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Abstract-Sentiment analysis plays an important role in obtaining
speakers' opinions or feelings towards events, products, topics, or
services, helping businesses to improve their products. Moreover,
governments and organizations investigate and solve current
social issues by analyzing perspectives and feelings. This study
evaluated the habit of chewing Khat (qat) leaves among the
Yemeni society. Chewing Khat plant leaves, is a common habit in
Yemen and East Africa. This paper proposes a model to detect
information about the Khat chewing habit, how people explore it,
and the preference for Khat leaves among Arabic people. A
dataset consisting of user comments on 18 youtube videos was
prepared through several natural language processing
techniques. Several experiments were conducted using six
machine learning classifiers and four ensemble methods. Support
Vector Machine and Linear Regression had almost 80%
accuracy, whereas xgboot was the most accurate ensemble
method reaching 77%.
Keywords-sentiment analysis; machine learning; classification;
ensemble methods

I.

INTRODUCTION

Nowadays, the study of user opinions has attracted
substantial attention in social perspectives, focusing on
services, products, and habits through many data mining
applications, recommender systems, and business intelligence
applications. The analysis and interpretation of user opinions
are altogether known as sentiment analysis, which is an area of
natural language processing, also kwon as the voice of the
customer in business intelligence [1, 2]. Business owners need
to be aware of feedback to improve future performance. Such a
time-consuming and difficult task is used in the analysis of
huge unstructured data gathered through social media or
internet comments. Several studies have been conducted,
classifying sentiments as positive, negative, or neutral [3, 4, 6].
More complex sentiment analysis [7-10], often referred to as
fine-grained, classify datasets into five classes, namely very
positive, positive, neutral, negative, and very negative.
Moreover, aspect-based sentiment analysis [11-14] classifies
datasets by extracting entities from text.
Users' comments are often an outcome of their opinions,
and they can be considered as the main factor in evaluating
services or products. Some studies focused on education [15,
16], while other researches focused on detecting health

misinformation on social media users [18, 19]. Khat is a type of
plant that pleases and stimulates, and chewing Khat leaves is a
commonly seen habit in Yemen and East Africa [21-23].
Although it is customary in these countries, several
experiments showed its direct impact on human organs. This
paper presents a model to study consumers' opinions regarding
the habit of chewing Khat leaves in Yemeni and East African
society. At first, the dataset was collected by extracting user
comments from 18 youtube videos. The annotation process
classified the data into positive and negative fractions. Several
NLP processes were executed to prepare the data for Machine
Learning Classifiers (MLCs) and Ensemble Methods (EMs).
II. RELATED WORKS
Several studies utilized sentiment analysis in different
ways. Multilingual student comments, obtained through student
feedback, were used to evaluate online courses' effectiveness
and teachers' performance in [3, 15-17]. In [3], the dataset was
collected using approximately 4000 student comments through
surveys conducted on 25 university courses to evaluate the
performance of a professor who had been teaching for 10 years,
while the sentiment analysis was directed including positive,
negative, and eight more emotions. Similarly, authors in [15]
proposed a system to evaluate a lecturer's performance by
collecting data through student surveys via a rating system in a
form of numerical data. The MLC Naïve Bays was employed
to predicate the positive and negative students’ sentiments
toward the lectures. A recurrent neural network of long and
short term memory in deep learning was utilized in [16]. The
dataset was collected from 3000 positive, negative, and neutral
student comments on 30 courses. The performance improved
when using the softmax activation function, reaching 89%,
99%, and 90% during training, testing, and validation,
respectively. Deep learning was applied on a course evaluation
dataset with 3000 student comments using three predefined
classes in [17], while the results showed that relu and softmax
performed better.
Sentiment analysis is used to identify the main factors
affecting the success of businesses, particularly start-ups. In
[1], user comments were extracted from Twitter using topic
modeling and applying supervised vector machine learning to
divide comments into three main classes. The textual analysis
was applied based on the entities trained in the previous phase
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using Nvivo software. In [4], an analysis of a massive amount
of user comments (approximately 1.6 million) from the Yelp
Challenge Dataset was conducted. The dataset was divided to
20% for testing and 80% for training, using four machine
learning classifiers. The best accuracy rate reached 92.6% and
92.3% under Stochastic Gradient Descent and Linear Support
Vector Classification respectively. Similarly, the same dataset
was utilized in [2] to analyze restaurant reviews through a
hybrid classifier ensemble method using Naïve Bayes, Support
Vector Machines, and Genetic Algorithms.
Some health sector studies have also been conducted [18,
19]. Authors in [18] focused on tweets on breast cancer,
collecting user comments from approximately 845 cancer
patient accounts with 48,000 posts. The logistic regression
classifier and a Convolutional Neural Network was utilized in
the process, and the model's performance accuracy was 97.6%.
Besides, it was found that positive experiences had more
shares, providing more awareness to the general public.
Descriptive statistics of text mining and topic modeling were
utilized in [19]. Unstructured data from 3 million news articles
on Reuters assisted in identifying the 10 major health issues
published in news articles from 2007 to 2017. On the contrary,
the analysis of user reviews on mobile health applications was
prioritized in [8], collecting data from 104 mobile health
applications with approximately 88,125 user reviews. The data
were categorized based on each comment's functionality (such
as usability, content, customer support, and ethics), the polarity
concept was divided into three classes, and five machine
classifiers were applied. The best accuracy was recorded at
89.42% through Stochastic Gradient Descent.
III.

METHODS

This section describes the main model phases, as shown in
Figure 1. There are four phases: data acquisition, preprocessing, machine learning classifiers, and model evaluation.
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TABLE I.
Items
Negative
Positive
Total
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Min length

Average

427

1

17

B. Phase 2: Pre-processing
The natural language pre-processing steps were: data
cleaning, tokenization, normalization of Arabic words,
lemmatization, deletion of special characters, and removal of
repeating characters. Then, the annotation was performed by
three annotators into positive and negative. These preprocessing steps increased accuracy by removing "TSHKEEL",
"TATWEEL", and "HAMZAH" using Python 3.6 and a
package called “tashaphyne”.
C. Phase 3: Machine Learning Classifiers
Two types of MLCs were used: classic MLCs and
Ensemble Methods (EMs). The MLCs were Linear Regression
(LR), Naïve Bayes (NB), Support Vector Machine (SVM), Knearest Neighbor (KNN), Stochastic Gradient Descent (SGD),
and Decision Tree (DT). The EMs were Random Forest (RF),
Adaboost (ADA), Gradient Booting (BG), and xgboost (XG).
D. Phase 4: Model Evaluation
The model's performance was verified using Precision (1),
Recall (2), F-Score (3), Accuracy (4), and 5-fold crossvalidation on the dataset.

F

A. Phase 1: Data Acquisition
The dataset was collected using Python 3.8 programming
language and YouTube API (googleapiclient package), for
information extracting from 18 videos related to chewing Khat.
The criteria for selecting videos were: published date between
2015-2020, more than 50K views, more than 10K likes, and
focus on Arabic speakers. Moreover, some keywords were
used to locate the videos, such as Khat, Khat is dangerous, and
disadvantages of Khat. The main attributes for the extracted
video information were: commenter_id, commenter_name,
comment, video_id, number of views, number of likes, and
date. Table I shows the dataset description and the minimum
and maximum length of user comments.

Max length

The initial step of data preprocessing was carried out,
removing English or duplicate comments. The next step, data
annotation, was a manual process conducted with the assistance
of three annotators that were Ph.D. holders, Arabic native
speakers, and computer science specialists. Data annotation
classified the comments into negative and positive. Some
unrelated, unclear, or ambiguous comments were removed. If
two annotators classified comments as either positive or
negative then comments were considered respectively,
otherwise, the comments were removed.
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IV. RESULTS AND DISCUSSION
This section presents the experiments and the results. Two
experiments were conducted on the dataset: classic MLCs and
EMs. In both experiments, the dataset was divided into 70% for
training and 30% for testing, while 5-fold cross-validation was
applied.
A. Classic Machine Learning Classifiers
As mentioned above, six classic MLCs were used. The ngram with Unigram, Bigram, and Trigram was used with all six
classifiers to examine their performance. Table II shows the
results using Unigram in the six classifiers. It can be observed
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that the SVM classifier had the highest performance accuracy
(80.12%), while the lowest accuracy was noted on KNN
(65%).
TABLE II.
MLCs
LR
NB
SVM
KNN
SGD
DT

Class
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive

CLASSIFIERS' PERFORMANCE USING UNIGRAM

Precision
84%
75%
63%
81%
84%
76%
94%
34%
81%
74%
74%
68%

Recall
78%
81%
78%
68%
79%
82%
60%
84%
77%
79%
71%
72%

F-score
81%
78%
70%
74%
81%
79%
73%
49%
79%
76%
73%
70%

Accuracy
79.39%
71.95%
80.12%
65.00%
77.80%
71.34%

Table III shows the MLCs performance using bigram. SVM
had the highest accuracy (79.76%), whereas the lowest
performance was noted on KNN (65.24%).
TABLE III.

Fig. 2.

Accuracy comparison for 6 MLCs on three n-grams.

B. Ensemble Methods
The four mentioned above common methods were used.
Table IV shows the accuracy of these EMs. The highest
accuracy was recorded for XG, while the lowest was noted for
GB. Figure 3 demonstrates the accuracy of the DT classifier
using Unigram, Bigram, and Trigram compared to RF. As it
can be noted, RF outperformed DT.

CLASSIFIERS' PERFORMANCE USING BIGRAM

TABLE V.
MLCs
LR
NB
SVM
KNN
SGD
DT

Class
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive

Precision
83%
75%
63%
82%
83%
76%
91%
37%
79%
76%
77%
64%

Recall
78%
80%
78%
68%
79%
81%
61%
81%
78%
78%
69%
72%

F-score
80%
77%
70%
74%
81%
78%
73%
51%
79%
77%
73%
68%

ENSEMBLE CLASSIFIERS' PERFORMANCE

Accuracy
78.90%

EMs
RF

72.07%
ADA
79.76%
GB
65.24%
XG

Class
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive

Precision
83%
68%
80%
71%
81%
68%
82%
72%

Recall
73%
79%
75%
77%
73%
77%
76%
79%

F-score
78%
73%
77%
74%
77%
72%
79%
75%

Accuracy
75%
75%
74%
77%

77.80%
70.49%

Table IV shows the MLCs performance using trigram. The
highest accuracy was 79.51% using SVM, whereas the lowest
was noted again for KNN (65.12%). Figure 2 depicts the
overall MLCs results for Unigram, Bigram, and Trigram.
Although SVM had the highest accuracy, it was followed
closely by both LR and SGD at almost 80%. NB's and DT's
accuracies were near 70%, whereas KNN was less accurate.
TABLE IV.
MLCs
LR
NB
SVM
KNN
SGD
DT

Class
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive
Negative
Positive

CLASSIFIERS PERFORMANCE USING TRIGRAM

Precision
83%
75%
63%
81%
83%
76%
91%
37%
76%
77%
78%
59%

Recall
78%
80%
78%
67%
78%
81%
61%
80%
78%
75%
67%
72%

F-score
80%
77%
69%
73%
81%
78%
73%
51%
77%
76%
72%
65%

Fig. 3.

78.90%
71.59%
79.51%
65.12%
76.71%

V. CONCLUSION
This paper presented a study on users' opinions on chewing
Khat in Yemen and East Africa, using a dataset collected from
YouTube comments. Several natural language processing steps
were carried on the dataset to get the best performance using
classifiers. Classic MLCs and Ems were applied. The best
performance in terms of accuracy was recorded when using
SVM, followed by Linear Regression. The best accuracy using
EMs was recorded for XG.

69.15%
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Abstract-The aim of this study is to provide an empirical
evaluation of the influence of different aspects of design in the
context of factor analysis in terms of model stability. The overall
model stability of factor solutions was evaluated by the
examination of the order for testing three levels of Measurement
Invariance (MIV) starting with configural invariance (model 0).
Model testing was evaluated by the Chi-square difference test
(∆x 2) between two groups, and Root Mean Square Error of
Approximation (RMSEA), Comparative Fit Index (CFI), and
Tucker-Lewis Index (TLI). Factorial invariance results revealed
that the stability of the models was varying over increasing levels
of measurement as a function of Variable-To-Factor (VTF) ratio,
Subject-To-Variable (STV) ratio, and their interactions. There
were invariant factor loadings and invariant intercepts among
the groups indicating that measurement invariance was achieved.
For VTF ratios 4:1, 7:1, and 10:1, the models started to show
stability over the levels of measurement when the STV ratio was
4:1. Yet, the frequency of stability models over 1000 replications
increased (from 77% to 91%) as the STV ratio increased. The
models showed more stability at or above 32:1 STV.
Keywords-model stability; factorial invariance; level of
measurement invariance; model design

I.
INTRODUCTION
Confirmatory Factor Analysis (CFA) is a form of Factor
Analysis (FA) that tests hypotheses regarding how well the
measured indicator variables represent the number of
constructs [1]. CFA is a confirmatory method a researcher can
use to examine, evaluate, and/or test a number of hypothesized
factors underlying the variance/covariances in a set of
measured indicator variables. CFA allows the researcher to test
hypothetical and plausible alternative latent variable structures
for the observed indicator variance/covariances [2]. More
recently, CFA has also been used in exploratory analysis too
[3-9]. Three major concerns have emerged repeatedly in the
literature related to the use and interpretation of FA in social
science research: (a) determining an adequate number of
indicator variables to describe the latent trait, (b) factoring a
sufficient sample size to have reasonable confidence in the
stability of the model estimate, and (c) establishing minimum
communality levels to determine which indicator variables can

represent a latent trait, especially in simulation studies [8, 1013]. FA assumes that the indicator variables used should be
linearly related to one another. Otherwise, the number of
extracted factors will be the same as the number of original
variables [2, 15]. Survey instrument length and the number of
variables differ based on discipline, purpose, sample frame, and
method of data collection. Recently, the online survey has
become an important method of data collection for a variety of
reasons (e.g. online surveys are easy to design, conduct, and
often they are the only option for data collection). According to
SurveyMonkey the median length of its paid surveys was 10
questions [9]. Industry-specific surveys and market-research
surveys tend to have more questions while event surveys and
just-for-fun surveys tend to be shorter (see Figure 1) [9]. If the
length of the survey is about 10 questions or fewer, it can lead
to a higher completion rate and increase the likelihood that
people will choose to take more of the researcher’s surveys in
the future. More recent studies of factor analysis do not include
the VTF ratio 10:1 in their investigations [5, 12, 14-17], nor the
way this number is relative to the sample size or the
communality magnitude when factor analysis is conducted.
II.

LITERATURE REVIEW

A. Observed Variables
In FA, the observed indicator variables can be viewed as
representing a sample of potential variables, all of which
measure the same construct or factor [1, 14, 16, 17]. Authors in
[18] examined the magnitude of the correlation between the
observed variables and the factor components by manipulating
sample size, number of variables, number of components, and
component saturation. They concluded that the VTF ratio was
important for factor stability, with more variables per factor
yielding a more stable result. Authors in [19], partially
confirmed this conclusion. They found that the necessary
minimum indicator variables to attain factor solutions that are
adequately stable relative to population factors are dependent
on several aspects of any given study, including the level of
communality and sample size. Similarly, authors in [20] found
that when the VTF ratio increased the factor analysis solution
improved.
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Fig. 1.

Median survey length in different fields of disciplines.

The issue of variable sampling has been used extensively in
conceptual development but has received almost no empirical
evaluation of those that has sampled indicator variables at
random from the universe of variables. The assumption of
random sampling is useful to minimize sampling issues and for
developing generalizability rather than a prescription for
applied research procedures. Authors in [21] examined the
quality of factor analytic research published between 1999 and
2009 in five leading developmental disabilities journals. They
found 35% of the studies used some form of FA. However, the
guidelines for using FA were largely ignored and failed to
account for levels of overdetermination and commonalities
among measured variables. Furthermore, the authors in [19]
found that there was a lack of validity in some common
practice rules used in FA. Thus, anything that influences or
changes variance may affect the conclusions related to FA.
Researchers should determine an adequate number of indicator
variables that is required to produce a stable and precise model
in order to describe the latent trait. Authors in [21] investigated
the effects of indicator variables on pattern recovery to
determine the sufficient number of indicator variables that is
likely to produce patterns that closely approximate the
population pattern. They reported that the number of indicator
variables can strongly affect the degree to which a sample
pattern reproduces the population pattern, and that a minimum
of three variables per factor is critical. The information about
the adequate number of indicator variables that is required to
produce a stable and precise model can be used in the design of
a study and, retrospectively, in the evaluation of an existing
study.
B. Adequate Sample Size
Determining sample size requirements for FA is
complicated because it is dependent on other aspects of design,
such as VTF and h2. Previous studies in FA revealed several
approaches that have been used to propose guidelines for the
sample size. However, most of these approaches were
concerned with identifying either the Subject-To-Variable
(STV) ratio or the absolute sample size, regardless of the effect
of these rules on WSV. The examples below describe some
reported results about sample size in the context of FA. A
larger sample size is better than a smaller sample size because
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it is minimizing misfit and the probability of errors. In many
cases, increasing the sample size may not be possible. In
medical research, it is very difficult to collect a large sample of
patients suffering from a certain disease [19-21]. Investigating
the minimum STV ratio or small absolute sample size to obtain
the stability of the model is necessary. Only a very limited
number of studies on the role of sample size in FA have
investigated real or simulated small sample size. Authors in
[17] investigated the minimum sample size necessary to obtain
reliable factor solutions under various conditions. They
concluded that under the conditions of high communality, high
number of observed variables, and small number of factors, FA
yields a stable estimate model for sample sizes below 50.
Selecting the adequate sample size is an important decision in
study design. A researcher must determine how large the
sample should be and what is the most appropriate sampling
frame. One problem is that the proposed recommendations vary
dramatically. Clearly, the wide range in these recommendations
causes them to be of rather limited value to empirical
researchers. Yet, there is a need to conduct studies examining
systematically the model estimate stability latent variable
variance with different facets of study Experimental Design
(ED) and Sampling Design (SD).
Previous research has investigated the stability of factor
solutions by the examination of chi-square value ( χ ) and
Overall Model Fit (OMF) indices such as Goodness-of-Fit
Index (GFI), Adjusted GFI (AGFI), Tucker-Lewis Index (TLI),
Comparative Fit Index (CFI), Root Mean Square Error of
Approximation (RMSEA), and Root Mean Square Residual
(RMSR) [8, 10, 22-25]. OMF indices examined global
measures of data-model fit. Examinations of Measurement
Invariance (MIV) (configural, weak, and strong) were used to
evaluate model stability. The effects of communality
magnitude in FA have been mostly vague. Studies have
revealed a varied range of communality magnitude and
common practice rules [1, 3, 4, 16, 26, 27]. The communality
measures the percent of variance in a given variable explained
by the factors. If communalities are high, model stability in the
sample data is normally very good [18, 26, 28, 29]. Authors in
[20] investigated the quality of factor solutions. They found
that when the communalities were high, sample size tended to
have less influence on the quality of factor solutions than when
communalities are low. Authors in [30] confirmed that
communality magnitudes play an important role in determining
the adequate sample size. Moreover, authors in [21] found that
the communality magnitudes became most relevant in
determining the sufficient sample size and the number of
variables per component.
III.

