1016/j.ipm.2022.102888
http://doi.org/10.1111/exsy.12909
http://doi.org/10.1007/s10694-020-01069-8
http://doi.org/10.1016/j.cej.2021.130011
http://doi.org/10.1016/j.respol.2021.104446
http://doi.org/10.1109/ACCESS.2019.2953464
http://doi.org/10.1007/s00521-020-05519-w
http://doi.org/10.1016/j.jestch.2020.10.005
http://doi.org/10.1016/j.jmsy.2020.05.011
http://doi.org/10.1145/3440207
http://doi.org/10.1016/j.jmsy.2020.02.003
http://doi.org/10.1016/j.ipm.2020.102425
http://doi.org/10.1016/j.eswa.2021.114743
http://doi.org/10.1016/j.autcon.2021.103564
http://doi.org/10.1016/j.micpro.2020.103330

Symmetry 2023, 15, 535 24 of 29

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Jiang, P; Fan, Y.V; Klemes, ].J. Data analytics of social media publicity to enhance household waste management. Resour. Conserv.
Recycl. 2021, 164, 105146. [CrossRef] [PubMed]

Hashmi, S.A.; Ali, C.F,; Zafar, S. Internet of things and cloud computing-based energy management system for demand side
management in smart grid. Int. J. Energy Res. 2021, 45, 1007-1022. [CrossRef]

Shao, X.E; Liu, W,; Li, Y.; Chaudhry, H.R.; Yue, X.G. Multistage implementation framework for smart supply chain management
under industry 4.0. Technol. Forecast. Soc. Change 2021, 162, 120354. [CrossRef] [PubMed]

Selfridge, O.G. Pattern recognition and modern computers. Proc. West. Jt. Comput. Conf. 1955, 91-93. [CrossRef]

Biggio, B.; Roli, F. Wild patterns: Ten years after the rise of adversarial machine learning. Pattern Recognit. 2018, 84, 317-331.
[CrossRef]

Shamir, L.; Delaney, ].D.; Orlov, N.; Eckley, D.M.; Goldberg, 1.G. Pattern recognition software and techniques for biological image
analysis. PLoS Comput. Biol. 2010, 6, e€1000974. [CrossRef]

Salehi, H.; Burguefio, R. Emerging artificial intelligence methods in structural engineering. Eng. Struct. 2018, 171, 170-189.
[CrossRef]

Zhang, J.; Williams, 5.0.; Wang, H. Intelligent computing system based on pattern recognition and data mining algorithms.
Sustain. Comput. Inform. Syst. 2018, 20, 192-202. [CrossRef]

Paolanti, M.; Frontoni, E. Multidisciplinary pattern recognition applications: A review. Comput. Sci. Rev. 2020, 37, 100276.
[CrossRef]

Wu, L.; Wang, Y.; Li, X.; Gao, ]. Deep attention-based spatially recursive networks for fine-grained visual recognition. IEEE Trans.
Cybern. 2019, 49, 1791-1802. [CrossRef]

Lu, Z,; Tong, K.Y,; Zhang, X.; Li, S.; Zhou, P. Myoelectric pattern recognition for controlling a robotic hand: A feasibility study in
stroke. IEEE Trans. Biomed. Eng. 2019, 66, 365-372. [CrossRef] [PubMed]

Hu, M.; Qiu, RT.R,; Wu, D.C,; Song, H. Hierarchical pattern recognition for tourism demand forecasting. Tour. Manag. 2021,
84,104263. [CrossRef]

Cao, X.; You, G;; Li, H; Li, D.; Wang, M.; Ren, X,; Cao, X,; You, G.; Li, H; Li, D.; et al. Comparative investigation for rotten
xylem (kuqin) and strip types (tiaoqin) of scutellaria baicalensis georgi based on fingerprinting and chemical pattern recognition.
Molecules 2019, 24, 2431. [CrossRef] [PubMed]

Shi, C.; Yang, D.; Zhao, J.; Liu, H. Computer vision-based grasp pattern recognition with application to myoelectric control of
dexterous hand prosthesis. IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28, 2090-2099. [CrossRef] [PubMed]

Bulgarevich, D.S.; Tsukamoto, S.; Kasuya, T.; Demura, M.; Watanabe, M. Pattern recognition with machine learning on optical
microscopy images of typical metallurgical microstructures. Sci. Rep. 2018, 8, 2078. [CrossRef] [PubMed]

Entezami, A.; Sarmadi, H.; Behkamal, B.; Mariani, S. Big data analytics and structural health monitoring: A statistical pattern
recognition-based approach. Sensors 2020, 20, 2328. [CrossRef]

Cao, H.; Xu, F; Sankaranarayanan, J.; Li, Y.; Samet, H. Habit2vec: Trajectory semantic embedding for living pattern recognition in
population. IEEE Trans. Mob. Comput. 2020, 19, 1096-1108. [CrossRef]

Ignatov, A. Real-time human activity recognition from accelerometer data using convolutional neural networks. Appl. Soft
Comput. 2018, 62, 915-922. [CrossRef]

Lu, W,; Teng, J.; Zhou, Q.; Peng, Q. Stress prediction for distributed structural health monitoring using existing measurements
and pattern recognition. Sensors 2018, 18, 419. [CrossRef]

Seo, S.; Kang, B.S; Lee, J.J.; Ryu, H.J.; Kim, S.;; Kim, H.; Oh, S.; Shim, J.; Heo, K.; Oh, S.; et al. Artificial van der waals hybrid
synapse and its application to acoustic pattern recognition. Nat. Commun. 2020, 11, 3936. [CrossRef]

Cao, X.; Sun, L.; Li, D.; You, G.; Wang, M.; Ren, X. Quality evaluation of phellodendri chinensis cortex by fingerprint-chemical
pattern recognition. Molecules 2018, 23, 2307. [CrossRef] [PubMed]

Wang, J.; Chen, Y.; Hao, S.; Peng, X.; Hu, L. Deep learning for sensor-based activity recognition: A survey. Pattern Recognit. Lett.
2019, 119, 3-11. [CrossRef]

Liu, Z.; Lin, W.; Geng, Y.; Yang, P. Intent pattern recognition of lower-limb motion based on mechanical sensors. IEEE/CAA ].
Autom. Sin. 2017, 4, 651-660. [CrossRef]

Wen, L.; Zhou, K,; Yang, S. A shape-based clustering method for pattern recognition of residential electricity consumption.
J. Clean. Prod. 2019, 212, 475-488. [CrossRef]