METHODS

A. Simulation Data
Simulation data are used in social science to answer a
particular research question, solve a statistical problem, or
improve analysis procedure techniques. Statistical program
developers and research designers usually perform simulation
data techniques for several reasons: gathering real data may be
difficult, time-consuming, expensive, or real data sometimes
violate distributional assumptions. Simulation data often lead
to greater understanding of an analysis and the results one can
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expect from various oddities of real-life data [31]. Simulation
may approximate real-world results yet requires less time and
effort and gives the researcher a chance to experiment with
data under various conditions. Data can be simulated by
several methods. The Monte Carlo technique is one popular
method that has been used in social science since the 1940s
[28]. A Monte Carlo simulation is a numerical technique that
can be used to conduct experiments and repeated random
sampling to simulate data for a given mathematical model.
The key point of the simulation model was the development of
the matrices for a 5-factor domain as an example of the factor.
The statistical software package SAS was used, and the syntax
code was written by the researcher.
B. Estimation Methods
Maximum Likelihood (ML) is the most common method of
factor extraction that estimates population values for FA by
calculating loading that maximizes the probability of sampling
the observed correlation matrix from a population [12] and is
often used in CFA. The current study used ML as a method of
factor extraction. Authors in [21] concluded that if the data are
normally distributed, ML is the best estimation option because
it allows the computation of a mixed range of indexes of the
goodness of fit of the model. The ML estimation method
assumes that the data are independently sampled from a
multivariate normal distribution with mean µ and variancecovariance matrix that takes this form: Σ = LL′+Ψ, where L is
the matrix of factor loadings and ψ is the diagonal matrix of
specific variances. Authors in [32] indicated that the ML
estimation method is the most precise when the data are
continuous and normally distributed, but it does not provide
accurate results with ordinal data or when the data violate the
assumption of multivariate normality. Table I illustrates the
procedure for testing model stability starting with a CFA model
relative to a known factor structure for each condition involved
in the study separately.
TABLE I.

PROCEDURE FOR TESTING MODEL STABILITY

Test name
Chi-square value
Tucker-Lewis index
Comparative fit index

Symbols
χ
TLI
CFI

Root mean square error of
approximation

RMSEA

Statistics guidelines
≥ 0.96 good fit
> 0.95 good fit
0.00-0.05 very good fit
0.05-0.08 fair fit
0.08-0.10 mediocre fit

C. Procedure for Testing Stability Across Models
The procedure for testing measurement invariance was
performed in order to evaluate the variation over increasingly
levels of measurement invariance among models. There are
different approaches that could be used to evaluate the
measurement invariance among groups. The present study
used a Multiple-Group Confirmatory Factor Analysis
(MGCFA) model to test invariance among the levels of STV
ratios. Table II illustrates the order for testing measurement
invariance starting with configural invariance (model 0).
Model testing was evaluated by the chi-square difference test
(∆χ ) between two groups [20, 30, 33], and RMSEA, CFI, and
TLI were used to evaluate all the model fits. As referenced
above, the criteria values suggested in [20, 34] were used in
www.etasr.com
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this study: RMSEA: 0.00 - 0.05 very good fit, CFI > 0.95 good
fit, and TLI ≥ 0.96 good fit. Three levels of MIV were tested.
TABLE II.
M

Test name

M0

Configural
invariance

M1

M2

Measurement Invariance (MIV)

Engineering, Technology & Applied Science Research

PROCEDURE FOR STABILITY TESTING AMONG MODELS



Symbol

 : λ
= λ
=⋯

= λ

!: The number
of factor
patterns across
g groups




 : λ

Weak

= λ
measurement
=⋯
invariance

= λ







 : τ
Strong

= τ
measurement
=
⋯
invariance

= τ





∆ test

Test
statistics
guide
If ∆χ NS,
the model
shows
configural
factorial
invariance in
place
If ∆χ NS,
the model
shows weak
factorial
invariance in
place

λ
: The
factor loading
of the
∆  
jindicator
variable in the
group
τ: The
indicator
If ∆χ NS,
variables
the model
intercept
shows strong
∆ 
(means) of the
factorial
invariance in
j indicator
place
variable in the
group

Configural invariance (M0) indicates that across groups, the
pattern of group1 and group2 is equivalent λ = λ =

⋯ = λ where, λ represents the number of factor patterns
across the g  group. Configural invariance at best indicates
that the group factors are similar but gives no indication that
they hold measurement equivalence. ∆χ was used to judge
configural invariance. For instance, if the χ was not
significant, the indicator variables loaded to the same factors
across the groups. In other words, there were no differences in
factor construct between the groups. Weak Measurement
Invariance (M1) indicates that across groups, the corresponding

 
factor loadings are equivalent: λ
= λ
=⋯=
 

λ
, where λ
represents the factor loading of the j
indicator variable in the group. Factor loadings represent the
direct effect of the latent construct on each indicator variable,
and factor loadings are represented by lambda (λ) [11]. At this
level (weak measurement invariance), variables were loaded to
the same factors across the group and the factor loadings across
groups were equal. ∆χ was used to judge weak invariance. For
instance, if the χ was not significant, the factor loadings across
groups were equal. In other words, there were no differences in
the factor loading of the indicator variables and their construct
between the groups. Strong measurement invariance (M2)
means that across groups, corresponding indicators’ means are

 
 
equivalent, τ
= τ
= ⋯ = τ
, where τ
represents the intercept (means) of the j indicator variable in
the group. At this level (strong measurement invariance),
indicator variables were loaded to the same factors across the
groups. Factor loading, and indicators intercepts across groups
were equal. ∆   was used to judge strong invariance. For
instance, if the χ wass not significant, the variables intercepts
across groups were equal.
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D. Design
The main research question was if the stability of the
simulated models varies over increasing levels of measurement
invariance as a function of the following conditions and their
interactions:
•

Variable-To-Factor (VTF) ratio

•

Subject-To-Variables (STV) ratio

•

Communalities magnitude (h2)

STV=2:1 &
STV=4:1

MGCFA was used to test the measurement invariance
among the levels of STV ratios in order to evaluate model
stability. Figure 2 illustrates the study design. Measurement
invariance of the STV levels, as shown in Table III, were
examined in each cell of the h  *VTF study.
h



4:1

Mixed
Fig. 2.

7:1

STV=4:1 &
STV=32:1

6852

386.26

M0

---

0.0065*

---

M1-M0

---

---

---

M2-M1

---

---

340.29

M0

---

0.2084

356.07 M1-M0 15.78

0.3968

370.63 M2-M1 14.56

0.4835

342.43

0.1859

M0

---

10:1
STV=4:1 &
STV=16:1

VTF

Design of interaction conditions.

IV. RESULTS
Table III presents the complete findings of measurement
invariance for mixed communality among levels of STV over
1000 replications where each significant p-value is marked
with "*".

STV=4:1 &
STV=8:1

358.02 M1-M0 15.59

0.4098

372.60 M2-M1 14.58

0.4820

346.89

0.1444

M0

---

362.81 M1-M0 15.92

0.3873

377.46 M2-M1 14.65

0.4769

329.85

0.3402

TABLE III.

TEST OF FACTORIAL INVARIANCE FOR MIXED
COMMUNALITY ACROSS VTF AND STV RATIOS AVERAGED OVER
1000 REPLICATIONS

VTF Between groups

STV=2:1 &
STV=32:1

4:1

STV=2:1 &
STV=16:1

STV=2:1 &
STV=8:1

#

M

∆#

p-value

369.18

M0

---

0.0301*

---

M1-M0

---

---

---

M2-M1

---

---

371.33

M0

---

0.0252*

---

M1-M0

---

---

---

M2-M1

---

---

375.77

M0

---

0.0172*

---

M1-M0

---

---

---
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M2-M1

---

---

RMSEA
CFI
TLI
0.0201
0.9893
0.9874
------------0.0285
0.9791
0.9754
------------0.0399
0.9602
0.9530
-------------

STV=8:1 &
STV=32:1

STV=8:1 &
STV=16:1

STV=16:1&
STV=32:1

7:1

M0

---

345.07 M1-M0 15.22

0.4356

360.13 M2-M1 15.06

0.4471

331.88

0.3120

M0

---

346.96 M1-M0 15.08

0.4456

362.06 M2-M1 15.1

0.4442

325.34

0.4066

M0

---

340.40 M1-M0 15.06

0.4471

355.28 M2-M1 14.88

0.4600

1257.15

M0

---

0.0006*

---

M1-M0

---

---

STV=2:1 &
STV=32:1

0.0573
0.9245
0.9104
------------0.0117
0.9952
0.9950
0.0117
0.9950
0.9951
0.0114
0.9950
0.9954
0.0164
0.9907
0.9902
0.0163
0.9904
0.9904
0.0159
0.9905
0.9910
0.0237
0.9825
0.9808
0.0236
0.9819
0.9810
0.0229
0.9820
0.9820
0.0082
0.9971
0.9978
0.0081
0.9970
0.9979
0.0080
0.9969
0.9979
0.0115
0.9946
0.9957
0.0113
0.9945
0.9958
0.0111
0.9945
0.9960
0.0063
0.9980
0.9990
0.0062
0.9980
0.9990
0.0061
0.9980
0.9991
0.0152
0.9942
0.9938
-------
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STV=2:1 &
STV=16:1

STV=2:1 &
STV=8:1

STV=2:1 &
STV=4:1

STV=4:1 &
STV=32:1

STV=4:1 &
STV=16:1

STV=4:1 &
STV=8:1

STV=8:1 &
STV=32:1

STV=8:1 &
STV=16:1
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---

M2-M1

---

---

1262.68

M0

---

0.0004*

---

M1-M0

---

---

---

M2-M1

---

---

1262.65

M0

---

0.0004*

---

M1-M0

---

---

---

M2-M1

---

---

1310.82

M0

---

<0.0001*

---

M1-M0

---

---

---

M2-M1

---

---

1170.54

M0

---

0.0686

30

0.4656

1200.54 M1-M0

1230.60 M2-M1 30.06

0.4625

1176.06

0.0549

M0

---

1206.12 M1-M0 30.06

0.4625

1236.47 M2-M1 30.35

0.4478

1191.49

M0

---

0.0279*

---

M1-M0

---

---

---

M2-M1

---

---

1137.82

M0

---

0.2086

1167.98 M1-M0 30.16

0.4574

1197.93 M2-M1 29.95

0.4682

1143.33

0.1773

M0

---

------0.0213
0.9888
0.9879
------------0.0213
0.9888
0.9879
------------0.0425
0.9579
0.9544
------------0.0093
0.9975
0.9973
0.0092
0.9975
0.9974
0.0090
0.9975
0.9975
0.0130
0.9952
0.9949
0.0128
0.9951
0.9950
0.0127
0.9951
0.9951
0.018
0.9905
0.9898
------------0.0062
0.9986
0.9987
0.0061
0.9986
0.9987
0.0061
0.9986
0.9987
0.0086
0.9975
0.9975
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STV=16:1 &
STV=32:1

STV=2:1 &
STV=32:1

STV=2:1 &
STV=16:1

STV=2:1 &
STV=8:1

6853

1173.42 M1-M0 30.09

0.4610

1203.61 M2-M1 30.19

0.4559

1122.39

0.3133

M0

---

1152.28 M1-M0 29.89

0.4712

1182.31 M2-M1 30.03

0.4641

2640.05

M0

---

<0.0001*

---

M1-M0

---

---

---

M2-M1

---

---

2654.33

M0

---

<0.0001*

---

M1-M0

---

---

---

M2-M1

---

---

2681.11

M0

---

<0.0001*

---

M1-M0

---

---

---

M2-M1

---

---

2748.81

M0

---

<0.0001*

---

M1-M0

---

---

---

M2-M1

---

---

2464.25

M0

---

<0.0001*

---

M1-M0

---

---

---

M2-M1

---

---

2478.53

M0

---

<0.0001*

---

M1-M0

---

---

---

M2-M1

---

---

10:1

STV=2:1 &
STV=4:1

STV=4:1 &
STV=32:1

STV=4:1&
STV=16:1

0.0085
0.9975
0.9976
0.0084
0.9974
0.9976
0.0044
0.9991
0.9993
0.0044
0.9991
0.9993
0.0044
0.9991
0.9994
0.01241
0.9948
0.9946
------------0.0174
0.9899
0.9894
------------0.0244
0.9806
0.9796
------------0.0345
0.9621
0.9601
------------0.0076
0.9978
0.9978
------------0.0108
0.9958
0.9956
-------------
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STV=4:1 &
STV=8:1

STV=8:1 &
STV=32:1

STV=8:1 &
STV=16:1

STV=16:1 &
STV=32:1

2505.31

M0

---

0.0059*

---

M1-M0

---

---

---

M2-M1

---

---

2396.55

M0

---

0.1648

2441.69 M1-M0 45.14

0.4661

2486.29 M2-M1 44.6

0.4470

2410.83

0.1190

M0

---

2455.99 M1-M0 45.16

0.4652

2500.68 M2-M1 44.69

0.4432

2369.77

0.2782

M0

---

2413.98 M1-M0 44.21

0.5053

2458.99 M2-M1 45.01

0.4715

0.0154
0.9918
0.9914
------------0.0047
0.9989
0.9990
0.0047
0.9989
0.9990
0.0046
0.9989
0.9990
0.0069
0.9980
0.9980
0.0068
0.9980
0.9980
0.0067
0.9980
0.9980
0.0034
0.9993
0.9995
0.0033
0.9993
0.9995
0.0033
0.9993
0.9995

VTF (4:1). The examination of the measurement
invariance, begins with configural (M0) to weak (M1) and
strong (M2). The findings revealed that for VTF ratios (4:1),
χ showed statistically significant results when testing
$
configural invariance: (2:1 with 32:1); (2:1 with 16:1); (2:1
with 8:1); and (2:1 with 4:1). Thus, non-invariance was
established precluding further invariance testing, e.g., weak,
strong, and structural. However, at higher STV ratios, e.g.
groups (4:1 with 32:1); (4:1 with 16:1); (4:1 with 8:1); (8:1
with 32:1), (8:1 with 16:1); (8:1 with 32:1); and (16:1 with
32:1), χ  was not statistically significant indicating
$
configural invariance was established. Given the presence of
configural invariance, testing for weak invariance was
conducted. Again, chi-square difference between ∆   
was not statistically significant supporting the hypothesis of
weak factorial invariance between the two groups. After weak
invariance was supported, the examination of the indicator
intercepts was conducted. The results again supported the
finding of strong invariance, e.g. the ∆  was not
statistically significant. In conclusion, there were invariant
factor loadings and invariant intercepts among the groups
indicating that measurement invariance was achieved as
described above.
VTF (7:1). The model begins with configural (M0) to weak
(M1) and strong (M2). The findings revealed that for VTF ratio
(7:1), χ$ showed statistically significant results when testing
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configural invariance: (2:1 with 32:1); (2:1 with 16:1); (2:1
with 8:1); (2:1 with 4:1); and (4:1 with 8:1). Thus, noninvariance was established precluding further invariance
testing, e.g. weak, strong, and structural. However, at higher
STV ratios, e.g. groups (4:1 with 32:1); (4:1 with 16:1); (8:1
with 32:1), (8:1 with 16:1); (8:1 with 32:1); and (16:1 with
32:1), χ$ was not statistically significant indicating
configural invariance was established. Given the presence of
configural invariance, testing for weak invariance was
conducted. Again, the chi-square difference between
∆   was not statistically significant supporting the
hypothesis of weak factorial invariance between the two
groups. After weak invariance was supported, the examination
of the indicator intercepts was conducted. The results supported
again the finding of strong invariance, e.g. the ∆   was
not statistically significant. In conclusion, there were invariant
factor loadings and invariant intercepts among the groups
indicating that measurement invariance was achieved as
described above.
VTF (10:1). The findings revealed that for VTF ratios
(10:1), χ$ showed statistically significant results when
testing configural invariance: (2:1 with 32:1); (2:1 with 16:1);
(2:1 with 8:1); (2:1 with 4:1); (4:1 with 8:1); (4:1 with 16:1);
and (4:1 with 32:1). Thus, non-invariance was established
precluding further invariance testing. However, at higher STV
ratios, e.g. groups (8:1 with 16:1); (8:1 with 32:1); and (16:1
with 32:1), χ$ was not statistically significant indicating
configural invariance was established. Given the presence of
configural invariance, testing for weak invariance was
conducted. Again, chi-square difference between ∆   
was not statistically significant supporting the hypothesis of
weak factorial invariance between the two groups. After weak
invariance was supported, examination of the indicator
intercepts was conducted. The results supported again the
finding of strong invariance, e.g. the ∆  was not
statistically significant. In conclusion, there were invariant
factor loadings and invariant intercepts among the groups
indicating that measurement invariance was achieved as
described above.
Table IV presents a frequency analysis of a chi-square pvalues > 0.05 was tested against the null proportion p = 0.05 to
determine if there was a statistically significant number of
invariance failures. The factorial invariance result revealed that
the stability of the models was varying over increasing levels of
measurement as a function of VTF, STV, and their interactions.
V. DISCUSSION
The study findings refuted some of the guidelines found in
the literature, e.g. authors in [18] reported that the sample size
was not an important factor in determining model stability, and
authors in [35] reported that the STV ratio should be no lower
than 5.
The results of the current study revealed that sample size
did have a strong effect on stability of the simulated models.
For instance, when VTF ratio was 4:1, the mean values related
to data-model fit indices were adequate at STV ratio >= 4:1.
However, looking at the frequency of rejections based on
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conventional thresholds over the 1000 replications depicted a
different conclusion. The percentage of stable (invariant)
models ranged from 77% at 4:1 STV to 91% at 32:1 STV
clearly indicating that larger STV ratios are related to higher
stability levels with a model. These findings validated the
results in [16] who reported that the percentage of invariance
tests varied based on the sample size per group.
Χ  FREQUENCY AGAINST THE NULL PROPORTION OF
STRUCTURAL MEAN INVARIANCE IN MIXED COMMUNALITY
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The findings of the current study do agree with [36] where
in some models an STV of 30:1 was needed to produce stable
model and minimize the amount of misfit. The study findings
also contradict some previous research that investigated the
effect of VTF ratio on stability of factor solutions. The authors
in [18] concluded that the VTF ratio was important for factor
stability with more indicator variables per factor yielding more
stable result.

TABLE IV.

VTF Nested models Invariance status Frequency & percent
799
4:1
Successful
79.90
STV=4:1 &
STV=32:1
201
Failures
20.10
765
Successful
76.50
STV=4:1 &
STV=16:1
235
Failures
23.50
712
Successful
71.20
STV=4:1 &
STV=8:1
288
Failures
28.80
899
Successful
89.90
STV=8:1 &
STV=32:1
101
Failures
10.01
878
Successful
87.80
STV=8:1 &
STV=16:1
122
Failures
12.20
933
Successful
93.90
STV=16:1 &
STV=32:1
67
Failures
6.70
569
7:1
Successful
56.90
STV=4:1 &
STV=32:1
431
Failures
43.10
513
Successful
51.30
STV=4:1 &
487
STV=16:1
Failures
48.70
790
Successful
79.00
STV=8:1 &
STV=32:1
210
Failures
21.00
752
Successful
75.20
STV=8:1 &
STV=16:1
248
Failures
24.80
868
Successful
86.80
STV=16:1 &
STV=32:1
132
Failures
13.20
734
10:1
Successful
73.40
STV=8:1 &
STV=32:1
266
Failures
26.60
670
Successful
67.00
STV=8:1 &
STV=16:1
330
Failures
33.00
840
Successful
84.00
STV=16:1 &
STV=32:1
160
Failures
16.00
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p-value
<0.0001*

<0.0001*

<0.0001*

<0.0001*

VI. CONCLUSION
In general, this study provided an empirical evaluation of
the stability of the data-model fit over increasing levels of
factorial invariance for different features of design in FA. The
study concluded that the stability of the models was varying
over increasing levels of measurement as a function of VTF,
STV, and their interactions. There were invariant factor
loadings and invariant intercepts among the groups indicating
that measurement invariance was achieved. For VTF ratios of
4:1, 7:1, and 10:1 the models started to show stability over the
levels of measurement when the STV ratio was 4:1. Yet, the
frequency of stability models over 1000 replications increased
(from 77% to 91%) as STV ratio increased. The models
showed more stability at or above 32:1 STV.
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Abstract-Today, the Software Defined Network (SDN) technology
gives more efficiency and flexibility to the 5G mobile networks
that are expected to support an enormous amount of data
relating to various constrained services. The 5G network should
implement newer approaches and technologies that allow
supporting the scalability and mobility of the network. The SDN
approach consists of decoupling between the control operation
and the networking operation, where the control operation is
held by the SDN controller that is responsible for defining the
management and the control rules. Data forwarding is performed
by switches that apply rules defined by their controllers. In the
current study, we have proposed and defined a new approach
named CP-SDN: Cooperative Protocol-SDN, as an extension to
the existing Software Defined Networks, especially when the
network experiences saturation due to the huge amount of
exchanged data. This congestion may affect the constrained flow
and leads to an undesired delay that affects the network Quality
of Service (QoS). CP-SDN consists of a cooperation technique
between neighboring controllers that aims to relieve the
congested centers and redirect the extra flow through neighbors.
CP-SDN processing keeps controller databases updated and
assures the optimized path for the extra flow when network
congestion occurs. The performed simulations on calculating the
e-Mbb and M-iOT delay performances for various probability
densities show that CP-SDN brings more reliability and efficiency
in reducing the transmission delay and overcome the existing
SDN scheme. This makes it a prime candidate for the evolved
high scalable 5G networks.
Keywords-5G; SDN; CP-SDN; QoS; IoT; m-IoT; eMBB; MFT

I.
INTRODUCTION
A huge increase of exchanged data is conducted globally by
the deployment of 5G networks. These networks are expected
to support several media services that need very high speeds,
even Internet of Things (IoT) networks that contain a dense
amount of connected devices with different requirements and
constraints. 5G networks are deployed to satisfy the need of
multiple vertical industries over a shared infrastructure with the
use of concepts inclusive of community slicing [1]. Regarding
the transport stream held by 5G, video-primarily based totally
clients represent a big portion of the data stream carried, with

approximately 79% of cell information [2]. The significant
increase of the connected smart devices with greedy smart
applications like video streaming, requires a higher spectral
efficiency and represents a big challenge of 5G [3]. Authors in
[4] illustrate that 5G is expected to reach 4.7 times more data
amount than the regular 4G, with more than 12.3 billion users,
which exceeds the world population, in the next decade. The
new 5G network systems need to deliver capacity a thousand
times more than the current cellular 4G systems, synchronizing
with the expansion of the application development with
personal communications, knowing that mobile devices will
reach an immense number timing with the 5G commercial
initiation. Owing to the mobile data explosion, current mobile
networks suffer from scalability and performance degradation
problems[4].
The main goal of the SDN technology resides in separating
of the software network management and the hardware based
management network (packet forwarding). SDN in its new
version leads to an opened standard with optimization in
resources with the virtualization development concept. Even
LTE disruption level is less critical than SDN deployment. 5G
could reap SDN technology features and benefit from
combining other compaction technologies such as mm-wave,
DAS (Distributed Antenna System) to achieve a 1000-fold
capacity, 100-fold rate and 100-fold more active connections
than LTE existing networks [5]. SDN, as the up-and-coming
technology, dissociates the forwarding logic from the
management logic in the existing network. SDN abstracts all
management functions into the centralized controller, whereas
sanctioning programmability for the network [6, 7]. SDN/NFV
is an emerging technology that intends to deploy flexible, more
efficient, and cost-effective networks with a high security level
[8]. Moreover, SDN philosophy splits the network in two main
planes, a management plane and user plane [9]. The
management plane is considered as the brain of the network
with a centralized controller that runs a software package and
that is responsible for controlling the user plane. The latter
consists of low-price network devices, such as common
switches. The controller runs the Open Flow (OF) protocol in
order to configure routing tables and monitor packet statistics
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of the user plane. In the other side, NFV offers operators the
virtualization of the network operations and functionalities by
implementing standard servers instead of high-expensive and
non-standard appliances [10]. Therefore, the SDN design
pattern should keep the network infrastructure transparent for
the applications level [11].
Various resource allocation and management solutions have
been proposed to contribute with 5G and 6G networks. Virtual
Network Embedding (VNE) is such a strategy that meets with
the knowledge of the management plane for 5G/6G. The Radio
Atmosphere Map (REM) is mainly considered as one of the
pioneers of psychological feature systems. However, most of
these schemes are close to GPP and GTP, and their quality
management planes meet with some particular conditions. The
future need of 5G networks needs a development of new
patterns that satisfy, not only the decoupling between the
management plane and the user plane, but should support hotspots with high-capacity and coverage functionalities [12]. In
addition, the virtualization technology aims to emulate the
hardware platforms running in software packages. These
packages are installed in industrial servers named as COTS
(Commercial Off-The-Shelf) servers, which are accessible via
Virtual Machines (VMs), instead of hardware dedicated
appliances. These VMs can be mounted over different
platforms, which makes virtualization more flexible and the
technology versatile [13]. More research articles and case
studies have been proposed to depict the SDN features and
what they can bring to the 5G mobile industry. Authors in [10]
proposed a solution for the adjustability support in SDN-based
mobile networks. Authors in [14] developed a protocol that
evaluates the handover execution time. Moreover, they focused
on the open flow protocol to achieve S5/S8 constraint while
keeping the main standard rules of SDN. SDN is presently
known as a trending technology in the networking domain. In
such networks, the controller runs as a network monitor and
defines the forwarding rules of the data flows. Switches
perform the forwarding and dropping of packets according to
the rules defined by the controller. Thus, the controller should
be able to implement a centralized control strategy for every
exchanging data flow by using the header packet reporting
technique [15].
The main advantage of the proposed approach in the current
paper resides in the slicing feature that splits the processing
functionality into more than a dedicated core for each service.
This increases the delivering flexibility and ensures the QoS
requirements, instead of having ad-hoc U/C plane
functionalities for each business case. Moreover, this feature
will assure high scalability and will lead to augmented
efficiency in terms of signaling and latency, by avoiding the
unnecessary processing.
II.

MODELS AND METHODS

A. SDN for 5G Networks
5G mobile networks are expected to fulfill the users' and
applications' increasing requirements in terms of bandwidth
and QoS [16]. The Network Function Virtualization (NFV) is
taking a part in the new IT world and evolves the networking
strategy. Both SDN and NFV can operate together and lead to
www.etasr.com
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the deployment of sophisticated future networks [17]. Despite
the growth of several mobile networks in 2020, various
challenges should be taken into account: high scalability with
IoT implementation, energy constraints for the devices and
mobile stations, delay and bandwidth optimization,
optimization of resource allocation, reduction of deployment
costs, etc. [18]. Although several types of mobile networks will
dominate the 2020’s, there are also many challenges, such as
the extenuating power consumption in devices and base
stations, better resource allocation, higher data rates, ensuring
lower round trip times, decreasing all costs, developing and
boosting the mobility management policies, elasticity, agility,
and scalability [18].
SDN is an innovative technology within the networking
domain that consists on defining the network functionalities in
software packages. It enhances the efficiency of the network
configuration and its resources allocation. By the separation
between the control plane and the data plane, SDN guarantees
the transparency between the network infrastructure and the
running applications. Thus, each controller manages various
network devices as switches and expects more flexible and
intelligent control of the exchanged data [19]. Unlike the trivial
pattern networking which experiences a difficulty in the
resource allocation and its arrangement, SDN is a favorable
candidate for such unmanaged networks by decoupling the
management and the user pane [20]. To do so, SDN
implements OpenFlow as a communication protocol that is
standardized by ONF (Open Networking Foundation) [21]. In
SDN, the topology discovery is considered as the masterpiece
of the SDN controllers and it enables controlling various
applications like data routing, network virtualization, live
migration, resource optimization, etc. The network topology is
not only intended to determine routing tables for forwarding
data, but also to manage the network resources [8, 22]. Within
the SDN network, the data plane is responsible for forwarding
data between the connected devices and the controllers.
Switches running the OF protocol form the information plane,
while the controllers are distributed and connected together in
order to form the control plane [23]. This new organization
may have a positive impact in terms of flexibility and
programmability [24]. Thus, SDN is a way to introduce the
virtualization within the classical IP networks [25], offering a
new vision and gathering new features in terms of knowledge
and deployment. Furthermore, mobile networks can in turn
benefit from SDN advantages, leading to enhanced network
control and management [26]. At the front haul part of the
network, the present SDN technology does not define a clear
vision due to the particular characteristics of this part in power
consumption and cost of the elements that spread on a defined
geographical area [27].
Figure 1 illustrates the common SDN Architecture. It can
be seen that the network is divided into two main planes. The
connected devices that constitute the data plane are responsible
for forwarding the network traffic. To do so, the open flow
enabled-switches should follow switching rules and strategies
received form the SDN controller that forms the control plane.
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assure load balancing in terms of control. The second controller
will be responsible of defining rules to assure the forwarding of
the remaining data belonging to the first controller. This aims
to relieve the saturated controller, to avoid packet loss and to
optimize the data forwarding process. CP-SDN is a proactive
protocol that allows controllers to periodically exchange their
switching rules for updating the control operation.

Fig. 1.

SDN architecture.

B. Switching in SDN
SDN enables more flexibility in the routing operation than a
traditional mobile network. Unlike the existing cellular
networks where the traffic passes through the middle boxes
using the same routing path, the SDN strategy offers a flexible
routing, where only the necessary traffic is conducted via the
middle boxes reducing their complexity. Moreover, this
strategy allows a dynamic network topology with a flexible
routing path that fulfills the change of the network behavior
and the user needs [28]. To do so, data packets are forwarded
by switches according to an existing matching rule. Otherwise,
the concerned switch sends a packet-in message to the
controller which determines a forwarding rule for the present
packet. Then, the controller sends a flow-mod message to the
switches concerned by the new route in order to update their
routing tables. Various studies focused on the pipeline MFT
process. In [29], authors proposed a framework that divides a
large flow table into a number of smaller ones. An SDN switch
implementing such method can be seen in [28]. It forwards all
the data coming from mobile terminals and m-IOT devices
implementing the respective rules, enabling connectivity
between the edge devices, and empowering the transport traffic
between the core network and other edge clouds [30]. Other
studies [12, 30] focused on implementing learning techniques
to improve the control performance while selecting the
optimized links into the satellite communication system.
C. CP-SDN
This section describes the proposed framework, as a new
scheme for enhancing the control flexibility of the existing
SDN networks.
CP-SDN is considered as en extension to the existing SDN
technology. CP-SDN aims to optimize the delay and enhance
the flexibility in the control operation when the network
experiences saturation. This may happen when the network is
very dense and supports a huge amount of traffic data, as it is
expected in 5G technology. The network may contain millions
of fixed and mobiles devices, or even IoT systems. The idea
consists on using two SDN controllers instead of one, as shown
in Figure 3. In the normal case, both controllers are responsible
for defining and broadcasting the switching rules to the
switches that belong to them. When the network experiences
saturation, the saturated controller forwards the superfluous
data packets to its CP-SDN neighboring controller in order to
www.etasr.com

D. CP-SDN Control
In SDN, the controller is considered as the core of the
system, by gathering the traffic requirements and the status of
the network devices. Based on this information, it defines the
control rules to the data plane in order to provide an optimized
and efficient network for forwarding data services [30]. In case
of saturation due to the amount of exchanged data, the
controller may take more time to perform the control operation
and thus, the transmission delay may increase. This represents
one of the main problems experienced by an SDN network.
Thereby, real-time services will be affected and the network
QoS will be degraded. CP-SDN as a proposed scheme, takes
part when the network experiences a saturation issue. As
depicted in Figure 2, the CP-SDN consists on liaising between
two or more controllers in order to unload the saturated point.
The CP-SDN protocol operates between the two SDN centers
by allowing the controllers to exchange control information and
update their rules. Thus, both centers will have the whole
information of the connected data planes.

Fig. 2.

CP-SDN architecture.

E. CP-SDN Control Switching
The SDN controller is updated to track each TCP
connection state established between the switches belonging to
its data plane [31]. The switching in CP-SDN is performed in
two separate levels. The first level is between the SDN
switches, while the second level is between the SDN
controllers. CP-SDN implements an algorithm based on two
tables (i,j). The first table contains the MFT pipeline processing
data for the first level (between switches), and the second table
contains the respective data for the second level. As illustrated
in Figure 3, the SDN controllers are updated by the same
control databases allowing each controller to take decisions
about the traffic rules of data packets exchanged in their
belonging data planes. Furthermore, in case of an overload of a
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part of the network, the controllers should relieve each other
and decide about the optimized path to route data packets from
source to destination. The diagram illustrated in Figure 4,
shows the CP-SDN functioning. Thus, in case of a constrained
traffic such as a real-time service, the data will not be queued
due to saturation, but processed by the relieved controller. By
this way, network optimization is guaranteed and a certain
network QoS level for the constrained traffic is assured.

Fig. 5.

Fig. 3.

Fig. 4.

III.

CP-SDN switching.

The eMBB delay performance for different numbers of
slices shows the control time of the eMBB packets based on the
number of slices (n). It can be seen that for n from 1 to 4,
almost the same time is needed, which is <1µs. Starting from
n=4, the case p=0.7 shows a different behavior that indicates a
start of saturation, where it shows a continuous increase, to
reach 27µs for n=10. This needed control time may lead to
network latency. The same behavior is shown in the case of
p=0.6 and 0.5, where an increase is noticed from n=6 and n=5,
to reach 24 and 20µs respectively for n=10.

CP-SDN operational diagram.

RESULTS AND DISCUSSION

Let us consider a sub-urban cell covering area A=2km2 and
having on average a β1=1000 eMBB (enhanced Mobile
Broadband) users, with only a percentage pA=0.5, 0.6, and 0.7
active at a time, and an average of a β2= 1000 active m-IoT
(massive IoT) devices, in each respective service slice. The
slicing should be deployed across all network domains, i.e. a
network slice instance consists of network slice subnet
instances from different domains [32]. The data rates are kept
at 50Mbps for eMBBs and 100kbps for m-IoT, following the
standards [31]. We take µ=1024pkt/ms with a length
L=2kbytes. These values are taken from one node from our
network. Figure 5 shows the eMBB packet control time in a
single cell by varying number of eMBB slices (n) for the three
probabilities pA=0.5, 0.6 and 0.7.

www.etasr.com

eMBB delay performance for different numbers of slices.