Kong, Q.; Cao, Y;; Igbal, T.; Wang, Y.; Wang, W.; Plumbley, M.D. PANNSs: Large-scale pretrained audio neural networks for audio
pattern recognition. IEEE/ACM Trans. Audio Speech Lang. Process. 2020, 28, 2880-2894. [CrossRef]

Gan, M.; Wang, C.; Zhu, C. Construction of hierarchical diagnosis network based on deep learning and its application in the fault
pattern recognition of rolling element bearings. Mech. Syst. Signal Process. 2016, 72—73, 92-104. [CrossRef]

Sharma, A.; Zheng, Z.; Bhaskar, A. A pattern recognition algorithm for assessing trajectory completeness. Transp. Res. Part C
Emerg. Technol. 2018, 96, 432-457. [CrossRef]

Ruiz-Tamayo, J.; Vazquez-Lopez, ].A.; Ruelas-Santoyo, E.A.; Hernandez-Lopez, A.; Lopez-Juarez, I.; Rios-Lira, A.]. Multivariate
pattern recognition in MSPC using bayesian inference. Mathematics 2021, 9, 306. [CrossRef]

Licen, S.; Di Gilio, A.; Palmisani, J.; Petraccone, S.; de Gennaro, G.; Barbieri, P. Pattern recognition and anomaly detection by
self-organizing maps in a multi month e-nose survey at an industrial site. Sensors 2020, 20, 1887. [CrossRef]


http://doi.org/10.1016/j.resconrec.2020.105146
http://www.ncbi.nlm.nih.gov/pubmed/32905054
http://doi.org/10.1002/er.6141
http://doi.org/10.1016/j.techfore.2020.120354
http://www.ncbi.nlm.nih.gov/pubmed/33041379
http://doi.org/10.1145/1455292.1455310
http://doi.org/10.1016/j.patcog.2018.07.023
http://doi.org/10.1371/journal.pcbi.1000974
http://doi.org/10.1016/j.engstruct.2018.05.084
http://doi.org/10.1016/j.suscom.2017.10.010
http://doi.org/10.1016/j.cosrev.2020.100276
http://doi.org/10.1109/TCYB.2018.2813971
http://doi.org/10.1109/TBME.2018.2840848
http://www.ncbi.nlm.nih.gov/pubmed/29993410
http://doi.org/10.1016/j.tourman.2020.104263
http://doi.org/10.3390/molecules24132431
http://www.ncbi.nlm.nih.gov/pubmed/31269661
http://doi.org/10.1109/TNSRE.2020.3007625
http://www.ncbi.nlm.nih.gov/pubmed/32746315
http://doi.org/10.1038/s41598-018-20438-6
http://www.ncbi.nlm.nih.gov/pubmed/29391483
http://doi.org/10.3390/s20082328
http://doi.org/10.1109/TMC.2019.2902403
http://doi.org/10.1016/j.asoc.2017.09.027
http://doi.org/10.3390/s18020419
http://doi.org/10.1038/s41467-020-17849-3
http://doi.org/10.3390/molecules23092307
http://www.ncbi.nlm.nih.gov/pubmed/30201911
http://doi.org/10.1016/j.patrec.2018.02.010
http://doi.org/10.1109/JAS.2017.7510619
http://doi.org/10.1016/j.jclepro.2018.12.067
http://doi.org/10.1109/TASLP.2020.3030497
http://doi.org/10.1016/j.ymssp.2015.11.014
http://doi.org/10.1016/j.trc.2018.09.027
http://doi.org/10.3390/math9040306
http://doi.org/10.3390/s20071887

Symmetry 2023, 15, 535 25 of 29

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Hafezi, M.H.; Liu, L.; Millward, H. A time-use activity-pattern recognition model for activity-based travel demand modeling.
Transportation 2019, 46, 1369-1394. [CrossRef]

Huang, Y.; Chen, Z.-X,; Yu, T.; Huang, X.-Z.; Gu, X.-F. Agricultural remote sensing big data: Management and applications.
J. Integr. Agric. 2018, 17, 1915-1931. [CrossRef]

Zan, T,; Liu, Z.; Wang, H.; Wang, M.; Gao, X. Control chart pattern recognition using the convolutional neural network. . Intell.
Manuf. 2020, 31, 703-716. [CrossRef]

Ng, S.K.; Tawiah, R.; McLachlan, G.J. Unsupervised pattern recognition of mixed data structures with numerical and categorical
features using a mixture regression modelling framework. Pattern Recognit. 2019, 88, 261-271. [CrossRef]

Seo, S.; Jo, S.H.; Kim, S.; Shim, J.; Oh, S.; Kim, ].H.; Heo, K.; Choi, ].W.; Choi, C.; Oh, S.; et al. Artificial optic-neural synapse for
colored and color-mixed pattern recognition. Nat. Commun. 2018, 9, 5106. [CrossRef] [PubMed]

Alvarez-Montoya, J.; Carvajal-Castrillén, A.; Sierra-Pérez, J. In-flight and wireless damage detection in a UAV composite wing
using fiber optic sensors and strain field pattern recognition. Mech. Syst. Signal Process. 2020, 136, 106526. [CrossRef]

He, K.; Gkioxari, G.; Dollar, P.; Girshick, R. Mask R-CNN. IEEE Trans. Pattern Anal. Mach. Intell. 2020, 42, 386-397. [CrossRef]
Addeh, A.; Khormali, A.; Golilarz, N.A. Control chart pattern recognition using RBF neural network with new training algorithm
and practical features. ISA Trans. 2018, 79, 202-216. [CrossRef]

Teh, Y.; Hargrove, L.J. Understanding limb position and external load effects on real-time pattern recognition control in amputees.
IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28, 1605-1613. [CrossRef]

Melati, D.; Grinberg, Y.; Kamandar Dezfouli, M.; Janz, S.; Cheben, P.; Schmid, ].H.; Sanchez-Postigo, A.; Xu, D.X. Mapping the
global design space of nanophotonic components using machine learning pattern recognition. Nat. Commun. 2019, 10, 4775.
[CrossRef]

D’Addona, D.M,; Ullah, AAM.M.S.; Matarazzo, D. Tool-wear prediction and pattern-recognition using artificial neural network
and DNA-based computing. J. Intell. Manuf. 2017, 28, 1285-1301. [CrossRef]

De La Torre Gutierrez, H.; Pham, D.T. Estimation and generation of training patterns for control chart pattern recognition.
Comput. Ind. Eng. 2016, 95, 72-82. [CrossRef]