Fig. 6.

m-IOT delay performance for different numbers of slices.

Figure 6 illustrates the m-IOT packet control time in a
single cell by varying number of m-IOT slices (n) for three
probabilities pA=0.5, 0.6 and 0.7. The m-IOT delay
performance shows the control time of the m-IOT packets
based on n. It can be seen that for n from 1 to 4, almost the
same time is required, which is <1µs. Beyond n=4, the case
pA=0.7 shows a different behavior exhibiting the start of
saturation, where it shows an increase to 27µs for n=10. This
produced control time may affect the network latency. In the
same diagram, in the case of pA=0.6 and 0.5, a growth is
noticed from n=6 and n=5, to respectively reach 24 and 20µs
for n=10.
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SDN is 6 times more than the CP-SDN. This efficiency in the
case of CP-SDN is the result of using a second station, to
divide control. The difference in the behavior noticed from n=5
that indicates the beginning of a saturation state, is due to the
alliance with the second station. The use of a second station is
not usually sufficient, where the CP-SDN shows a saturation
from n=8, that requires a third corporate station.

Fig. 7.
eMBB delay performance for different values of n using the SDN
and the CP-SDN at pA=0.5.

Figure 7 depicts a comparison of the eMBB delay
performance for different values of n using SDN and CP-SDN
with the probability of 0.5. The simulation results show that
both SDN and CP-SDN have the same performances for n≤6,
where the time spent in the control is equal to 1µs. The CPSDN shows a slight increase compared to the SDN, for values
of n from 6 to 10, where the induced delay in the case of SDN
is 5 times greater than in CP-SDN. This enhancement is the
result of the use of a second controller, to share the control
operation. The difference in the behavior, noticed from n=6
(the beginning of the saturation), is due to the collaboration
with a second station. The use of a second station is not always
enough, where the CP-SDN shows a saturation from n=8,
which requires a third collaborative station.

In Figure 9, the same results are gained as in Figure 7 and 8
with the change of saturation initiation, which occurs when
n=4. The second saturation state remains n=8, the same as for
pA=0.5 and pA=0.6. As depicted by the various simulations
performed during our work, the CP-SDN acts better than SDN,
especially when saturation occurs. This happens when the
network is dense and supports a huge amount of data
exchanged between various segments and supporting multiple
services. CP-SDN implementation leads to an optimization in
terms of the delay for processing packets and therefore, an
enhancement in the QoS of the 5G network. Table I
summarizes the CP-SDN performance compared to the basic
SDN.

Figure 8 illustrates the comparison between the eMBB
delay performance variation for different values of n when
using SDN and CP-SDN.
Fig. 9.
eMBB delay performance for various values of n using the SDN
and the CP-SDN at pA=0.7.
TABLE I.
Packet control
time (µs)
SDN, current
work results
SDN [31]
Proposed CP-SDN

Fig. 8.
eMBB delay performance for different values of n using the SDN
and the CP-SDN at p=0.6.

The simulation results indicate that both SDN and CPSDN, express the same behavior for n≤5, where the time
exhausted in the control operation is equal to 1µs. The CP-SDN
shows an obvious improvement compared to the SDN, for
values from 5 to 10, where the produced delay in the case of
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CP-SDN AND SDN PERFORMANCE COMPARISON

Network probability density
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In the case of CP-SDN, the control time doesn’t exceed 4µs
for both e-MBB and m-IOT slices, for various probabilities of
network density. However, for the SDN case the control time is
more significant and it increases when the network becomes
dense and experiences congestion. This illustrates the outcome
of the CP-SDN for dense networks and its efficiency for realtime traffic, compared to the basic SDN. This quality
improvement is directly related to the new mechanism
implementation of CP-SDN which relieves controllers by their
neighbors. The main drawback of the CP-SDN that may be
observed is the increase in the energy needed for the
transmission. In the case of cooperation between two or more
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controllers, we can perceive more energy consumption in the
cooperative station. More energy consumed means more cost
charging of power consumption.
IV. CONCLUSION
SDN technology involved in 5G networks has a leading
role by giving more flexibility and efficiency in terms of
network management and data traffic, knowing that 5G
networks are very scalable and connect billions of stationed
and mobile devices with different requirements and
characteristics. The traffic flow passing through the 5G
network has different throughput and priority needs that should
be in charge by the networks elements. This is achieved by
splitting the network into two planes, the control and the data
plane. The proposed extension scheme named CP-SDN, gives
more efficiency and optimization to the existing SDN network,
by relieving centers that experience saturation due to the huge
supported data traffic. The simulation results show that CPSDN offers a greater outcome for the 5G networks in terms of
processing delay optimization and thus can assure a high QoS
level, especially for the constrained services. The obtained
results make CP-SDN a strong candidate for future dense and
mobile 5G networks.
ACKNOWLEDGEMENT
The authors express our sincere thanks to the General
Directorate of Scientific Research and Technological
Development (DGRSDT) for their support in the development
of this work.

Vol. 11, No. 2, 2021, 6857-6863

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

J. Baranda et al., "Automated deployment and scaling of automotive
safety services in 5G-Transformer," in IEEE Conference on Network
Function Virtualization and Software Defined Networks, Dallas, USA,
Nov. 2019, pp. 1–2, https://doi.org/10.1109/NFV-SDN47374.2019.
9039990.
J. Aires, P. Duarte, B. Parreira, and S. Figueiredo, "Phased-vCDN
Orchestration for flexible and efficient usage of 5G edge
infrastructures," in IEEE Conference on Network Function Virtualization
and Software Defined Networks, Dallas, USA, Nov. 2019, pp. 1–6,
https://doi.org/10.1109/NFV-SDN47374.2019.9040097.
A. A. Barakabitze, A. Ahmad, R. Mijumbi, and A. Hines, "5G network
slicing using SDN and NFV: A survey of taxonomy, architectures and
future challenges," Computer Networks, vol. 167, Feb. 2020, Art. no.
106984, https://doi.org/10.1016/j.comnet.2019.106984.
H. Ko, I. Jang, J. Lee, S. Pack, and G. Lee, "SDN-based distributed
mobility management for 5G," in IEEE International Conference on
Consumer Electronics, Las Vegas, U.S.A, Jan. 2017, pp. 116–117,
https://doi.org/10.1109/ICCE.2017.7889250.
Z. Zaidi, V. Friderikos, Z. Yousaf, S. Fletcher, M. Dohler, and H.
Aghvami, "Will SDN Be Part of 5G?," IEEE Communications Surveys
& Tutorials, vol. 20, no. 4, pp. 3220–3258, Oct. 2018, https://doi.org/
10.1109/COMST.2018.2836315.
T. Hu, P. Yi, Y. Hu, J. Lan, Z. Zhang, and Z. Li, "SAIDE: Efficient
application interference detection and elimination in SDN," Computer
Networks, vol. 183, Dec. 2020, Art. no. 107619, https://doi.org/10.1016/
j.comnet.2020.107619.
M. F. Hyder and M. A. Ismail, "INMTD: Intent-based Moving Target
Defense Framework using Software Defined Networks," Engineering,
Technology & Applied Science Research, vol. 10, no. 1, pp. 5142–5147,
Feb. 2020, https://doi.org/10.48084/etasr.3266.
I. H. Abdulqadder, S. Zhou, D. Zou, I. T. Aziz, and S. M. A. Akber,
"Multi-layered intrusion detection and prevention in the SDN/NFV
enabled cloud of 5G networks using AI-based defense mechanisms,"

www.etasr.com

[17]

[18]

[19]

[20]

[21]

[22]

[23]

6862

Computer Networks, vol. 179, Oct. 2020, Art. no. 107364,
https://doi.org/10.1016/j.comnet.2020.107364.
M. H. H. Khairi, S. H. S. Ariffin, N. M. A. Latiff, A. S. Abdullah, and
M. K. Hassan, "A Review of Anomaly Detection Techniques and
Distributed Denial of Service (DDoS) on Software Defined Network
(SDN)," Engineering, Technology & Applied Science Research, vol. 8,
no. 2, pp. 2724–2730, Apr. 2018, https://doi.org/10.48084/etasr.1840.
J J. Prados-Garzon, O. Adamuz-Hinojosa, P. Ameigeiras, J. J. RamosMunoz, P. Andres-Maldonado, and J. M. Lopez-Soler, "Handover
implementation in a 5G SDN-based mobile network architecture," in
IEEE 27th Annual International Symposium on Personal, Indoor, and
Mobile Radio Communications, Valencia, Spain, Sep. 2016, pp. 1–6,
https://doi.org/10.1109/PIMRC.2016.7794936.
X. Huang, P. Shi, Y. Liu, and F. Xu, "Towards trusted and efficient SDN
topology discovery: A lightweight topology verification scheme,"
Computer Networks, vol. 170, Apr. 2020, Art. no. 107119,
https://doi.org/10.1016/j.comnet.2020.107119.
Q. Long, Y. Chen, H. Zhang, and X. Lei, "Software Defined 5G and 6G
Networks: a Survey," Mobile Networks and Applications, Nov. 2019,
https://doi.org/10.1007/s11036-019-01397-2.
M. Condoluci and T. Mahmoodi, "Softwarization and virtualization in
5G mobile networks: Benefits, trends and challenges," Computer
Networks, vol. 146, pp. 65–84, Dec. 2018, https://doi.org/10.1016/
j.comnet.2018.09.005.
L. M. Contreras, L. Cominardi, H. Qian, and C. J. Bernardos, "SoftwareDefined Mobility Management: Architecture Proposal and Future
Directions," Mobile Networks and Applications, vol. 21, no. 2, pp. 226–
236, Apr. 2016, https://doi.org/10.1007/s11036-015-0663-7.
H. Wang, H. Xu, C. Qian, J. Ge, J. Liu, and H. Huang, "PrePass: Load
balancing with data plane resource constraints using commodity SDN
switches," Computer Networks, vol. 178, Sep. 2020, Art. no. 107339,
https://doi.org/10.1016/j.comnet.2020.107339.
S. Hu, X. Wang, and M. Z. Shakir, "A MIH and SDN-based Framework
for network selection in 5G HetNet: Backhaul requirement
perspectives," in IEEE International Conference on Communication
Workshop, London, UK, Jun. 2015, pp. 37–43, https://doi.org/10.1109/
ICCW.2015.7247072.
B. Gero et al., "The orchestration in 5G exchange — A multi-provider
NFV framework for 5G services," in IEEE Conference on Network
Function Virtualization and Software Defined Networks, Berlin,
Germany, Nov. 2017, pp. 1–2, https://doi.org/10.1109/NFV-SDN.2017.
8169865.
C. Bouras, A. Kollia, and A. Papazois, "SDN NFV in 5G:
Advancements and challenges," in 20th Conference on Innovations in
Clouds, Internet and Networks, Paris, France, Mar. 2017, pp. 107–111,
https://doi.org/10.1109/ICIN.2017.7899398.
X. Cui, X. Gao, and Y. Ma, "An Optimized Controller Placement
Algorithm in 5G Based on SDN," in International Wireless
Communications and Mobile Computing, Limassol, Cyprus, Jun. 2020,
pp. 816–819, https://doi.org/10.1109/IWCMC48107.2020.9148091.
S. K. Tayyaba and M. A. Shah, "5G cellular network integration with
SDN: Challenges, issues and beyond," in International Conference on
Communication, Computing and Digital Systems, Islamabad, Pakistan,
Mar. 2017, pp. 48–53, https://doi.org/10.1109/C-CODE.2017.7918900.
M. K. Forland, K. Kralevska, M. Garau, and D. Gligoroski, "Preventing
DDoS with SDN in 5G," in IEEE Globecom Workshops, Waikoloa,
USA, Dec. 2019, pp. 1–7, https://doi.org/10.1109/GCWkshps45667.
2019.9024497.
A. Hussein, I. H. Elhajj, A. Chehab, and A. Kayssi, "SDN VANETs in
5G: An architecture for resilient security services," in Fourth
International Conference on Software Defined Systems, Valencia, Spain,
May 2017, pp. 67–74, https://doi.org/10.1109/SDS.2017.7939143.
Y. Qin, L. Zhang, F. Xu, and D. Luo, "Interference and Topology-Aware
VM Live Migrations in Software-Defined Networks," in IEEE 21st
International Conference on High Performance Computing and
Communications, Zhangjiajie, China, Aug. 2019, pp. 1068–1075,
https://doi.org/10.1109/HPCC/SmartCity/DSS.2019.00152.

Djeldjeli & Mahdjoub: CP-SDN: A New Approach for the Control Operation of 5G Mobile Networks to …

Engineering, Technology & Applied Science Research

Vol. 11, No. 2, 2021, 6857-6863

6863

[24] Z. Wu, Q. Wei, K. Ren, and Q. Wang, "A Dynamic Defense Using
Client Puzzle for Identity-Forgery Attack on the South-Bound of
Software Defined Networks," KSII Transactions on Internet and
Information Systems (TIIS), vol. 11, no. 2, pp. 846–864, 2017.
[25] D. K. Luong, Y. Hu, J. Li, and M. Ali, "Metaheuristic Approaches to the
Joint Controller and Gateway Placement in 5G-Satellite SDN
Networks," in IEEE International Conference on Communications,
Dublin, Ireland, Jun. 2020, pp. 1–6, https://doi.org/10.1109/ICC40277.
2020.9149373.
[26] O. Awobuluyi, J. Nightingale, Q. Wang, and J. M. Alcaraz-Calero,
"Video Quality in 5G Networks: Context-Aware QoE Management in
the SDN Control Plane," in IEEE International Conference on Computer
and
Information
Technology;
Ubiquitous
Computing
and
Communications; Dependable, Autonomic and Secure Computing;
Pervasive Intelligence and Computing, Liverpool, UK, Oct. 2015, pp.
1657–1662,
https://doi.org/10.1109/CIT/IUCC/DASC/PICOM.2015.
250.
[27] C. Bouras, A. Kollia, and E. Maligianni, "The techno-economic models
for CR and SDN in 5G," in 12th IFIP Wireless and Mobile Networking
Conference, Paris, France, Sep. 2019, pp. 39–46, https://doi.org/
10.23919/WMNC.2019.8881823.
[28] P. Iovanna and F. Ubaldi, "SDN solutions for 5G transport networks," in
International Conference on Photonics in Switching, Florence, Italy,
Sep. 2015, pp. 297–299, https://doi.org/10.1109/PS.2015.7329032.
[29] J. Zhang, W. Xie, and F. Yang, "An architecture for 5G mobile network
based on SDN and NFV," in 6th International Conference on Wireless,
Mobile and Multi-Media, Beijing, China, Nov. 2015, pp. 87–92,
https://doi.org/10.1049/cp.2015.0918.
[30] C. Wang, K. T. Kim, and H. Y. Youn, "PopFlow: a novel flow
management scheme for SDN switch of multiple flow tables based on
flow popularity," Frontiers of Computer Science, vol. 14, no. 6, Jul.
2020, Art. no. 146505, https://doi.org/10.1007/s11704-019-8417-5.
[31] A. Chilwan and Y. Jiang, "Modeling and Delay Analysis for SDN-based
5G Edge Clouds," in IEEE Wireless Communications and Networking
Conference, Seoul, Korea, May 2020, pp. 1–7, https://doi.org/
10.1109/WCNC45663.2020.9120849.
[32] A. Esmaeily, K. Kralevska, and D. Gligoroski, "A Cloud-based
SDN/NFV Testbed for End-to-End Network Slicing in 4G/5G," in 6th
IEEE Conference on Network Softwarization, Ghent, Belgium, Jul.
2020, pp. 29–35, https://doi.org/10.1109/NetSoft48620.2020.9165419.

www.etasr.com

Djeldjeli & Mahdjoub: CP-SDN: A New Approach for the Control Operation of 5G Mobile Networks to …

Engineering, Technology & Applied Science Research

Vol. 11, No. 2, 2021, 6864-6868

6864

Complexity and Limitations of GNSS Signal
Reception in Highly Obstructed Enviroments
Arif Hussain

Faheem Akhtar

Department of Electrical Engineering
Sukkur IBA University
Sukkur, Pakistan
arif.hussain@iba-suk.edu.pk

Department of Computer Science
Sukkur IBA University
Sukkur, Pakistan
fahim.akhtar@iba-suk.edu.pk

Zahid Hussain Khand

Asif Rajput

Department of Computer Science
Sukkur IBA University
Sukkur, Pakistan
zahid@iba-suk.edu.pk

Department of Computer Science
Sukkur IBA University
Sukkur, Pakistan
asif.ali@iba-suk.edu.pk

Zeeshan Shaukat
Faculty of Information Technology
Beijing University of Technology
Beijing, China
wakeupzee@yahoo.com

Abstract-Multipath (MP) and/or Non Line-Of-Sight (NLOS)
reception remains a potential vulnerability to satellite-based
positioning and navigation systems in high multipath
environments, such as an urban canyon. In such an environment,
satellite signals are reflected, scattered or faded, and sometimes
completely blocked by roofs and walls of high-rise buildings, flyover bridges, complex road structures, etc. making positioning
and navigation information inaccurate, unreliable, and largely
unavailable. The magnitude of the positioning error depends on
the satellite visibility, geometric distribution of satellites in the
sky, and received signal quality and characteristics. The quality
of the received signal (i.e. its statistical characteristics) can
significantly vary in different environments and these variations
can reflect in signal strength or power, range measurements (i.e.
path delay and phase difference), and frequency, all of which
distort the correlation curve between the received signal and
receiver-generated replicas, resulting in range errors of tens of
meters. Therefore, in order to meet stringent requirements
defined for the Standard Positioning Service (SPS), the
characterization of distortions that could significantly affect a
Global Navigation Satellite System (GNSS) signal is essentially
important. The scope of this paper is to detect possible
imperfections/deviations in the GNSS signal characteristics that
can occur due to MP or NLOS reception and analyze its effects.
For this purpose, analysis of fading patterns in received signal
strength (i.e. Carrier-to-Noise Ratio and strength fluctuations) is
carried out in both clear LOS and high MP environment and
then its impact on satellite lock state (i.e. tracking) is assessed.
Furthermore, phase fluctuations and range residuals are
computed to analyze the effects of path delays. The results show
that significant variations can occur in GNSS signal

characteristics in the MP environment that may result in loss of
lock event and inaccurate/faulty range measurements.
Keywords-blockage; availability; continuity; NLOS; accuracy

I.
INTRODUCTION
Satellite-based navigation systems (i.e. GNSS/GPS) are
providing accurate and reliable Positioning, Navigation, and
Timing (PNT) services to hundreds of civilian and military
applications across the globe. Some of these include road, rail,
and aerial transport, precision agriculture, electric power grids,
stock exchange systems, autonomous navigation, Intelligent
Transportation Systems (ITS), etc. [1, 2]. Although GNSS is
now widely used and providing PNT services with an
acceptable level of accuracy in clear open-sky views, the
precise positioning and navigation is quite a challenging task in
urban canyons. In such an environment, the satellite signals are
reflected, scattered, fluctuated (i.e. amplitude and phase) and
sometimes completely blocked by roofs and walls of high-rise
buildings, fly-over bridges and complex road scenarios, making
positioning information inaccurate, unreliable and largely
unavailable [3]. Specifically, obstructions in urban canyons can
affect the availability and accuracy of GNSS based positioning
and navigation services in two ways. At first, they can
completely block signals from Line-of-Sight (LOS) satellites
resulting in a reduced number of visible satellites. Secondly,
they can give rise to a phenomenon commonly known as
Multipath (MP) that results in biased range measurements. MP
refers to the combination of LOS and a number of NLOS signal
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components reflected off nearby obstacles one or more times
before reaching the receiver [2]. The MP effects when severe,
can significantly affect the quality of the received signal (i.e.
statistical characteristics) and thus result in poor positioning
performance of the GNSS receiver. In order to ensure that a
receiver in a field has achieved the Required Navigation
Performance (RNP) threshold, precise analysis of signal
characteristics and noise residuals is essentially important [4]
and MP/NLOS detection and error analysis under realistic
conditions is often a necessary part of the receiver's
performance assessment.
The main contribution of this paper is the analysis of the
performance of commercial grade GNSS receivers in urban
canyons by detecting the possible anomalies in the GNSS
signal reception and analyzing its impact. For this purpose,
carefully planned field experiments were conducted on presurveyed candidates to acquire the actual GNSS data. For a
comprehensive analysis of multipath/NLOS effects, five
fundamental GNSS signal parameters were investigated and
compared. These parameters include Carrier-to-Noise Ratio
(CNR) and its variations, satellite lock time, phase fluctuations,
and range residuals. Furthermore, the fading patterns in CNR
are analyzed in MP/NLOS conditions and their impact on
satellite lock state (i.e. tracking) is assessed.
II. GNSS FUNDAMENTALS AND OBSERVATION MODEL
The positioning and navigation problem considered in
GNSS is based on estimating the position of a receiver from
signals sent by several satellites containing positioning and
timing information. More precisely, by measuring the signal
propagation time between a specific satellite and the ground
receiver, the receiver is able to compute the distance or
geometric range. GNSS signals have very low power, and
hence they are prone to several errors and biases. The
geometric range measured by the receiver is contaminated by
these errors or biases, which is why it is called the pseudorange
[5, 6]. The general pseudorange observation [7] equation is
given as:
    















METHODOLOGY

In an urban area, GNSS signals may arrive at the receiver
not only through the direct (LOS) path, but also through several
indirect paths due to the presence of different obstructions
(high rise buildings, trees, bridges, etc.) in the way of the
www.etasr.com

signal. The superposition of direct LOS and one or more
indirect signals yields a compound signal (i.e. MP signal) [7].
The MP/NLOS can affect the quality of the navigation signal in
a number of ways, e.g. it can introduce random fluctuations in
amplitude and phase of the received signal or it can result in
biased range measurements. In this research, the detailed
analysis of MP/NLOS effects is carried out by investigating
and comparing the five fundamental parameters of the GNSS
signal. These parameters include CNR, variations in CNR,
satellite lock time, phase fluctuations, and range residuals as
shown in Figure 1. Generally, the MP signal [8, 9] can be
modeled as:


 !" # cos ∅

!( # cos ∅

∆∅ (2)

where !" and !( indicate the amplitudes of direct (LOS) and
reflected (NLOS) signals respectively, ∅ denotes the phase and
∆∅ denotes the phase shift in the NLOS signal [10, 11]. The
amplitude composite signal (  ) and phase shift can be
estimated as:
!  !"
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where ∆∅ and ! denote the phase shift and amplitude
influence by the multipath (i.e. the composite signal).

(1)

where,  represents the pseuodrange between the   satellite
and the receiver (u),     ,   ,    is the satellite
position available in navigation messages,   ,  ,   
represents the receiver position to be estimated, ‖   ‖  
    
     is the true distance
      
or actual geometric range between the satellite and the receiver,

and   are the troposheric delay and ionospheric delay
  is the error due to clock biases
respectively,
 
whereas  is the receiver's clock bias,  is the satellite's
clock bias, represents the speed of light,  is the error
factor due to MP/NLOS reception, and  represents the
receiver or measurement noise.
III.
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Fig. 1.

Navigation signal analysis methodology.

A. Carrier-to-Noise Ratio
CNR is the fundamental quality indication factor of any RF
(i.e. GNSS) signal and it represents the strength/power of the
received signal. In GNSS, the quality of the signal is directly
linked with positioning and navigation accuracy. Strong CNR
values with minimal fluctuations result in better positioning
performance [12, 13]. However in urban canyons, the CNR
tends to be lower and fluctuates around the nominal
asynchronously due to superposition of direct LOS and one or
more NLOS signals. The CNR can be estimated as:
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It is obvious that CNR can be significantly influenced by
MP effects. The multipath can either be destructive or
constructive depending upon the phase shifts.
B. Variations Patterns in CNR
As discussed above, in MP environment, the CNR may
fluctuate asynchronously around the nominal. These
fluctuations and their impact depend upon the severity of the
MP effect. The variations in CNR can be estimated as:
∆<=> 

@A# BCDEFG H@A# BCDEIJ 
@A# BCDEFG 8@A# BCDEIJ 

(6)

where <=>KL and <=>56 are the maximum and minimum
CNR values of the received signal respectively.
C. Satellite Lock State
In a GNSS receiver, the signals are initially acquired,
tracked and then a navigation message is decoded to estimate
the positioning solution. During the tracking stage, the receiver
keeps track of the acquired satellite and maintains it in lock
state. The MP/NLOS reception can interrupt the signal tracking
due to the degraded signal quality and may result in the loss of
lock events. The loss of lock interrupts the connection between
the satellite and the receiver leading to non-visibility of the
satellite even if the satellite is present at the particular time and
place. The duration and occurrence of loss of lock events
depends upon the strength of the signals. Lower CNR values
and/or significant CNR variations may result in frequent loss of
locks.
D. Phase Deviations
According to (4), MP signal can introduce phase shifts in
the received signal which ultimately contaminates the range

Fig. 2.
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measurements. These shifts/variations in phase can be
quantified by computing the standard deviation of phase over a
certain interval (60s). In MP free environment, these variations
are observed to be negligible.
E. Range Residuals
Pseudorange represents the distance between the satellite
and the ground receiver, measured by the estimation of the
propagation time of the satellite signal. The propagation time
can be affected by several factors like the ionospheric delay,
the tropospheric delay, clock biases, and longer travel time due
to MP/NLOS resulting in extended pseudorange and thus
inaccurate and unreliable positioning solution. MP/NLOS
remains an unmodeled and major source of error due to its
nondeterministic nature, while other effects can be
compensated or modeled. The MP error in the pseudorange can
be quantified by range residuals. The range residuals are simply
the change in pseudorange from one epoch to the next. In case
of a static receiver, the range residuals remain almost zero for
direct LOS signals, however this may not be the case in MP
environment [14].
IV. FIELD EXPERIMENTS AND DATA COLLECTION
In order to precisely investigate the complexity and
limitation of GNSS signal reception in real time, a carefully
planned field experiment is conducted on a pre-surveyed
candidate site to acquire and record (log) the GNSS signals.
The field experiment was performed in the Sukkur IBA
University, Pakistan. The site, as shown in Figure 2, has a high
degree of realism, being surrounded by buildings and dense
tress. In such an environment, there are significant chances of
MP and NLOS receptions that can degrade the positioning and
navigation accuracy.

Experimental site for GNSS raw data/signal acquisition (Google maps, © CNES / Airbus, Maxar Technologies)..

During the field experiment, real time GNSS signals/data
were logged by a Septentrio Polarx5S receiver connected to a
PolaNt Choke Ring B3/E6 Antenna and the post processing
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was done in Matlab. The setup is shown in Figure 3. The
Septentrio Polarx5S GNSS receiver is multi–frequency, multi–
constellation, capable of receiving 544 hardware channels to
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instantaneous track all satellites signals and can log data at
50Hz. The Septentrio receiver locked the GPS (L1C/A, L1P,
L2P, L2C, L5), GLONASS (L1, L2, L3) GALILEO (E1, E5ab,
AltBoc, E6), BEIDOU (B1, B2, B3), SBAS (L1, L5), QZSS
(L1, L2, L5) signals [15]. The letters show the frequency bands
related to each particular GNSS system. It has the capability of
logging real time GNSS data for all frequencies. The PolaNt
Choke Ring antenna is a high precision wideband antenna that
is compatible with the PolaRx group and has the capability of
receiving all GNSS signals [16].

Fig. 3.
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tracking) then the satellite is in lock state. Figure 4(c) shows
that MP/NLOS can interrupt the lock state of the satellite. It
can be clearly seen that the lock state of the satellite is
frequently interrupted when CNR variations are higher.
Frequent loss of locks may affect the continuity of GNSS
service and overburden the processing load because the
receiver has to reinitiate the acquisition process.

Experimental setup for capturing GNSS data.

V. RESULTS AND DISCUSSION
The precise positioning and navigation is highly dependent
on the quality/characteristics of the GNSS signal. The
comprehensive analysis of GNSS signal characteristics in
NLOS or Multipath environment is presented in Figures 4 and
5. This study is performed on actual GNSS data acquired in
MP environment in static mode and it is focused on
identifying/showing the signal parameters affected by
MP/NLOS reception. Figure 4 shows the fundamental signal
characteristics (CNR, CNR variations in relationship with
elevation angle and lock time) of one satellite PRN 12 for an
observation period of 5 hours (from 05:30 to 10:30 UTC).
Based on the signal characteristics, the observation period is
categorized into two segments: MP/NLOS and LOS. Figure
4(a) shows the CNR of the L1 and L2 signals. It is obvious that
CNR is significantly influenced by the MP effect. Under MP
conditions, the acquired CNR is much lower (it drops to 30dB)
and significantly fluctuates between 30 and 40dB even at good
elevation angles (θ≥20). Furthermore, the receiver is not able to
acquire/track when the CNR drops below 30dB. For better
analysis of the severity of the NLOS/MP effects on CNR of the
received signal, the variations in the CNR are analyzed and
quantified with respect to the elevation angle. Figure 4(b)
shows the CNR variations (∆CNR) in relationship with the
elevation angle. Due to the MP/NLOS, significant variations in
CNR even at higher elevation angles (20≤θ≤40) are observed.
The results show that when the ∆CNR is greater than 0.3, there
are significant chances of the loss of lock event. This can be
seen in Figure 4(c). In GNSS, when a connection between the
satellite and the receiver is established (i.e. the satellite is in
www.etasr.com

Fig. 4.

Satellite signal characteristics in urban canyon.

Multipath (MP) signals are reflected by obstacles one or
more times before reaching the GNSS antenna. Since we are
estimating distances to the satellites, and that is the foundation
of the positions in GNSS, a signal that bounces from an
obstruction before it reaches the GNSS antenna causes a
problem. If there is a bend in the signal, it will affect the range
measurement. These effects can be analyzed by observing
phase fluctuations/deviations and computing range residuals.
Figure 5 shows the range characteristics (phase deviations and
range residuals) of the same satellite, and for the same
observation period. It can be observed that MP/NLOS
obviously affects both parameters which are highly correlated
with the signal characteristics presented in Figure 4. When the
MP effect is significant, it may cause rapid fluctuations in
phase and/or results in large range residuals. The results show
that during the window from 09:00 to 10:00, phase deviations
up to 0.3 were observed along with range residual jumps to
20m. This may result in large positioning error.
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Fig. 5.

Satellite range characteristics in urban canyon.

VI. CONCLUSION
In this paper, the characteristics of GNSS signal in both
LOS and NLOS conditions were investigated and compared.
This study is focused in detecting possible imperfections/
deviations in the GNSS signal characteristics that can occur
due to MP or NLOS reception only and analyze their effects.
Based on the comprehensive analysis of the fundamental
characteristics of the signal, it is established that MP/NLOS
reception can significantly affect the quality of the received
signal. The severe MP effects can result in frequent loss of
locks and range errors of more than 10m. Furthermore, the
statistical characteristics of direct LOS signal significantly
differ from the indirect NLOS signal's.
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Abstract-Data storage is always an issue, especially for video data
from CCTV cameras that require huge amounts of storage.
Moreover, monitoring past events is a laborious task. This paper
proposes a motion detection method that requires fewer
calculations and reduces the required data storage up to 70%, as
it stores only the informative frames, enabling the security
personnel to retrieve the required information more quickly. The
proposed method utilized a histogram-based adaptive threshold
for motion detection, and therefore it can work in variable
luminance conditions. The proposed method can be applied to
streamed frames of any CCTV camera to efficiently store and
retrieve informative frames.

motion after getting video images, converting to grayscale,
using erosion to remove noise, and finally comparing two
consecutive images by using absolute difference. A threshold
value between 0.5 and 2 was suggested initially, but further
experiments indicated that the ideal threshold value was
between 1.3 to 1.5 in most cases. As the use of an image's
morphology slows down the processing of every frame, this
method cannot be used in real-time video processing. In [9], an
external motion sensor and a wireless camera were controlled
by an android device. The observer was notified by an email
with photos when the motion sensor detected any activity. The
suggested system incorporated both an alarm based alert
system and a password-based camera power control system.
This method's drawbacks were the need for an external sensor
for motion detection and the numerous emails in case of
continuous motion. A genetic algorithm was utilized for motion
detection in [12] to reduce surveillance data storage. The use of
genetic algorithms for motion detection resulted in increased
complexity and slow frame processing. In [11], motion
detection was achieved by calculating the difference between a
reference and the current frame. If their difference exceeded a
threshold, the frame was marked and transmitted to the
observer. Two methods were proposed in [4] for motion-based
storage optimization. The first method used a sensor to detect
and store the frames containing significant motion. This
method had two problems: the use of an external sensor and its
range. If the sensor is less sensitive, several sensors are
required to cover the whole region of interest. However, if the
sensor is more sensitive, it could consider motions out of the
region of interest. The second method optimized storage by
using neighboring frame differences and a fixed threshold.
Fixed threshold-based motion detection will not work well on
variable luminance conditions [14-15].

Keywords-storage optimization; adaptive threshold; motion
detection; video mining

I.
INTRODUCTION
Image and video processing involves the transmission and
storage of large data volumes in the form of frames and images.
Several researchers [1-3] worked on reducing bandwidth
requirements, whereas others [4] worked on optimizing storage
utilization. In today’s modern world, a huge amount of data is
being generated [5], therefore, extracting the required
information from large data volumes is a difficult task, while
the storage of large data volumes is an issue [6]. Multimedia
mining is a subfield of data-mining that addresses the issues of
extracting information such as audio, text, links, images, or
digital writing from multimedia files. Many researchers [7-12]
worked on video mining, motion detection in CCTV cameras,
and crime rate reduction. The importance of CCTV cameras
and their placement was discussed in [7], concluding that
although placing cameras in both random and expert-suggested
sites reduced crime rates, the latter had more impact on crime
rate reduction.
Many methods have been proposed for motion detection for
security purposes. In [8], MATLAB was used for detecting

This paper proposes a novel method for optimizing motion
detection and video storage without using external sensors. The
proposed method uses a single color channel for detecting
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motion instead of the RGB. Moreover, an adaptive threshold,
calculated every 10,000 frames using a frame's histogram, was
utilized to detect motion based on significant changes in
neighboring frames The proposed method was faster than the
previously proposed methods as it used one color channel and
the frame's histogram. Furthermore, the proposed method is
dynamic in nature due to its adaptive threshold.
II. METHODOLOGY
Figure 1 shows a summary of the proposed method, while
Figure 2 shows the proposed algorithm's flowchart. The
adaptive threshold was recalculated every 10,000 frames, and it
was applied to the red layer difference of each frame.

Fig. 1.