Wang, Z.; Wang, J.; Wang, Y. An intelligent diagnosis scheme based on generative adversarial learning deep neural networks and
its application to planetary gearbox fault pattern recognition. Neurocomputing 2018, 310, 213-222. [CrossRef]

Abiodun, O.I; Jantan, A.; Omolara, A.E.; Dada, K.V,; Umar, A.M.; Linus, O.U.; Arshad, H.; Kazaure, A.A.; Gana, U.; Kiru,
M.U. Comprehensive review of artificial neural network applications to pattern recognition. IEEE Access 2019, 7, 158820-158846.
[CrossRef]

Wang, Y.; Yan, J.; Sun, Q.; Li, J.; Yang, Z. A MobileNets convolutional neural network for gis partial discharge pattern recognition
in the ubiquitous power internet of things context: Optimization, comparison, and application. IEEE Access 2019, 7, 150226-150236.
[CrossRef]

Hu, J; Liu, D.; Du, C; Yan, E; Ly, C. Intelligent energy management strategy of hybrid energy storage system for electric vehicle
based on driving pattern recognition. Energy 2020, 198, 117298. [CrossRef]

Chaitanya, B.K.; Yadav, A.; Pazoki, M. Reliable islanding detection scheme for distributed generation based on pattern-recognition.
IEEE Trans. Ind. Inform. 2021, 17, 5230-5238. [CrossRef]

Roshani, M.; Phan, G.T.T.; Jammal Muhammad Ali, P.; Hossein Roshani, G.; Hanus, R.; Duong, T.; Corniani, E.; Nazemi, E,;
Mostafa Kalmoun, E. Evaluation of flow pattern recognition and void fraction measurement in two phase flow independent of oil
pipeline’s scale layer thickness. Alex. Eng. J. 2021, 60, 1955-1966. [CrossRef]

Xing, S.; Jiao, Y.; Salehzadeh, M.; Soma, K.K.; Huan, T. Steroid Xtract: Deep learning-based pattern recognition enables compre-
hensive and rapid extraction of steroid-like metabolic features for automated biology-driven metabolomics. Anal. Chem. 2021, 93,
5735-5743. [CrossRef]

Zhao, L.; Shi, G. A trajectory clustering method based on Douglas-Peucker compression and density for marine traffic pattern
recognition. Ocean. Eng. 2019, 172, 456—467. [CrossRef]

Zhang, Z.; Sun, C. Structural damage identification via physics-guided machine learning: A methodology integrating pattern
recognition with finite element model updating. Struct. Health Monit. 2020, 20, 1675-1688. [CrossRef]

Demin, V.A.; Nekhaev, D.V.; Surazhevsky, I.A.; Nikiruy, K.E.; Emelyanov, A.V.; Nikolaev, S.N.; Rylkov, V.V.; Kovalchuk, M.V.
Necessary conditions for STDP-based pattern recognition learning in a memristive spiking neural network. Neural Netw. 2021,
134, 64-75. [CrossRef] [PubMed]

Syed, D.; Abu-Rub, H.; Ghrayeb, A.; Refaat, S.S.; Houchati, M.; Bouhali, O.; Banales, S. Deep learning-based short-term load
forecasting approach in smart grid with clustering and consumption pattern recognition. IEEE Access 2021, 9, 54992-55008.
[CrossRef]

Durén, C.; Ciucci, S.; Palladini, A.; ljaz, U.Z.; Zippo, A.G.; Sterbini, EP.; Masucci, L.; Cammarota, G.; Ianiro, G.; Spuul,
P; et al. Nonlinear machine learning pattern recognition and bacteria-metabolite multilayer network analysis of perturbed gastric
microbiome. Nat. Commun. 2021, 12, 1926. [CrossRef] [PubMed]

Li, H.; Huang, C.; Gu, L. Image pattern recognition in identification of financial bills risk management. Neural Comput. Appl. 2021,
33, 867-876. [CrossRef]

Astolfi, G.; Rezende, EP.C.; Porto, J.V.D.A.; Matsubara, E.T.; Pistori, H. Syntactic pattern recognition in computer vision.
ACM Comput. Surv. 2021, 54, 1-35. [CrossRef]


http://doi.org/10.1007/s11116-017-9840-9
http://doi.org/10.1016/S2095-3119(17)61859-8
http://doi.org/10.1007/s10845-019-01473-0
http://doi.org/10.1016/j.patcog.2018.11.022
http://doi.org/10.1038/s41467-018-07572-5
http://www.ncbi.nlm.nih.gov/pubmed/30504804
http://doi.org/10.1016/j.ymssp.2019.106526
http://doi.org/10.1109/TPAMI.2018.2844175
http://doi.org/10.1016/j.isatra.2018.04.020
http://doi.org/10.1109/TNSRE.2020.2991643
http://doi.org/10.1038/s41467-019-12698-1
http://doi.org/10.1007/s10845-015-1155-0
http://doi.org/10.1016/j.cie.2016.02.016
http://doi.org/10.1016/j.neucom.2018.05.024
http://doi.org/10.1109/ACCESS.2019.2945545
http://doi.org/10.1109/ACCESS.2019.2946662
http://doi.org/10.1016/j.energy.2020.117298
http://doi.org/10.1109/TII.2020.3029675
http://doi.org/10.1016/j.aej.2020.11.043
http://doi.org/10.1021/acs.analchem.0c04834
http://doi.org/10.1016/j.oceaneng.2018.12.019
http://doi.org/10.1177/1475921720927488
http://doi.org/10.1016/j.neunet.2020.11.005
http://www.ncbi.nlm.nih.gov/pubmed/33291017
http://doi.org/10.1109/ACCESS.2021.3071654
http://doi.org/10.1038/s41467-021-22135-x
http://www.ncbi.nlm.nih.gov/pubmed/33771992
http://doi.org/10.1007/s00521-020-05261-3
http://doi.org/10.1145/3447241

Symmetry 2023, 15, 535 26 of 29

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Shu, E; Shu, J. An eight-camera fall detection system using human fall pattern recognition via machine learning by a low-cost
android box. Sci. Rep. 2021, 11, 2471. [CrossRef]

Wei, X.; Chen, W.; Li, X. Exploring the financial indicators to improve the pattern recognition of economic data based on machine
learning. Neural Comput. Appl. 2021, 33, 723-737. [CrossRef]

Urbaniak, I.; Wolter, M. Quality assessment of compressed and resized medical images based on pattern recognition using a
convolutional neural network. Commun. Nonlinear Sci. Numer. Simul. 2021, 95, 105582. [CrossRef]

Lin, X.; Zhang, G.; Wei, S. Velocity prediction using Markov Chain combined with driving pattern recognition and applied to
dual-motor electric vehicle energy consumption evaluation. Appl. Soft Comput. 2021, 101, 106998. [CrossRef]

Ehya, H.; Nysveen, A. Pattern recognition of interturn short circuit fault in a synchronous generator using magnetic flux.
IEEE Trans. Ind. Appl. 2021, 57, 3573-3581. [CrossRef]

Bai, X.; Wang, X.; Liu, X,; Liu, Q.; Song, J.; Sebe, N.; Kim, B. Explainable deep learning for efficient and robust pattern recognition:
A survey of recent developments. Pattern Recognit. 2021, 120, 108102. [CrossRef]

Meng, S.; Pan, R.; Gao, W.; Zhou, J.; Wang, J.; He, W. A multi-task and multi-scale convolutional neural network for automatic
recognition of woven fabric pattern. |. Intell. Manuf. 2021, 32, 1147-1161. [CrossRef]

Qiu, X.; Xu, J.; Xu, W.; Yang, Q.; Wang, F.; Yuan, ]. Diagnosis of damage evolution process for asphalt mixtures using pattern
recognition with acoustic emission signals. Constr. Build. Mater. 2021, 280, 122536. [CrossRef]

Samuel, O.W.; Asogbon, M.G.; Geng, Y.; Al-Timemy, A.H.; Pirbhulal, S.; Ji, N.; Chen, S.; Fang, P; Li, G. Intelligent EMG pattern
recognition control method for upper-limb multifunctional prostheses: Advances, current challenges, and future prospects.
IEEE Access 2019, 7, 10150-10165. [CrossRef]

Entezami, A.; Shariatmadar, H.; Karamodin, A. Data-driven damage diagnosis under environmental and operational variability
by novel statistical pattern recognition methods. Struct. Health Monit. 2018, 18, 1416-1443. [CrossRef]

Xu, J.; Fu, Z.; Han, Q.; Li, H. Fracture monitoring and damage pattern recognition for carbon nanotube-crumb rubber mortar
using acoustic emission techniques. Struct. Control Health Monit. 2019, 26, €2422. [CrossRef]

Kwon, D.; Chung, LY. Capacitive neural network using charge-stored memory cells for pattern recognition applications.
IEEE Electron Device Lett. 2020, 41, 493—-496. [CrossRef]

Yang, X.; Yan, J.; Chen, Z.; Ding, H.; Liu, H. A proportional pattern recognition control scheme for wearable a-mode ultrasound
sensing. IEEE Trans. Ind. Electron. 2019, 67, 800-808. [CrossRef]

Wang, K. Network data management model based on Naive Bayes classifier and deep neural networks in heterogeneous wireless
networks. Comput. Electr. Eng. 2019, 75, 135-145. [CrossRef]

Werbos, PJ. Beyond Regression: New Tools for Prediction and Analysis in the Behavioral Sciences. Ph.D. Thesis, Harvard
University, Cambridge, MA, USA, 1974.

Lecun, Y.; Bengio, Y.; Hinton, G. Deep learning. Nature 2015, 521, 436—444. [CrossRef]

Rumelhart, D.E.; Hinton, G.E.; Williams, R.J. Learning representations by back-propagating errors. Nature 1986, 323, 533-536.
[CrossRef]

Goodfellow, I.; Pouget-Abadie, J.; Mirza, M.; Xu, B.; Warde-Farley, D.; Ozair, S.; Courville, A.; Bengio, Y. Generative adversarial
networks. In Proceedings of the Advances in Neural Information Processing Systems; Association for Computing Machinery; Montreal,
QC, Canada, 8-13 December 2014, pp. 2672-2680.

Hinton, G.E.; Osindero, S.; Teh, YYW. A fast learning algorithm for deep belief nets. Neural Comput. 2006, 18, 1527-1554. [CrossRef]
[PubMed]

Bengio, Y.; Lamblin, P,; Popovici, D.; Larochelle, H. Greedy layer-wise training of deep networks. In Proceedings of the Advances
in Neural Information Processing Systems, Vancouver, BC, Canada, 3—-6 December 2007; pp. 153-160.

Gori, M.; Monfardini, G.; Scarselli, F. A new model for earning in raph domains. In Proceedings of the International Joint
Conference on Neural Networks, Montreal, QC, Canada, 31 July—-4 August 2005; IEEE: Piscataway, NJ, USA; Volume 2,
pp. 729-734.

Montavon, G.; Lapuschkin, S.; Binder, A.; Samek, W.; Miiller, K.R. Explaining nonlinear classification decisions with deep Taylor
decomposition. Pattern Recognit. 2017, 65, 211-222. [CrossRef]

Yin, B.; Yin, H.; Wu, Y;; Jiang, Z. FDC: A secure federated deep learning mechanism for data collaborations in the internet of
things. IEEE Internet Things J. 2020, 7, 6348-6359. [CrossRef]

Sariyer, G.; Mangla, S.K.; Kazancoglu, Y.; Ocal Tasar, C.; Luthra, S. Data analytics for quality management in Industry 4.0 from a
MSME perspective. Ann. Oper. Res. 2021, 1-29. [CrossRef]

Chen, L.C.; Papandreou, G.; Kokkinos, I.; Murphy, K.; Yuille, A.L. DeepLab: Semantic image segmentation with deep con-
volutional nets, atrous convolution, and fully connected CRFs. IEEE Trans. Pattern Anal. Mach. Intell. 2018, 40, 834-848.
[CrossRef]

Wu, Z,; Pan, S.; Chen, F,; Long, G.; Zhang, C.; Yu, P.S. A comprehensive survey on graph neural networks. IEEE Trans. Neural
Netw. Learn. Syst. 2020, 32, 4-24. [CrossRef]

Shao, H.; Jiang, H.; Zhang, H.; Liang, T. Electric locomotive bearing fault diagnosis using a novel convolutional deep belief
network. IEEE Trans. Ind. Electron. 2018, 65, 2727-2736. [CrossRef]