Summary of the proposed method.
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assignment per pixel, whereas advanced conversion requires
several arithmetic operations [7]. As the proposed method was
based on the simple differences of neighboring frames,
converting each RGB frame to grayscale would not simplify
the algorithm significantly. For example, the conversion of an
input frame sized 100×100×3 using exhaustive loops would
require 20,000 additions, 30,000 multiplications, and 10,000
assignments per frame. Moreover, the difference calculation
requires 10,000 subtractions and 10,000 assignments per frame.
So, conversion and difference calculation require in total
30,000 additions/subtractions and 20,000 assignments. On the
other hand, using an RGB frame without converting it to
grayscale requires 30,000 subtractions and 30,000 assignments.
Hence, converting to grayscale would save 10,000 assignments
in total for exhaustive differences' calculation.
The proposed method used only the red channel instead of
the three RGB or grayscale conversion, as color information
was unnecessary. Using the red channel required only 10,000
subtractions and respective assignments for a 100×100×3 sized
frame, even if using exhaustive loop-based subtraction instead
of vectorization. Moreover, the green channel may be used
instead of the red. On the other hand, using the blue channel
may not provide good results, as human skin and natural
luminance contain fewer blue channel contributions.
B. Adaptive Threshold Calculation
This study aimed to propose a real-time luminanceinvariant optimization for motion detection. The luminance of a
scene captured by a CCTV camera changes throughout the day
due to different atmospheric conditions and daylight changes.
If a CCTV camera captures video at 30 frames per second, it
takes slightly less than six minutes to capture a ten thousand
frame video, while this duration is reduced to three minutes
when using 60 frames per second. The first frame after every
ten thousand is used for calculating the next threshold. The
histogram of this frame is used to calculate the next threshold
by using:
 



 (1)



where and  are the frame's amount of rows and columns,
respectively.
is the value of  that can be calculated as the
index value that minimizes the difference, given by:


#$

  ∑   (2)

 ,, ,…..,"

This corresponds to the frequency of the intensity level in
the image's histogram, and it is a count of the 80% of the
image's pixels obtained by using:


Fig. 2.

Flowchart of the proposed algorithm.

A. Using Red Channel for Processing
An RGB frame can be converted to grayscale when the
color of the scene is unnecessary. The simpler RGB to
grayscale conversion requires two additions and one

www.etasr.com





0.8 (3)

' in (2) refers to the index of the peak of the histogram. ( )
is a parameter that controls the sensitivity of motion detection.
A smaller value of ( ) will result in more motion detection and
vice versa. The possible range of ( ) is: 0 * ( ) + 0.17. Based
on the experience of extensive simulations, the recommended
value of ( ) was 0.11. It should be noted that all calculations
were made for a non-normalized 8-bit image having intensities
between 0-255.
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C. Application of Threshold
A frame is marked to have motion if:
∑./0112314 5 

(4)

where /011231 is given by:
/011231  67 .04  67 .0  14 ∨ (5)
where 67 .04 and 67 .0  14 are the red channel layers for the
current and the previous frame respectively. Each frame having
motion is stored in the database, where the others are neglected.
Figure 3 shows a test case during the daytime displaying an
original frame, a grayscaled frame, and the red channel's
histogram. Figure 4 shows a test case during the nighttime,
displaying an original frame, a grayscaled frame, and the red
channel's histogram.

(a)

(b)

(a)

(c)

(b)

Fig. 4.
Nightime case test: (a) Original colored image, (b) grayscaled
image, and (c) pixel intensity count of the red channel.

(c)

Fig. 3.
Daytime case test: (a) Original colored image, (b) grayscaled
image, and (c) pixel intensity count of the red channel.
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III. RESULTS AND DISCUSSION
The proposed method was applied on datasets obtained
from Sukkur IBA IET (Institute of Emerging Technologies),
Khairpur CCTV Cameras, YouTube, and the Venom movie.
Results were obtained for both the threshold calculation and
storage optimization processes. Figure 3 shows a test case
during daytime, used for calculating the threshold. As it can be
noted, the histogram was well distributed. Any object moving
during the daytime would result in a significant change of
intensities and it could be detected using a higher threshold. On
the other hand, Figure 4 shows a test case during nighttime. As
it can be noted, the histogram is not well-distributed. Any
object moving during the nighttime would produce less change
of intensities and hence it would require a smaller threshold for
motion detection. Moreover, the size of the frame plays a
significant role, as a high-resolution frame would require a
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higher threshold when compared to a lower-resolution frame of
the same scene.
As both 3(a) and 4(a) Figures had 1920×1080 resolution,
the total frame's pixels were 2,073,600. The thresholds
calculated for the day and nighttime frames were 182,476 and
68,428, respectively. The values of were 62 and 30 for day time
and night time frames respectively. When these frames were
downscaled to 960×540, the values of thresholds were 45,619
and 17,107 for day and nighttime, respectively.
Table I shows the results of applying the proposed method
to the Venom movie and a CCTV camera footage. Venom
movie's total duration was 92 minutes, and after applying the
proposed method it was reduced to 52 minutes. The total
frames of the Venom movie were 11,040, while 6,112 frames
were preserved. The frame reduction of this movie was
44.63%.
TABLE I.

PERFORMANCE COMPARISON OF THE PROPOSED SCHEME
WITH THE ORIGINAL VIDEO

Size

Video sample of
venom movie

Video sample of CCTV
recording

Actual size

807 MB

14.4 GB

Size after applying the
proposed method

220 MB

251 MB

Regarding the application of the proposed method to a
CCTV camera stored footage, significant optimization was
observed. A video having 268.741 minutes duration was
reduced to 32.25 minutes since the CCTV footage had rare
motion. The total frames of the input video were 32,249, while
after ignoring the redundant frames only 3,714 were preserved.
In terms of percentage, the total frame storage was reduced up
to 88.4%. The proposed method worked faster than
conventional methods by saving many computations due to the
use of a single color channel for motion detection. Moreover,
the proposed method expedited the calculation process by
utilizing frame histograms. Furthermore, the proposed method
is dynamic in nature, due to its adaptive threshold and it
achieved a significant reduction in storage needs.
IV. CONCLUSION
This paper presented a video optimization method that
reduced storage needs by ignoring frames without significant
information. A significant informative frame is decided based
on the proposed motion detection method. The conventional
motion detection methods use fixed thresholds that make them
sensitive in variable illumination. For efficient processing, the
new threshold was calculated using a histogram every 10,000
frames, considering the illumination of the current scene. The
absolute difference was calculated between consecutive frames,
and its sum was compared with the threshold to decide whether
the frame should be stored in memory or not. Furthermore, the
red channel of each frame was used, instead of grayscale or
RGB in conventional methods. The proposed method provided
efficient video optimization, and it can be applied to any
streaming CCTV camera irrespective of the radiance of any
scene's light source or the illumination of the CCTV camera.
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Abstract-Since an Earthquake Ground Motion (EGM) is
amplified from the propagation through the ground, different
models are required for each ground type in the seismic design of
structures. While the shallow subsurface indicators are used for
the classification of ground types, a deep subsurface has a
significant impact on the amplification of the EGMs. This study
discusses the maximum credible EGMs for seismic design
reflecting seismic amplification due to deep subsurface. The
design spectra, reflecting the site amplification factor of the
target location, are presented by the calculation of the EGMs
with the same source and path characteristics and different site
amplification factors as recent major Japanese earthquake
records have shown, from the perspective of establishing the
maximum credible EGMs that may occur in the future at a target
site. The present design spectra, which are based on the natural
period of a shallow subsurface, are compared with those based on
the site amplification factors, considering the effect of deep
subsurfaces. Although there are almost no differences in the
design spectra with the present design methods according to the
surface ground type, the proposed method provides significantly
different design spectra for each site amplification factor.
Keywords-maximum credible earthquake ground motion; site
amplification factor; deep subsurface; earthquake response
analysis

I.
INTRODUCTION
Earthquake Ground Motions (EGMs) for seismic design are
classified into two categories: moderate EGMs and Maximum
Credible EGMs (MCEGMs). The former is used for the
assessment of structural serviceability and the latter is used for
the assessment of structural safety. MCEGMs are evaluated
successfully by adequately taking into account source, path,
and site amplification characteristics. A state-of-the-art method
is highly applicable to the evaluation of MCEGMs because the
said characteristics can be properly considered [1]. However,
the application of the state-of-the-art method is often
challenging and expensive in practical design. MCEGMs of
seismic design codes [2–7] are determined by considering the
seismicity and seismic amplification characteristic at the target
site, however, conventional methods employed in seismic
design codes have been pointed out to overestimate or
underestimate MCEGMs at many sites due to the insufficient
consideration of source, path, and site amplification
characterisitics [1]. Of the three characteristics, site

amplification characteristic is known to greatly differ from
place to place, thereby precise evaluation of the site
amplification characteristic is of utmost importance for
MCEGMs. The problem of the conventional methods for the
evaluation of site amplification characteristic is that the
methods only consider seismic amplification factor by shallow
subsurface. The ground comprises of both shallow and deep
subsurfaces. The boundary between the two is the engineering
bedrock. It has high rigidity and a negligible nonlinear response
during major earthquake events. Seismic amplification factors
by a deep subsurface are significantly larger than those by a
shallow subsurface. Therefore, considering amplification
factors due to shallow subsurface alone significantly
underestimates the site amplification factors [1, 8–10].
To evaluate the site amplification characteristics of a deep
subsurface, various methods utilizing the strong-motion record
have been proposed. The spectral ratio of the horizontal
component of the target site to the reference site (Standard
Spectral Ratio-SSR) [11] and the spectral ratio of the horizontal
component to the vertical component at the target site
(Receiver Function Method-RF) [12] are taken as examples of
the simplified method. Another method is the spectral inversion
which separates the source, path, and site characteristics from
the earthquake record observed at multiple sites [13–15]. These
differences in the evaluation methods of site amplification
factors result in variations in the calculated amplification
factors. Comparative studies of the differences between these
techniques [16–20] have revealed that the spectral inversion
method and the SSR method produce almost the same
amplitude, while the RF method results in lower amplitude
compared with other approaches. It should be noted that the
SSR method requires a hard-rock site as a reference location
that is in close proximity to the target site. However,
identifying the ideal reference site is not always possible,
especially at sedimentary sites. Furthermore, surface-rock sites
have their specific amplification because of the effects of nearsurface weathering or cracking [21]. Consequently, the SSR
method may result in an underestimation of the site
amplification factor [8, 19].
Considering the above points, it could be said that the
spectral inversion method is highly applicable for the precise
evaluation of the site amplification factors for arbitrary sites.

Corresponding author: Takashi Nagao

www.etasr.com

Nagao: Maximum Credible Earthquake Ground Motions with Focus on Site Amplification due to Deep …

Engineering, Technology & Applied Science Research

This article discusses MCEGMs considering site-specific
amplification factors obtained by spectral inversion, while
conforming to the method for establishing the MCEGMs of the
Japanese Specifications for Highway Bridges (JSHB) [7].
II.

MCEGMS OF JSHB

A. MCEGMs of JSHB and their Problems
The JSHB stipulates six kinds of standard MCEGMs. These
encompass two earthquake types (types 1 and 2) and three
kinds of ground conditions (types 1, 2, and 3). A type 1
earthquake is the MCEGM from a large-scale inter-plate
earthquake in the subduction area, while type 2 is the MCEGM
from a shallow crustal earthquake. The type 1 MCEGMs were
established considering EGM records, such as the 1923 Kanto
Earthquake, the 2003 Tokachi-oki Earthquake, and the 2011
off the Pacific coast of Tohoku Earthquake. The type 2
MCEGMs were established mainly with reference to the EGM
records from the 1995 Kobe Earthquake. The standard
MCEGMs are multiplied by a regional coefficient in the range
of 0.7–1.2 to reflect the seismicity of the site of interest. The
ground condition is classified by the natural period of the
shallow
subsurface
using
the
quarter-wavelength
approximation:
n

TG = 4

Hi

∑V

B. Comparison of JSHB's MCEGMs and Recent Major EGMs
The intensity of the present MCEGMs of the JSHB was
compared with recently recorded major EGMs. Three period
bands of 0.2–0.6, 0.6–1.0, and 1.0–2.0s were defined by
referring to the range of the natural periods of highway bridges
with span lengths of 200m or less [7]. Then, records showing
remarkably large spectral response acceleration in the above
period ranges were extracted from recent major earthquake
records. The focus was on the sites where the site amplification
factor was calculated by spectral inversion [24].
TABLE I.
Period (s)

where TG is the natural period of the shallow subsurface, and Hi
and Vsi are the thickness and the S-wave velocity of the i-th
layer for the shallow subsurface respectively. The ground
conditions are classified in accordance with the natural period
of the site of interest as follows: type 1 when TG is 0.2s or less,
type 3 when T G is 0.6s or more, and type 2 otherwise.

0.2-0.6

amplification factor

100

0.6-1.0
10

1

1

10

period(s)

Fig. 1.

TARGET SEISMIC WAVES

Earthquake
2003 Tokachi-oki Earthquake
2004 Mid Niigata Prefecture
Earthquake
2008 Iwate-Miyagi Nairiku Earthquake
2011 off the Pacific coast of Tohoku
Earthquake
2016 Kumamoto Earthquake
1995 Southern Hyogo Prefecture
Earthquake
2000 Western Tottori Prefecture
Earthquake
2003 Tokachi-oki Earthquake
2004 Mid Niigata Prefecture
Earthquake
2007Noto Hanto Earthquake
2008 Iwate-Miyagi Nairiku Earthquake
2011 off the Pacific coast of Tohoku
Earthquake
2018 Hokkaido Eastern Iburi
Earthquake
2000 Western Tottori Prefecture
Earthquake
2003 Tokachi-oki Earthquake

0.1
0.1

Site amplification factor comparisons.

The importance of the amplification characteristics by deep
subsurfaces is briefly demonstrated. Figure 1 shows the site
amplification factors of three type 1 ground sites (ISKH01,
MYZ017, and SZOH01) and three type 3 ground sites
(KGWH01, TTR005, and YMT006) from strong-motion
observation locations in the K-NET [22] and KiK-net [23]
networks. The site amplification factor is the amplification
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magnitude from the seismic bedrock to the ground surface
determined by the spectral inversion [24]. The red line
expresses the type 1 ground, while the blue line denotes the
type 3 ground. In the 0.6–1.0s period, the amplification factor
of type 1 ground with a shallow subsurface natural period of
0.2s or less greatly exceeds the amplification factor of type 3
ground with a shallow subsurface natural period of 0.6s or
more. In addition, the amplification factor of the type 1 ground
exceeds that of the type 3 ground in the period up to 2.5s,
except for MYZ017. This is caused by the differences in the
amplification factor due to the deep subsurface. It is evident
that the ground type classification of the JSHB is not
appropriate.

(1)

si

i =1
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1.0-2.0

2004 Mid Niigata Prefecture
Earthquake
2007 Niigataken Chuetsu-oki
Earthquake
2011 off the Pacific coast of Tohoku
Earthquake

Station
HKD086 (2)
NIG021 (1)
AKTH04 (1)
IBR003 (1),
IBRH11 (2)
KMMH16 (2)
Port Island (3)
TTRH02 (1),
TTR008 (3)
HKD086 (2)
NIG019 (1)
ISK005 (3)
AKTH04 (1)
MYG013 (2)
HKD128 (2)
TTRH02 (1)
HKD086 (2),
HKD098 (1)
NIG019 (1)
NIG018 (2)
MYG006 (2)

The selected seismic records are presented in Table I. The
numbers in parentheses are the ground types according to the
JSHB. By evaluating the ground types, it is evident that the KNET site has the largest P-S logging data down to 20m below
ground surface. Consequently, the ground conditions leading to
the engineering bedrock are unknown and the ground types
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(a)

Response spectrum(m/s/s)

cannot be determined at several locations. For those sites, the
ground type was assessed with the following method. At first, it
was assumed that the engineering bedrock with an S-wave
velocity of 400m/s appears below the deepest point for which
P-S logging data have been obtained and that no soil layer with
an S-wave velocity exceeding 400m/s appears down to 30m
below the ground surface. Next, in accordance with [25],
average shear-wave velocity of the top 30m (Vs30) was
estimated from the average S-wave velocity of less than 20m in
the surface layer, and the ground structures from the deepest
position of P-S logging to a depth of 30m were evaluated. The
EGMs of the observation records in Table I were compared
with the MCEGMs of the JSHB in Figure 2. The thin gray line
represents the individual EGM, the solid blue line expresses the
average, the broken blue line denotes the average and standard
deviation EGM. The solid red, black, and green lines are the
MCEGMs of ground types 1, 2, and 3 of the JSHB
respectively. The damping constant was established at 5% of
the standard value.
100

100

10

1

interplate
crustal
1

10

10

period(s)
Fig. 3.

Differences by earthquake type.

1

III.
1

10

period(s)
Response spectrum(m/s/s)
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regarded as reasonable, while a highway bridge with a long
natural period is a long-span bridge with a high degree of
importance, and an average and standard deviation level is
assumed by engineering judgement. As different MCEGMs are
established for different earthquake types, the variations in
EGMs are compared according to the type of earthquakes in
Figure 3. This research focuses on site-specific MCEGMs in
terms of amplification. The specific type of earthquake is not
considered, and the differences in EGMs between the interplate
earthquakes and the crustal earthquakes are not remarkable.
Therefore, the variations in earthquake types are not
considered.

0.1
0.1

0.1
0.1

(b)
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Response spectrum(m/s/s)
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100

10

1

0.1
0.1

A. Evaluation Methods of Site-Specific MCEGMs
As described above, the MCEGMs of the JSHB are
established with reference to the records of past major
earthquakes. This is because earthquakes of the same intensity
as historic earthquake events may reoccur in any part of Japan
in areas of high seismicity, and many earthquake records for
reference in the assessment of MCEGMs have been
accumulated. This paper discusses the MCEGMs considering
site-specific amplification factors while conforming to the
method for establishing the MCEGMs of JSHB. The EGM is
determined by the characteristics of the source, path, and site
amplification. The observed spectrum is represented by:
O(f) = S(f) P(f) G(f) (2)

1

10

period(s)
Fig. 2.
Comparison of major earthquakes and design spectra: (a) type 1
EGM, (b) type 2 EGM.