Zhang, H.; Sindagi, V.; Patel, V.M. Image de-raining using a conditional generative adversarial network. IEEE Trans. Circuits Syst.
Video Technol. 2020, 30, 3943-3956. [CrossRef]


http://doi.org/10.1038/s41598-021-81115-9
http://doi.org/10.1007/s00521-020-05094-0
http://doi.org/10.1016/j.cnsns.2020.105582
http://doi.org/10.1016/j.asoc.2020.106998
http://doi.org/10.1109/TIA.2021.3072881
http://doi.org/10.1016/j.patcog.2021.108102
http://doi.org/10.1007/s10845-020-01607-9
http://doi.org/10.1016/j.conbuildmat.2021.122536
http://doi.org/10.1109/ACCESS.2019.2891350
http://doi.org/10.1177/1475921718800306
http://doi.org/10.1002/stc.2422
http://doi.org/10.1109/LED.2020.2969695
http://doi.org/10.1109/TIE.2019.2898614
http://doi.org/10.1016/j.compeleceng.2019.02.015
http://doi.org/10.1038/nature14539
http://doi.org/10.1038/323533a0
http://doi.org/10.1162/neco.2006.18.7.1527
http://www.ncbi.nlm.nih.gov/pubmed/16764513
http://doi.org/10.1016/j.patcog.2016.11.008
http://doi.org/10.1109/JIOT.2020.2966778
http://doi.org/10.1007/s10479-021-04215-9
http://doi.org/10.1109/TPAMI.2017.2699184
http://doi.org/10.1109/TNNLS.2020.2978386
http://doi.org/10.1109/TIE.2017.2745473
http://doi.org/10.1109/TCSVT.2019.2920407

Symmetry 2023, 15, 535 27 of 29

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134.

135.

136.

Oh, S.L.; Hagiwara, Y.; Raghavendra, U.; Yuvaraj, R.; Arunkumar, N.; Murugappan, M.; Acharya, U.R. A deep learning approach
for Parkinson’s disease diagnosis from EEG signals. Neural Comput. Appl. 2018, 32, 10927-10933. [CrossRef]

Kong, W,; Dong, Z.Y,; Jia, Y,; Hill, D.J.; Xu, Y.; Zhang, Y. Short-term residential load forecasting based on LSTM recurrent neural
network. IEEE Trans. Smart Grid 2017, 10, 841-851. [CrossRef]

Gama, F; Isufi, E.; Leus, G.; Ribeiro, A. Graphs, convolutions, and neural networks: From graph filters to graph neural networks.
IEEE Signal Process. Mag. 2020, 37, 128-138. [CrossRef]

Bello, G.A.; Dawes, T.J.W.; Duan, J.; Biffi, C.; de Marvao, A.; Howard, L.S.G.E.; Gibbs, ].S.R.; Wilkins, M.R.; Cook, S.A.; Rueckert,
D.; et al. Deep-learning cardiac motion analysis for human survival prediction. Nat. Mach. Intell. 2019, 1, 95-104. [CrossRef]
[PubMed]

Gu, J.; Wang, Z.; Kuen, J.; Ma, L.; Shahroudy, A.; Shuai, B.; Liu, T.; Wang, X.; Wang, G.; Cai, J.; et al. Recent advances in
convolutional neural networks. Pattern Recognit. 2018, 77, 354-377. [CrossRef]

Ashrafzadeh, A.; Ghorbani, M.A.; Biazar, S.M.; Yaseen, Z.M. Evaporation process modelling over northern Iran: Application of
an integrative data-intelligence model with the krill herd optimization algorithm. Hydrol. Sci. J. 2019, 64, 1843-1856. [CrossRef]
Protopapadakis, E.; Doulamis, A.; Doulamis, N.; Maltezos, E. Stacked autoencoders driven by semi-supervised learning for
building extraction from near infrared remote sensing imagery. Remote Sens. 2021, 13, 371. [CrossRef]

Yang, J.; Sim, K; Gao, X.; Lu, W.; Meng, Q.; Li, B. A blind stereoscopic image quality evaluator with segmented stacked
autoencoders considering the whole visual perception route. IEEE Trans. Image Process. 2019, 28, 1314-1328. [CrossRef]

Wu, Y,; Tan, H.; Qin, L.; Ran, B.; Jiang, Z. A hybrid deep learning based traffic flow prediction method and its understanding.
Transp. Res. Part C Emerg. Technol. 2018, 90, 166—180. [CrossRef]

Lin, J.; Li, N.H.; Alam, M.A.; Ma, Y. Data-driven missing data imputation in cluster monitoring system based on deep neural
network. Appl. Intell. 2020, 50, 860-877. [CrossRef]

Zhang, P; Wang, C.; Jiang, C.; Han, Z. Deep reinforcement learning assisted federated learning algorithm for data management of
HoT. IEEE Trans. Ind. Inform. 2021, 17, 8475-8484. [CrossRef]

Guo, L.; Lei, Y;; Xing, S.; Yan, T; Li, N. Deep convolutional transfer learning network: A new method for intelligent fault diagnosis
of machines with unlabeled data. IEEE Trans. Ind. Electron. 2019, 66, 7316-7325. [CrossRef]

Karaca, Y.; Moonis, M.; Zhang, Y.D.; Gezgez, C. Mobile cloud computing based stroke healthcare system. Int. J. Inf. Manag. 2019,
45,250-261. [CrossRef]

Zhang, K.; He, Z.; Zheng, L.; Zhao, L.; Wu, L. A generative adversarial network for travel times imputation using trajectory data.
Comput. Civ. Infrastruct. Eng. 2021, 36, 197-212. [CrossRef]

Duan, Y.; Ly, Y; Liu, Y.L.; Wang, EY. An efficient realization of deep learning for traffic data imputation. Transp. Res. Part C Emerg.
Technol. 2016, 72, 168-181. [CrossRef]

Shorten, C.; Khoshgoftaar, T.M. A survey on image data augmentation for deep learning. J. Big Data 2019, 6, 60. [CrossRef]
Kosasih, E.E.; Brintrup, A. A machine learning approach for predicting hidden links in supply chain with graph neural networks.
Int. J. Prod. Res. 2021, 60, 5380-5393. [CrossRef]

Oh, B.K,; Glisic, B.; Kim, Y.; Park, H.S. Convolutional neural network-based data recovery method for structural health monitoring.
Struct. Health Monit. 2020, 19, 1821-1838. [CrossRef]

Zhao, L.; Zhou, Y.; Lu, H.; Fujita, H. Parallel computing method of deep belief networks and its application to traffic flow
prediction. Knowl. Based Syst. 2019, 163, 972-987. [CrossRef]

Lillicrap, T.P.; Cownden, D.; Tweed, D.B.; Akerman, C.J. Random synaptic feedback weights support error backpropagation for
deep learning. Nat. Commun. 2016, 7, 13276. [CrossRef]

Biisch, S.; Nissen, V.; Wiinscher, A. Automatic classification of data-warehouse-data for information lifecycle management using
machine learning techniques. Inf. Syst. Front. 2017, 19, 1085-1099. [CrossRef]

Wen, L.; Li, X,; Gao, L.; Zhang, Y. A new convolutional neural network-based data-driven fault diagnosis method. IEEE Trans.
Ind. Electron. 2018, 65, 5990-5998. [CrossRef]

Waheed, A.; Goyal, M.; Gupta, D.; Khanna, A.; Al-Turjman, F; Pinheiro, PR. CovidGAN: Data augmentation using auxiliary
classifier GAN for improved COVID-19 detection. IEEE Access 2020, 8, 91916-91923. [CrossRef] [PubMed]

Uddin, M.Z.; Hassan, M.M.; Almogren, A.; Alamri, A.; Alrubaian, M.; Fortino, G. Facial expression recognition utilizing local
direction-based robust features and deep belief network. IEEE Access 2017, 5, 4525-4536. [CrossRef]

Wu, X.; Sahoo, D.; Hoi, S.C.H. Recent advances in deep learning for object detection. Neurocomputing 2020, 396, 39-64. [CrossRef]
Wang, J.; Sun, K.; Cheng, T.; Jiang, B.; Deng, C.; Zhao, Y.; Liu, D.; Mu, Y.; Tan, M.; Wang, X.; et al. Deep high-resolution
representation learning for visual recognition. IEEE Trans. Pattern Anal. Mach. Intell. 2020, 43, 3349-3364. [CrossRef]

Cortez, B.; Carrera, B.; Kim, Y.J.; Jung, ].Y. An architecture for emergency event prediction using LSTM recurrent neural networks.
Expert Syst. Appl. 2018, 97, 315-324. [CrossRef]

Ruiz, L.; Gama, F,; Ribeiro, A. Graph neural networks: Architectures, stability, and transferability. Proc. IEEE 2021, 109, 660-682.
[CrossRef]

Ordoéiiez, EJ.; Roggen, D. Deep convolutional and LSTM recurrent neural networks for multimodal wearable activity recognition.
Sensors 2016, 16, 115. [CrossRef]

Yu, J.; Zhu, C.; Zhang, J.; Huang, Q.; Tao, D. Spatial pyramid-enhanced NetVLAD with weighted triplet loss for place recognition.
IEEE Trans. Neural Netw. Learn. Syst. 2019, 31, 661-674. [CrossRef]


http://doi.org/10.1007/s00521-018-3689-5
http://doi.org/10.1109/TSG.2017.2753802
http://doi.org/10.1109/MSP.2020.3016143
http://doi.org/10.1038/s42256-019-0019-2
http://www.ncbi.nlm.nih.gov/pubmed/30801055
http://doi.org/10.1016/j.patcog.2017.10.013
http://doi.org/10.1080/02626667.2019.1676428
http://doi.org/10.3390/rs13030371
http://doi.org/10.1109/TIP.2018.2878283
http://doi.org/10.1016/j.trc.2018.03.001
http://doi.org/10.1007/s10489-019-01560-y
http://doi.org/10.1109/TII.2021.3064351
http://doi.org/10.1109/TIE.2018.2877090
http://doi.org/10.1016/j.ijinfomgt.2018.09.012
http://doi.org/10.1111/mice.12595
http://doi.org/10.1016/j.trc.2016.09.015
http://doi.org/10.1186/s40537-019-0197-0
http://doi.org/10.1080/00207543.2021.1956697
http://doi.org/10.1177/1475921719897571
http://doi.org/10.1016/j.knosys.2018.10.025
http://doi.org/10.1038/ncomms13276
http://doi.org/10.1007/s10796-016-9680-8
http://doi.org/10.1109/TIE.2017.2774777
http://doi.org/10.1109/ACCESS.2020.2994762
http://www.ncbi.nlm.nih.gov/pubmed/34192100
http://doi.org/10.1109/ACCESS.2017.2676238
http://doi.org/10.1016/j.neucom.2020.01.085
http://doi.org/10.1109/TPAMI.2020.2983686
http://doi.org/10.1016/j.eswa.2017.12.037
http://doi.org/10.1109/JPROC.2021.3055400
http://doi.org/10.3390/s16010115
http://doi.org/10.1109/TNNLS.2019.2908982

Symmetry 2023, 15, 535 28 of 29

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Ren, S.; He, K.; Girshick, R.; Sun, ]. Faster R-CNN: Towards real-time object detection with region proposal networks. IEEE Trans.
Pattern Anal. Mach. Intell. 2017, 39, 1137-1149. [CrossRef]

Alzubaidi, L.; Zhang, J.; Humaidi, A.J.; Al-Dujaili, A.; Duan, Y.; Al-Shamma, O.; Santamaria, J.; Fadhel, M.A.; Al-Amidie, M.;
Farhan, L. Review of deep learning: Concepts, CNN architectures, challenges, applications, future directions. J. Big Data 2021,
8, 53. [CrossRef]

Demir, F. DeepCoroNet: A deep LSTM approach for automated detection of COVID-19 cases from chest X-ray images. Appl. Soft
Comput. 2021, 103, 107160. [CrossRef] [PubMed]

Shi, H.; Xu, M,; Li, R. Deep learning for household load forecasting-a novel pooling deep RNN. IEEE Trans. Smart Grid 2018, 9,
5271-5280. [CrossRef]

Perol, T.; Gharbi, M.; Denolle, M. Convolutional neural network for earthquake detection and location. Sci. Adv. 2018, 4, e1700578.
[CrossRef] [PubMed]

Fombellida, J.; Martin-Rubio, I.; Torres-Alegre, S.; Andina, D. Tackling business intelligence with bioinspired deep learning.
Neural Comput. Appl. 2018, 32, 13195-13202. [CrossRef]

Li, J.; Wu, Q.; Tian, Y.; Fan, L. Monthly Henry Hub natural gas spot prices forecasting using variational mode decomposition and
deep belief network. Energy 2021, 227, 120478. [CrossRef]

Lee, S.; Tariq, S.; Shin, Y.; Woo, S.S. Detecting handcrafted facial image manipulations and GAN-generated facial images using
Shallow-FakeFaceNet. Appl. Soft Comput. 2021, 105, 107256. [CrossRef]

Araujo, T.; Aresta, G.; Castro, E.; Rouco, J.; Aguiar, P; Eloy, C.; Polonia, A.; Campilho, A. Classification of breast cancer histology
images using convolutional neural networks. PLoS ONE 2017, 12, e0177544. [CrossRef]