From the comparison of the observed EGMs and the
MCEGMs of the JSHB, the average of the observed spectra of
recent major earthquakes in the period range of less than 1s and
the average and standard deviation of the observed spectra in
the period range of more than 1s were found to generally
correspond to the MCEGMs of the JSHB. However, MCEGMs
are not necessarily the largest observed EGMs, and the
reference motions are selected from a statistical perspective.
Furthermore, if the difference in levels due to the difference in
the period bands is considered, it can be said that a highway
bridge with a short natural period is a small-scale bridge with a
relatively low degree of importance. Thus, an average level is
www.etasr.com

METHODS

where O(f) is the observed spectrum, S(f) is the source
spectrum, P(f) is the path spectrum, G(f) is the site
amplification spectrum, and f is the frequency.
This study considers MCEGMs with the same source and
path characteristics of past major earthquakes, and with the site
amplification factor at the site of interest. The reference points
from which seismograms are obtained are represented by
subscript R, and the target sites are represented by subscript T.
Thus, the seismic ground motion at the site to be examined is
obtained by:
OT ( f ) = OR ( f ) ⋅

GT ( f )
GR ( f )

(3)

During
major earthquakes, shallow subsurfaces
demonstrate nonlinearity. To consider the effect of this

Nagao: Maximum Credible Earthquake Ground Motions with Focus on Site Amplification due to Deep …
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nonlinearity, this study conducted an equivalent-linear
earthquake response analysis considering the frequency
dependency of the ground’s nonlinear characteristics by [26]
and evaluated an incident waveform at the engineering bedrock
of the reference site. The obtained spectrum was divided by the
site amplification factor GR(f) from the seismic bedrock to the
engineering bedrock at the reference site and was multiplied by
the site amplification factor GT(f) from the seismic bedrock to
the engineering bedrock at the target site. Finally, an
equivalent-linear earthquake response analysis was conducted
to determine the OT(f) at the ground surface. The nonlinear
characteristics of the soil used in the earthquake response
analysis were taken from [27], while the site amplification
factor from the seismic to the engineering bedrock was
calculated by [24]. Since this amplification factor is the one
from the ground surface to the seismic bedrock, the
amplification factor from the ground surface to the engineering
bedrock was eliminated by the application of the SH-wave
multiple reflection theory.

www.etasr.com
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Fourier spectrum(m/s)
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Fig. 4.
Relationship between the site amplification factor, the Fourier
spectrum, and the response spectrum.
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C. Selection of Target Sites
A typical site amplification factor was selected from the
following perspectives based on the nationwide site
amplification factors determined by [24]. First, three period
bands of 0.2–0.6, 0.6–1.0, and 1.0–2.0s were established. The
nationwide site amplification factors were classified into large,
medium, and small groups for these periodic zones. A total of
100 points were sampled from logarithmically spaced site
amplification factors in a period of 0.1 to 10.0s, and Average
Site Amplification Factors (ASAF) in the corresponding period
bands were calculated. The frequency distributions of the
ASAF for the respective bands are presented in Figure 5. The
distribution of ASAF can be approximated to a lognormal
distribution in every periodic band. The solid blue line in
Figure 5 is the probability density function of the lognormal
distribution. The cumulative distribution of ASAF was
calculated by the lognormal distribution approximation, as
shown in Figure 6. Since the distributions of 0.6–1.0 and 1.0–
2.0s are very close to the mean and standard deviations, the
cumulative distributions for the two bands almost overlap.

HKD098
10

frequency

B. Relationship between the Site Amplification Factor and the
Response Spectrum
Figure 4 contains the site amplification factor, the
acceleration Fourier amplitude spectrum, and the acceleration
response spectrum of the seismic waveforms presented in
Table I, extracting HKD098, NIG018, and TTR008 from
ground type 1, 2, and 3 sites respectively. The acceleration
Fourier amplitude spectrum was smoothed with the use of a
Parzen window with a bandwidth of 0.2Hz. The peak
frequencies of the Fourier spectrum and the site amplification
factor do not necessarily correspond due to the influence of the
nonlinearity of the shallow subsurface during strong
earthquakes. However, both the Fourier amplitude and the
response spectrum reveal a large value in the periodic band
with a large site amplification factor in general. Therefore,
when discussing the magnitude of the spectrum, the amplitude
of the site amplification factor in the relevant periodic band
must be considered.
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Fig. 5.

ASAF frequency distributions.

Based on the results shown in Table II, the range of the
cumulative distribution 0–1/3 is classified as the small site
amplification factor. The range of 1/3–2/3 is classified as the
medium site amplification factor, and the range 2/3–1 is

Nagao: Maximum Credible Earthquake Ground Motions with Focus on Site Amplification due to Deep …
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categorized as the large site amplification factor. Among the
presented 1695 nationwide site amplification factor sites [24],
1067 are type 1 ground sites, 439 are type 2 sites, and 81 are
type 3 sites. For each ground type, 3 sites were selected from
the large, medium, and small ASAF in each periodic zone to
eliminate the bias in the region. From this, a total of 81 sites,
with 9 sites from each ground type and each periodic zone,
were used as objects for the present study.
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Table III shows a list of the selected points. When the
shallow subsurface P-S logging at the selected site did not
reach the engineering bedrock, the subsurface structure was
determined in the same manner described in the previous
section. The site amplification factors of the selected sites are
shown in Figure 7. The red, blue, and brown lines correspond
to the large, medium, and small ASAF respectively.
type 1 0.2-0.6 sec

type 1 0.6-1.0 sec
100

0.8
0.67
0.6

10

1

0.1
0.1

0.4
0.33

1

10

20

30

ASAF
Fig. 6.

ASAF cumulative distributions.
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1

ASAF CLASSIFICATIONS

1

≤

≤

1.0–2.0
ASAF < 3.08
3.08 ASAF<6.30
6.30
ASAF

≤

≤

type 2 1.02-2.0 sec

10

1

Type 2

0.1
0.1

Type 3

medium

large

CHBH14,
MYG007,
YMN011
KYT004,
MYG013,
NIG018
FKO015,
ISK002,
OITH07

medium

large

KGWH01,
TTR005,
YMT006
FKI003,
KNG009,
SRCH03
IBUH03,
ISK005,
KYTH05

medium

large

FKIH01,
TCGH07,
TTR003
HKD057,
KNG003,
OIT007
ISK003,
MYG005,
SZOH26
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GIFH24,
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amplification factor
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ASAF < 3.19
3.19 ASAF<6.39
6.39
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TABLE III.
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1
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amplification factor

≤

1
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3.30 ASAF<5.88
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Period (s)
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Fig. 7.

Site amplification factor.

IV. RESULTS AND DISCUSSION
The 15 seismic waves shown in Table I are the reference
EGMs. The sites' amplification factors were replaced, and the
seismic ground motions were obtained at the 81 points shown
in Table III. From this, a total of 1215 hypothetical EGMs were
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individual response spectrum, the bold red line expresses the
logarithmic mean, and the bold blue line signifies the
logarithmic mean and logarithmic standard deviation. Figure
10 displays the response spectra of the logarithmic mean and
the logarithmic mean + logarithmic standard deviation for each
ground type. The black, blue, and red lines correspond to
ground types 1, 2, and 3, respectively, the solid lines represent
the logarithmic mean + logarithmic standard deviation, and the
broken lines are the logarithmic mean spectra.

Spectral acceleration(m/s/s)

acquired. Several sites are selected multiple times along with
locations identical to the reference seismic ground motion
observed sites in Table III. In this study, however, the
statistical analyses focus on the period zone, ground type, and
site amplification factor. Therefore, duplication is permitted
with emphasis on the fact that the number of data is the same
for each item. Figure 8 presents the results of a series of
processes using the reference recording of the Noto Hanto
Earthquake in 2007 at ISK005 and the target site KNG009 as
examples. When a conventional equivalent-linear earthquake
response analysis is conducted for a major earthquake, the
amplification factor from the engineering bedrock to the
ground surface tends to become significantly smaller than 1.0,
especially in the high-frequency range, resulting in an
underestimation of amplification. In such cases, the
deconvolved EGM at the engineering bedrock becomes
excessively large in amplitude, which generates unreliable
results. This study conducted equivalent-linear earthquake
response analyses, considering the frequency dependency of
the nonlinear characteristics of the ground by [26], as described
above, and no such phenomenon was observed.

Spectral acceleration(m/s/s)
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Fig. 8.
Example of seismic ground motion calculation. (a) Deconvolution
at ISK005, (b) ratio of amplification factor, (c) convolution at KNG009

The obtained acceleration response spectra for each ground
type are shown in Figure 9. The thin gray line denotes the

1

10

period(s)

40

time(s)
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1×10

Response spectrum (by ground type).

Fig. 10.

Response spectrum (representative value).

Comparing the logarithmic mean and the logarithmic mean
and logarithmic standard deviation response spectra, the type 1
ground spectra tend to be slightly smaller than the values of
type 2 and 3 ground spectra in the frequency band of 0.5s or
more. However, the difference is unremarkable. Comparing the
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logarithmic mean and logarithmic standard deviation response
spectra, the value of the type 3 ground tends to be slightly
smaller in the periodic zone of 0.4s or less compared with the
values of the types 1 and 2, but the difference is still
unremarkable.
The obtained response spectra are shown in Figure 11 for
large, medium, and small ASAF. The thin gray, bold red, and
bold blue lines are the same as in Figure 8. Figure 12 presents
the response spectra of the logarithmic mean and the
logarithmic mean and logarithmic standard deviation spectra
for each ASAF. The black, blue, and red lines are the small,
medium, and large ASAF respectively. The solid line
represents the logarithmic mean and logarithmic standard
deviation, and the dashed line denotes the logarithmic mean
spectra. According to the ASAF classification, the larger the
ASAF, the larger the response spectra. For example, the values
of the logarithmic mean and logarithmic standard deviation of
the spectral response acceleration in a period of 1s are 80, 30,
and 10m/s2 in the order of large, medium, and small ASAF. A
remarkable difference is observed. The same applies to the
logarithmic mean spectra, where the magnitude of the ASAF
and the magnitude of the response spectrum correspond. Thus,
depending on the site, rational design spectra can be established
by classifying the target site with the magnitude of the ASAF.
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Spectral acceleration(m/s/s)

1×10
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Spectral acceleration(m/s/s)
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Based on the results obtained, this study proposes design
spectra according to the classification of ASAF. From the
analysis of the present state of the design spectra in the JSHB,
as described above, the proposed design spectra are the average
spectra for the period range smaller than 1.0s and the average
and standard deviation spectra for the period range larger than
1.0s. When the average spectrum and the average and standard
deviation spectrum are combined in a period of 1s, spectral
discontinuities occur. Therefore, the average spectrum of the
short period side is extended in excess of 1s, and both are
combined in a position corresponding with the average and
standard deviation spectrum value. Finally, the function of the
design spectrum is created to be the maximum envelope of the
obtained result. Figure 13 contains the results along with the
current design spectra.
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Response spectrum (by ASAF)

Proposed spectrum: (a) Type 1 EGM, (b) Type 2 EGM
TABLE IV.

10

ASAF
Small
Medium
Large

PROPOSED SPECTRUM

Spectral acceleration(m/s/s); S0
T < 1.2; S0 = 6.0
1.2
T; S0 = 8 / T 19 / 12
T < 1.3; S0 = 12.0
1.3
T; S0 = 18 / T 5 / 3
T < 2.0; S0 = 29.0
2.0
T; S0 = 133 / T 11 / 5

≤
≤
≤

T is the natural period (s)
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In the diagram, the thick solid brown, green, and orange
lines are the proposed spectra at the points where the ASAF is
respectively large, medium, and small. The solid blue line is
the spectrum of the mean and standard deviation, and the solid
black, blue, and red lines are the design spectra of the current
design methods of ground types 1, 2, and 3, respectively. When
the proposed design spectrum and the present design spectrum
are compared, the proposed spectrum coincides with the
present design spectrum in the case of type 1 seismic motion in
medium ASAF. It increases in the case of large ASAF and
decreases in the case of small ASAF. Therefore, it can be said
that a reasonable design can be conducted with the same
construction cost as conventional national average costs.
Regarding the type 2 EGM, in the present design spectra of all
ground types in the period bands of less than 1s and of more
than 1s, the present design spectra of ground types 2 and 3 are
between those proposed for the middle and large ASAF. In
terms of the national average cost, a more rational design can
be produced while suppressing more the construction cost. The
function of the proposed design spectrum is shown in Table IV.
V. CONCLUSION
From the perspective of establishing rational site-specific
MCEGMs, this study proposed design spectra using ASAF as
indices. The main obtained conclusions of this research are:
• From the comparison of the design spectra for the current
level 2 EGMs with the spectra of recent strong-motion
records of major earthquakes, it was found that the average
spectra for a period of less than 1s and the average and
standard deviation spectra for a period of more than 1s of
recent major earthquakes generally correspond to the design
spectra of the JSHB, which is the MCEGMs assumed at the
construction site. It is presumed that this is based on
engineering judgment that considers the importance of
highway bridges.
• The response spectra of recent major earthquakes with
different site amplification factors are evaluated by
categorizing the ASAF period ranges as large, medium, and
small. The design spectra corresponding to the mean and
the mean and standard deviation are proposed for a period
of less than 1s and a period of more than 1s respectively.
From the comparison of the proposed spectrum with the
current design spectrum, it becomes possible to conduct a
rational design almost as economical as or slightly more
economical than the present design method.
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Abstract-Microgrids (MGs) are the emergent solution to
overcome the current electricity demand. The MGs provide the
facility to operate in both isolated and grid-connected modes. For
both operating modes, Distributed Generation (DG) inverters are
operating under grid forming or grid following control modes.
During mode switching, the MG experiences enormous
fluctuations, which occur due to the unidirectional islanding
event. This paper presents a control strategy by using the
modified power control scheme, current controller, and DC
linked voltage controller scheme to ensure the operational mode
transfer smoothly from the grid-connected to the islanded mode
and vice versa. The proposed control scheme is applied to a
three-phase distributed energy resource-based MG system with
fixed loads. The simulation results validate the effectiveness of
the control technique while tested at the point of common
coupling and also at the time of mode transfer.

Generation (DG) utilized in MGs is pretty common nowadays.
DGs like solar, wind, and Combined Heat Power (CHP), that
are attached to Grid Connected Mode (GCM) or Islanded Mode
(IM) protocols with connecting loads have many advantages
over the traditional grid [1-2]. Although the MGs provide an
alternative with bidirectional communication, there are some
control issues, particularly regarding power, voltage, and
frequency deviations that may occur when the MG changes its
operational mode from GCM to IM [3-4]. Generally, the
control schemes in terms of transition are divided into two
categories. The first one is the single control scheme for
regulating voltage [5-10], which is non-linear theory-based
such as the Lyapunov-based control. The second one is the
control with two schemes with pre-allotted intents [11-16],
based on the model predictive control scheme. However, in
both control techniques, high computational values and the
complexity of the schemes do not allow efficient
implementation of the control schemes. On the contrary, linear
control schemes are less complicated and can be easily
implemented without any complex computational burden [5].
Feedback and feed-forward procedures can be a good
alternative to make the control structure simple and convincing

Keywords-grid forming; grid following; seamless transition;
droop control

I.
INTRODUCTION
Microgrids (MGs) provide a promising solution to
overcome the electricity shortage in a reliable way. Distributed
Corresponding author: Mubashir Hayat Khan
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with the provision of seamless transition either from GCM to
IM or IM to GCM [17-18]. During the mode transition from
grid following to grid-forming mode, frequency deviations may
occur which may lead the MG system to instability. Moreover,
voltage and current errors may also occur during the mode
transition, while the voltage during the switching process must
follow the IEEE standard criteria [19]. A proper
synchronization algorithm is needed in order to have smooth
switching from one mode to another. Switching between modes
can be done with the help of an operator or automatically. In
the first case, the control of transition intensity can be
controlled with the MG functional point’s readjustment. In the
second case, unidirectional islanding is used to readjust the
operational points of the MG, but faces various issues related to
frequency and voltage errors and system stability concerns. In
[8-9, 14, 16, 20-23], different solutions have been presented to
compensate the errors that occur during transition. Most of the
control solutions are based on switching, but the droop-based
control scheme [8, 19] does not need any kind of switching.
This control scheme can be used for the transition from IM to
GCM or GCM to IM.
In [5, 9, 16, 21], nonlinear control schemes with adaptive
feedback stepping technique have been introduced to solve the
voltage frequency deviations and were applied to both
operation modes. The Model Predictive Control (MPC)
technique [5] is applied to the single phase multi bus inverterbased MG system with automatic tuning functionality for
seamless transition. The interaction between different inverter
controllers used in the same system still needs to be
investigated because during the IM, frequency and power
sharing errors occur. Hence, the damping ratio needs to be
improved in this case. In order to achieve smooth operation the
frequency deviations are mitigated by utilizing the virtual
inertia [23]. Virtual Synchronous Generators (VGSs) with
droop control are used to improve the dynamic performance of
the system. However, active power sharing accuracy is not
achieved [24]. If the droop control parameters are selected
accurately as per system requirements, the active power sharing
errors can be controlled and the control strategy could be more
efficient as compared to the control using VGS [25]. The
Proportional Resonant (PR) controller is implemented to
mitigate the frequency errors during mode transition in [26].
Moreover, phase angle correction with autonomous operation
was also ensured in the control scheme. Modified PQ control
technique with tracking V/f controller [27-28] needs constant
communication between the IM and the main grid. A two
separate synchronization compensator-based control system
was implemented in [29] to mitigate the voltage and phase
angle deviations but the system stability was not ensured. To
get an effective MG operation during mode switching, a fast
seamless transient control technique should be implemented
which will not compromise the permissible standards in terms
of power sharing accuracy, voltage, and frequency.
This paper presents a control strategy that uses a modified
power control scheme, consisting of the current controller and a
DC linked voltage controller scheme to ensure the operational
mode transfer smoothly from GCM to IM transitions and vice
versa. The proposed control scheme is applied to a three phase
Distributed Energy Resources-based MG system with fix loads.
www.etasr.com
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The simulation results validate the effectiveness of the control
technique in terms of voltage, frequency, and power sharing
behavior at the Point of Common Coupling (PCC) and at the
time of mode transfer.
II. MICROGRID CONFIGURATION AND OPERATION
A three phase MG system with three DGs is shown in
Figure 1. A constant DC source is connected separately to all
the DGs. An LCL filter is connected with each DG and the
loads are connected to the PCC. All the Voltage Source
Inverters (VSIs), explored for voltage, power sharing, and
frequency, are connected to the main grid with the help of a
circuit breaker installed just after the PCC.