Schiitt, K.T.; Arbabzadah, F; Chmiela, S.; Miiller, K.R.; Tkatchenko, A. Quantum-chemical insights from deep tensor neural
networks. Nat. Commun. 2017, 8, 13890. [CrossRef]

Mehdiyev, N.; Evermann, J.; Fettke, P. A novel business process prediction model using a deep learning method. Bus. Inf. Syst.
Eng. 2020, 62, 143-157. [CrossRef]

Kim, J.Y.; Cho, S.B. A systematic analysis and guidelines of graph neural networks for practical applications. Expert Syst. Appl.
2021, 184, 115466. [CrossRef]

Frid-Adar, M.; Diamant, I.; Klang, E.; Amitai, M.; Goldberger, ].; Greenspan, H. GAN-based synthetic medical image augmentation
for increased CNN performance in liver lesion classification. Neurocomputing 2018, 321, 321-331. [CrossRef]

Guo, L,; Li, N,; Jia, F; Lei, Y,; Lin, J. A recurrent neural network based health indicator for remaining useful life prediction of
bearings. Neurocomputing 2017, 240, 98-109. [CrossRef]

Chowdhury, M.E.H.; Rahman, T.; Khandakar, A.; Mazhar, R.; Kadir, M.A.; Mahbub, Z.B.; Islam, K.R.; Khan, M.S.; Igbal, A.; Emadi,
N.A,; et al. Can AI help in screening viral and COVID-19 Pneumonia? IEEE Access 2020, 8, 132665-132676. [CrossRef]

Lu, K.D.; Zeng, G.Q.; Luo, X.; Weng, J.; Luo, W.; Wu, Y. Evolutionary deep belief network for cyber-attack detection in industrial
automation and control system. IEEE Trans. Ind. Inform. 2021, 17, 7618-7627. [CrossRef]

Polson, N.G.; Sokolov, V.O. Deep learning for short-term traffic flow prediction. Transp. Res. Part C Emerg. Technol. 2017, 79, 1-17.
[CrossRef]

Gama, F; Bruna, J.; Ribeiro, A. Stability properties of graph neural networks. IEEE Trans. Signal Process. 2020, 68, 5680-5695.
[CrossRef]

Liu, W.; Zeng, G.; Hu, K. Growth scale prediction of big data for information systems based on a deep learning SAEP method.
IEEE Access 2020, 8, 62883-62894. [CrossRef]

Sun, Y,; Xue, B.; Zhang, M.; Yen, G.G,; Lv, J. Automatically designing CNN architectures using the genetic algorithm for image
classification. IEEE Trans. Cybern. 2020, 50, 3840-3854. [CrossRef]

Pham, T.H.; Qiu, Y.; Zeng, J.; Xie, L.; Zhang, P. A deep learning framework for high-throughput mechanism-driven phenotype
compound screening and its application to COVID-19 drug repurposing. Nat. Mach. Intell. 2021, 3, 247-257. [CrossRef]
Krizhevsky, A.; Sutskever, I.; Hinton, G.E. ImageNet classification with deep convolutional neural networks. Commun. ACM 2012,
60, 84-90. [CrossRef]

Simonyan, K.; Zisserman, A. Very deep convolutional networks for large-scale image recognition. In Proceedings of the
International Conference on Learning Representations, San Diego, CA, USA, 7-9 May 2015.

He, K.; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the Conference on Computer
Vision and Pattern Recognition, Las vegas, NV, USA, 27-30 June 2016; IEEE: Piscataway, NJ, USA, 2016; pp. 770-778.

Szegedy, C.; Vanhoucke, V.; Ioffe, S.; Shlens, J.; Wojna, Z. Rethinking the inception architecture for computer vision. In Proceedings
of the Conference on Computer Vision and Pattern Recognition, Las vegas, NV, USA, 27-30 June 2016; IEEE: Piscataway, NJ, USA,
2016; pp. 2818-2826.

Szegedy, C.; Liu, W,; Jia, Y.; Sermanet, P.; Reed, S.; Anguelov, D.; Erhan, D.; Vanhoucke, V.; Rabinovich, A. Going deeper with
convolutions. In Proceedings of the Conference on Computer Vision and Pattern Recognition, Boston, MA, USA, 7-12 June 2015;
IEEE: Piscataway, NJ, USA; pp. 1-9.

Huang, G.; Liu, Z.; van der Maaten, L.; Weinberger, K.Q. Densely connected convolutional networks. In Proceedings of the
Conference on Computer Vision and Pattern Recognition, Honolulu, HI, USA, 21-26 July 2017; IEEE: Piscataway, NJ, USA, 2017;
pp. 4700-4708.


http://doi.org/10.1109/TPAMI.2016.2577031
http://doi.org/10.1186/s40537-021-00444-8
http://doi.org/10.1016/j.asoc.2021.107160
http://www.ncbi.nlm.nih.gov/pubmed/33584157
http://doi.org/10.1109/TSG.2017.2686012
http://doi.org/10.1126/sciadv.1700578
http://www.ncbi.nlm.nih.gov/pubmed/29487899
http://doi.org/10.1007/s00521-018-3377-5
http://doi.org/10.1016/j.energy.2021.120478
http://doi.org/10.1016/j.asoc.2021.107256
http://doi.org/10.1371/journal.pone.0177544
http://doi.org/10.1038/ncomms13890
http://doi.org/10.1007/s12599-018-0551-3
http://doi.org/10.1016/j.eswa.2021.115466
http://doi.org/10.1016/j.neucom.2018.09.013
http://doi.org/10.1016/j.neucom.2017.02.045
http://doi.org/10.1109/ACCESS.2020.3010287
http://doi.org/10.1109/TII.2021.3053304
http://doi.org/10.1016/j.trc.2017.02.024
http://doi.org/10.1109/TSP.2020.3026980
http://doi.org/10.1109/ACCESS.2020.2966770
http://doi.org/10.1109/TCYB.2020.2983860
http://doi.org/10.1038/s42256-020-00285-9
http://doi.org/10.1145/3065386

Symmetry 2023, 15, 535 29 of 29

164.

165.
166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.
180.
181.
182.
183.
184.
185.

186.

Sabour, S.; Frosst, N.; Hinton, G.E. Dynamic routing between capsules. In Proceedings of the Advances in Neural Information
Processing Systems, Long Beach, CA, USA, 4-9 December 2017; pp. 3857-3867.

Neuendorf, K.A. The Content Analysis Guidebook, 2nd ed.; SAGE Publications: Cleveland, OH, USA, 2017.

Serey, J.; Quezada, L.; Alfaro, M.; Fuertes, G.; Ternero, R.; Gatica, G.; Gutierrez, S.; Vargas, M. Methodological proposals for the
development of services in a smart city: A literature review. Sustainability 2020, 12, 10249. [CrossRef]

Fuertes, G.; Soto, L; Carrasco, R.; Vargas, M.; Sabattin, J.; Lagos, C. Intelligent packaging Systems: Sensors and Nanosensors to
Monitor Food Quality and Safety. J. Sens. 2016, 2016, 4046061. [CrossRef]

Keele, S. Guidelines for Performing Systematic Literature Reviews in Software Engineering. In Technical Report, Version 2.3; EBSE:
Durham, UK, 2007.

Banguera, L.; Sepulveda, ].M.; Fuertes, G.; Carrasco, R.; Vargas, M. Reverse and inverse logistic models for solid waste
management. South Afr. |. Ind. Eng. 2017, 28, 120-132. [CrossRef]

Fuertes, G.; Alfaro, M.; Vargas, M.; Gutierrez, S.; Ternero, R.; Sabattin, J. Conceptual framework for the strategic management:
A literature review—Descriptive. J. Eng. 2020, 2020, 6253013. [CrossRef]

Horkoff, J.; Aydemir, F.B.; Cardoso, E.; Li, T.; Maté, A.; Paja, E.; Salnitri, M.; Piras, L.; Mylopoulos, J.; Giorgini, P. Goal-oriented
requirements engineering: An extended systematic mapping study. Requir. Eng. 2019, 24, 133-160. [CrossRef]

Vargas, M.; Alfaro, M.; Karstegl, N.; Fuertes, G.; Gracia, M.D.; Mar-Ortiz, J.; Sabattin, J.; Duran, C.; Leal, N. Reverse Logistics for
Solid Waste from the Construction Industry. Adv. Civ. Eng. 2021, 2021, 6654718. [CrossRef]

Valenzuela, J.; Alfaro, M.; Fuertes, G.; Vargas, M.; Sdez-Navarrete, C. Reverse logistics models for the collection of plastic waste:
A literature review. Waste Manag. Res. 2021, 39, 1-19. [CrossRef]

Hamid, R.A.; Albahri, A.S.; Alwan, ] K.; Al-Qaysi, Z.T.; Albahri, O.S.; Zaidan, A.A.; Alnoor, A.; Alamoodi, A.H.; Zaidan, B.B.
How smart is e-tourism? A systematic review of smart tourism recommendation system applying data management. Comput. Sci.
Rev. 2021, 39, 100337. [CrossRef]

Ribeiro-Navarrete, S.; Saura, J.R.; Palacios-Marqués, D. Towards a new era of mass data collection: Assessing pandemic
surveillance technologies to preserve user privacy. Technol. Forecast. Soc. Change 2021, 167, 120681. [CrossRef]

Garg, A.; Mago, V. Role of machine learning in medical research: A survey. Comput. Sci. Rev. 2021, 40, 100370. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. Syst. Rev. 2020, 10, 89.
[CrossRef] [PubMed]

Page, M.].; Moher, D.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A.; Brennan,
S.E.; et al. PRISMA 2020 explanation and elaboration: Updated guidance and exemplars for reporting systematic reviews.
MetaArXiv 2020, 372, n160. [CrossRef] [PubMed]

Google Scholar H5-Index. Available online: https:/ /scholar.google.com/citations?view_op=top_venues&hl=es&vq=en (accessed
on 25 November 2021).

Scimago Journal & Country Rank SJR. Available online: https:/ /www.scimagojr.com/ (accessed on 25 November 2021).

Tang, J.; Li, S.; Liu, P. A review of lane detection methods based on deep learning. Pattern Recognit. 2021, 111, 107623. [CrossRef]
Chen, M.; Ma, T.; Zhou, X. CoOCNN: Co-occurrence CNN for recommendation. Expert Syst. Appl. 2022, 195, 116595. [CrossRef]
Fekri-Ershad, S.; Ramakrishnan, S. Cervical cancer diagnosis based on modified uniform local ternary patterns and feed forward
multilayer network optimized by genetic algorithm. Comput. Biol. Med. 2022, 144, 105392. [CrossRef]

Alsaffar, M.F,; Jawad, M.A.; Mn, A.-T. DNA repair genes (APE1 and XRCC1) polymorphisms—Cadmium interaction in fuel
station workers. J. Pharm. Negat. Results 2022, 13, 32-37. [CrossRef]

Pourkaramdel, Z.; Fekri-Ershad, S.; Nanni, L. Fabric defect detection based on completed local quartet patterns and majority
decision algorithm. Expert Syst. Appl. 2022, 198, 116827. [CrossRef]

Serey, J.; Quezada, L.; Alfaro, M.; Fuertes, G.; Vargas, M.; Ternero, R.; Sabattin, J.; Duran, C.; Gutierrez, S. Artificial intelligence
methodologies for data management. Symmetry 2021, 13, 2040. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/su122410249
http://doi.org/10.1155/2016/4046061
http://doi.org/10.7166/28-4-1701
http://doi.org/10.1155/2020/6253013
http://doi.org/10.1007/s00766-017-0280-z
http://doi.org/10.1155/2021/6654718
http://doi.org/10.1177/0734242X211003948
http://doi.org/10.1016/j.cosrev.2020.100337
http://doi.org/10.1016/j.techfore.2021.120681
http://doi.org/10.1016/j.cosrev.2021.100370
http://doi.org/10.1186/s13643-021-01626-4
http://www.ncbi.nlm.nih.gov/pubmed/33781348
http://doi.org/10.1136/bmj.n160
http://www.ncbi.nlm.nih.gov/pubmed/33781993
https://scholar.google.com/citations?view_op=top_venues&hl=es&vq=en
https://www.scimagojr.com/
http://doi.org/10.1016/j.patcog.2020.107623
http://doi.org/10.1016/j.eswa.2022.116595
http://doi.org/10.1016/j.compbiomed.2022.105392
http://doi.org/10.47750/pnr.2022.13.02.005
http://doi.org/10.1016/j.eswa.2022.116827
http://doi.org/10.3390/sym13112040

	Introduction 
	Scope and Motives for the Study 
	Previous Research 
	Main Contributions of This Paper 

	Literature Review 
	Pattern Recognition 
	Deep Learning 

	Methodology 
	Study Search 
	Study Selection 

	Descriptive Study Analysis 
	Discussion 
	Conclusions 
	References