Fig. 1.

A microgrid with three DG inverters connected in parallel.

A common load is connected to the PCC and the parallel
connected inverters can be detached from the main grid for IM
operation. GCM and IM operational modes are further
explained below.
A. Grid Connected Mode
Generally the GCM control is implemented in a gridfeeding control scheme. A control structure based on a PI
controller with a dq reference frame work is established by
using the convention current control structure [30-31]. The
current control structure block arrangement is shown in Figure
2.

Fig. 2.

Current control.

B. Islanded Mode
During the IM control mode, when a change occurs
between frequency and voltage because they are designed
separately for load and generation, ultimately the P and Q
sharing accuracy is decreased [30-31]. It is therefore essential
to overcome this mismatch according to the load requirements.
In a parallel connected MG system, when multiple DGs are
connected in the same network, the load sharing also needs to
be equally distributed to all the DGs as per their capacities so
the droop characteristics need to be incorporated in the system
to cope up with the load sharing issue as shown in Figure 3.
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where τ can be considered as a constant of the PI controller
transfer function Gc .

Fig. 3.

Voltage control.

Active and reactive powers are calculated by using LPF
with very small cutoff frequency. The block diagram for grid
forming is shown in Figure 3. The output voltage can be
expressed as:
Vo = G ( s ) Vref − Z o I o

(1)

III. THE PROPOSED CONTROL SCHEME
The control loops consists of a droop controller, a current
controller, and a linked voltage controller. For these
controllers, the control design procedure is given below which
is further categorized into GCM and IM control schemes.
A. Modified Power Control
Droop control technique provides P-ω and Q-f droop
control with decentralized and communication free facilities.
The active and reactive powers of each inverter are depending
on voltage and frequency at the PCC which is managed by
conventional droop control in the IM mode control scheme.
Moreover, another PI controller is also applied for ensuring
proper tracking of Vref. The power calculation mechanism is
given in Figure 4.

Fig. 5.

Current controller.

C. DC Linked Voltage Controller
Both side inverter currents are equalized for the voltage DC
linked controller before designing the controller:

Vdc I dc = 3I phV ph
where I d =

2 I rms and can be is expressed as:
I dc = 3 / 2

and

(3)

VL − L
Vdc

I d = K DC I d

(4)

I dc relates to the capacitor current which is given as:
Idc = C

dVdc

(5)

dt

So, the basic functionality of the voltage controller is to
maintain the voltage. The configuration of the DC linked
voltage controller is given in Figure 6.

Fig. 4.

Active and reactive power calculations.

B. Current Controller
Higher bandwidth is required in the design of the current
controller. It is preferred to get faster response, so low
switching frequency is needed. In the closed loop system, the
bandwidth is taken 10 times smaller than the switching
frequency. The block diagram in Figure 5 shows the current
controller configuration. The transfer function for the current
control strategy is:
G c ( s ) Ginv ( s ).

1
R f + sL f

1
R f + sL f

www.etasr.com

=

1

τs +1

(2)

Fig. 6.

DC lined voltage controller.

IV. S IMULATION RESULTS
The validation of the proposed control mechanism for the
seamless transition of MGs between the two operational modes
was carried out in MATLAB/Simulink. The system
specifications are given in Table I, and the overall
MATLAB/Simulink model is given in Figure 11.
A. Case 1: Grid Connected Mode
In the GCM control scheme it is necessary for a MG system
to operate in constant PQ mode. To attain constant PQ, the
inverter is operated in dq-reference framework to get current
control. In the transformation dq-abc, the observation time
scale is very high and so it is preferred to consider the average
model to get the voltage at the abc domain. In the GCM mode,
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the imbalance occurs due to the generated power and load at
the point of connection and the excess power is supplied by the
DC bus capacitor. The occurring reduction in the bus voltage
due to the supply needs to be maintained again. However, an
inner loop is established to balance the DC bus voltage and
current controller.When the breaker of the proposed model is
closed towards the GCM, the grid connection mode operation
is established. In GCM the voltage and frequency at the PCC
must always be in a fixed allowable range. As shown in Figure
7(a), voltage and frequency are in the permissible range. The
frequency is almost constant throughout the operation from t=0
to t=10s. At t=0.8s, voltage maintains the fixed magnitude. The
inverter current is successfully tracking the reference current as
shown in Figure 7(b). The active and reactive powers are
shared accurately as shown in Figure 7(c) just after some delay
at t=0.6s.

Vol. 11, No. 2, 2021, 6882-6888

6885

(a)

(b)

(a)
(c)

Fig. 8.
Transition from GCM to IM: (a) Voltage and frequency, (b)
reference and inverter currents, (c) active and reactive powers.
(b)

(a)

(c)

(b)
Fig. 7.
GCM results: (a) Voltage and frequency, (b) reference and inverter
currents, (c) active and reactive powers.

B. Case 2: Transition between GCM and IM
This section shows the results when transition occurs from
GCM to IM. The PCC voltage and frequency waveform are
shown in Figure 8(a). At t=5s there is a little deviation which is
compansated in a very short time interval. The same happens in
the case of deviating frequency. Figure 8(b) shows the behavior
of the currents. Iinverter decreases at t=5s which is cuccessfully
tracked by the reference current. Figure 8(c) shows the power
sharing accuracy of the DG inverters durreng the change in the
operational mode. From t=5s the active and reactive powers are
shared equally.

www.etasr.com

(c)

Fig. 9.
IM results: (a) Voltage and frequency, (b) reference and inverter
currents, (c) active and reactive powers.
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C. Case 3: Islanded Mode
In Case 3, the IM of the MG is discussed with respect to
the behavior of voltage, current, and powers. As shown in
Figure 9(a), voltage and frequency are in the permissible
range. The frequency is constant throughout the simulation
and the voltage magnitude is constant just after 0.8s. The
inverter current is successfully tracking the reference current
as shown in Figure 9(b). Figure 9(c) shows the PQ sharing in
IM.
D. Case 4:Transition from IM to GCM
It is shown in Figure 10(a) that when the reconnection of
the MG from IM to GCM takes place, there is a small deviation
in the voltage waveform and the frequency shows some
deviations before returning to a smooth level just after t=5s.
Figure 10(b) shows the behavior of the inverter and reference
currents which are tracking each other successfully at t=5s. In
Figure 10(c) the power sharing accuracy of the proposed
control scheme is shown when the MG is shifted to GCM from
IM operation. The results show that the active and reactive
powers are shared accurately from t=5s.
TABLE I.
Parameter Value
VDC
400 V
fSw
10kHz
f
50 Hz
Z L1, ZL2 and ZL3

(a)

(b)

(c)

SYSTEM PARAMETERS

Parameter
Value
Load
130 Ω,0.22 H
Z grid
0.4+j0.6 Ω
C
15 µF
0.3+j0.5 Ω, 1.3+j2.65 Ω & 2.4+j3.54 Ω

Fig. 11.

Fig. 10. Transition from IM to GCM: (a) Voltage and frequency, (b)
reference and inverter currents, (c) active and reactive powers..

MATLAB/Simulink model.

V. CONCLUSION
In this paper, the transition from GCM to IM and vice versa
was studied in detail. A simple approach by modifying the
power, current, and DC linked voltage controllers was
www.etasr.com
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presented. A smooth transfer from one operational mode to
another was conducted without affecting the active and reactive
power sharing among the DG inverters connected in parallel
and the voltage, frequency, reference current, and inverter
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current the at the PCC have been explored. The proposed
control scheme is applied to a three Distributed Energy
Resource system with fixed load. The simulation results
validate the effectiveness of the control scheme in terms of
voltage, frequency, and power sharing behavior at the PCC and
at the time of mode transfer.
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Abstract-The aim of the current study is to provide improvement
evaluation practices in the educational process. A multiple choice
test was developed, which was based on content analysis and the
test specification table covered some of the vocabulary of the
applied statistics course. The test in its final form consisted of 18
items that were reviewed by specialists in the field of statistics to
determine their validity. The results determine the relationship
between individual responses and the student ability. Most
thresholds span the negative section of the ability. Item
information curves show that the items provide a good amount of
information about a student with lower or moderate ability
compared to a student with high ability. In terms of precision,
most items were more convenient with lower ability students. The
test characteristic curve was plotted according to the change in
the characteristics of the examinees. The information obtained by
female students appeared to be more than the information
obtained by male students and the test provided more
information about students who were not studying statistics in an
earlier stage compared with students who did. This test clearly
indicated that, based on the level of the statistics course, there
should be a periodic review of the tests in line with the nature and
level of the course materials in order to have a logical judgment
about the level of the students’ progress at the level of their
ability.
Keywords-item response theory; item characteristics; multiplechoice; psychometric properties

I.

INTRODUCTION

A test is an educational tool that is frequently used to
evaluate students' academic achievement and progress. Tests
also provide an opportunity to verify students' skills in many
educational situations when it is not possible to use other
assessment methods. Despite the known problems of indirect
measurement, a lot of traits such as mathematical abilities,
verbal skills, resistance to stress, intelligence, dissatisfaction,
different opinions about a particular topic, etc. cannot be
directly observed and measured [1-3]. These are known as the
latent traits, and they can be measured only indirectly, often
using specially prepared questionnaires where the responses are
closely related to the specific traits being studied. Tests are
frequently used to assess students' cognitive progress and to

build question banks. As a result, the so-called latent trait
models have been developed and are used to estimate the
parameter values associated with the human personality [4-5].
These models provide a different type of information that in
turn helps to develop and improve tests accordingly. Many
researchers rely on the information from data that are analyzed
as a result of the subjects' responses. But it is important to ask
whether the formulation of stimuli (questions) may provide
another type of data or information that serves the research
process [1, 6-8].
Many researchers and specialists in the field of
measurement and evaluation, are interested in the basic
concepts and organizational theoretical frameworks of
measurement and evaluation and ways to apply them [9-11],
due to the great role this science plays in various fields of
scientific research in general and educational and psychological
research in particular. Research activity according to the needs
of educational institutions will positively affect development
and improvement in accordance with Saudi Arabia’s Vision
2030. Furthermore, the means of developing tests and
measurement methods are extremely important because the
data issued from the measurement processes have to be valid
and accurate, as some crucial decisions such as admission or
promotion may be based upon them [12-16]. In addition, it is
the responsibility of specialists in the field of measurement and
evaluation to enrich the literature, develop tests used in the
educational field, and reduce the possibility of potential
measurement errors during the evaluation process [17, 18].
Postgraduate tests in Saudi universities have not yet been
subjected to much scrutiny by local and international
evaluation institutions, because most of the quality assurance
agencies, such as the National Commission for Evaluation and
Accreditation (NCAAA), has only recently included
postgraduate programs in its plans, providing the opportunity
for universities to apply for accreditation for these programs.
Midterm and final exams and the way they are administered are
some of the indicators used by the NCAAA or other agencies
to accurately judge the progress of an academic program.
Therefore, improving these tests has become a necessary
requirement.
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II.

SIGNIFICANCE OF THE CURRENT STUDY

The significance of the current study stems from the
importance of the evaluation processes in the educational
process. The process of improving tests and identifying their
psychometric characteristics is the task of those working in the
field of measurement and evaluation in order to provide a
comprehensive understanding and a deep descriptive analysis
of the advantages and disadvantages observed in those tests
[19-21]. Furthermore, the scarcity of this type of scientific
studies has widened the gap between the tools currently used to
measure the level of achievement of students and what is hoped
that these tools should be like. The quality of these tools has
not been determined or reviewed, and therefore they have not
been assessed or evaluated [22-25]. The practical significance
of this type of research lies in the use of Item Response Theory
(IRT) models in analyzing students' responses to the
achievement test in a more objective way, showing whether
there is an effect of the multiplicity of characteristics of the
participants on the test items (multiple choice) in terms of the
accuracy of the estimates of the items’ parameters and the
individuals’ ability parameters. It can also guide the composers
of the test questions to take into account some points that may
affect the psychometric properties of the items and the test and
the accuracy of its results [26-29].
III. ITEM RESPONSE THEORY
There are many ways (i.e. models) to determine the
relationship between individual responses and student ability.
Within the framework of modern measurement theory, many
models and applications have been formulated and applied to
real test data. This includes the measurement assumptions
about the characteristics of the test item, the performance of the
subject, and how this performance is related to knowledge [2737-40]. Tests and evaluation processes in general form the
basis of the education system, and their importance lies in
improving educational planning, developing a mechanism for
enhancing curricular content, measuring learners' competence,
and comparing student performance or achievement data.
Evaluations also have a role for schools and teachers [30-33].
Tests are a tool of assessment, and their quality depends on a
large extent on the nature and quality of the information
collected during the preparation of the assessment. Over the
decades, the test building system has undergone a lot of
development through the emergence of many test building
theories focused in many types of tests, such as oral tests,
standardized tests, and realistic evaluation. Until today, theories
have continued to develop in order to keep up with the changes
in policies and new educational practices [2]. The modern
theoretical methods were largely developed in the sixties to the
late eighties. The IRT is a general statistical theory considering
the characteristics of the test item, the subject's performance on
the item, and how the performance is related to the abilities that
are measured by the test items [12, 34-36]. The IRT provides a
rich statistical tool for analyzing educational tests and
psychometric measures. The IRT assumes the following:
• The test performance of the subjects can be predicted (or
explained) by a set of factors called traits or latent traits and
abilities.
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• The relationship between the subject's performance and the
properties of the test item can be described through a
monotonic increasing function called the item information
function.
• The response on the test item can be either isolated or
continuous and it can be binary or bimodular. Item score
categories can be ordered or unordered, and there can be
one or many abilities behind the test performance.
IV.

CHARACTERISTICS OF THE IRT MODELS

• The IRT model should be defined as the relationship
between the observed response and the unobserved
infrastructure (latent trait).
• The model should provide a method for estimating the
degrees of the latent trait.
• The subjects' scores will be the basis for the assessment of
the basic construction of the model.
• The IRT model assumes that the subject's performance can
be predicted or explained by one latent trait or more.
In IRT is often assumed that the examinee has some
unobservable latent trait (also called latent ability), which
cannot be studied directly. The purpose of the IRT is to propose
models that allow linking these underlying traits to some of the
characteristics that can be observed on the subject [41]. There
are many models in the IRT and they have been classified into
two types: models that use the cumulative natural curve and
logistic models. Logistic models are currently more
widespread, they are suitable for two-stage items, and differ
according to the number of the estimated item parameters [6,
31, 42-45]. However, there are three commonly used models
for binary data, which use (1) for the correct response and (0)
for the wrong response, and these models are the one parameter
and the two-parameter logistic models, which will be examined
below.
A. One-Parameter Logistic Model
The concept of information availability plays an important
role in IRT as it can be used to evaluate how the item included
in the test accurately measures the level of the latent trait with
(parameter value θi). This latent trait could include, for
example, the level of the student's knowledge, intelligence,
ability, satisfaction, stress, etc. For example, in educational
tests, the item parameter represents the difficulty of the item
while the subject parameter represents the ability level of the
people being evaluated. The greater the subject's ability in
relation to the difficulty of the item (the parameter αj describes
the degree of difficulty of the item and the level of influence of
the item on the subject), the greater the probability of a correct
response to that item. Whereas, when the subject's position on
the latent trait is equal to the difficulty of the item, according to
Rasch’s model, there is a 0.5 probability that a subject’s
response is correct. Accurate information about the value of θi
depends on a number of factors, the most important of which is
the properties of the questions (items) used to evaluate the
parameter (the latent trait) [2, 30, 33, 46].
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B. Two-Parameter Logistic Model
In the Two-Parameter Logistic (2PL) model, the situation is
different from the one in the one-parameter model. The oneparameter model assumes that questions differ only with
respect to item difficulty, whereas, in the two-parameter
logistic model, two parameters are assumed to be connected to
the test item: the parameter αj which describes the difficulty of
the item (question) and the additional parameter βj, which
describes the discrimination of the item. The parameter β (the
slope of the curve) describes the degree to which the question
helps to distinguish between the subjects with the highest level
of a trait compared to those with a lower level of the same trait.
This parameter also shows the extent of the relevance of the
item to the overall score of the test. The higher the value of that
parameter, the greater the discrimination of the items (and the
easier it is to select subjects with a high level and those with a
low concentration of the same trait). It should also be noted that
the most difficult test item is not necessarily the test item with
the highest potential to discriminate between the subjects [2,
19, 36, 47, 48].
C. Three-Parameter Logistic Model
The Three-Parameter Logistic (3PL) model is used in IRT,
and it determines the probability of a correct response for a
dichotomously scored multiple-choice item as a logistic
distribution. The 3PL model is an extension of the 2PL logistic
model as it introduces the guessing parameter. Items now differ
in terms of discrimination, difficulty, and probability of
guessing the correct response [47]. After adding the guessing
parameter, denoted Ci, in the 3PL model, this parameter is the
lower asymptote of the item characteristic curve and represents
the probability of subjects who have a low ability to answer the
item correctly. The parameter is included in the model to
account for item response data from low-ability subjects, where
guessing is a factor in test performance [48-50]. The basic
equation for the 3PL model is the probability that a randomly
selected examinee with a certain proficiency level on scale k
will respond correctly to item j, which is characterized by
discrimination (αj), difficulty (βj), and guessing probability
(Ci) [27, 35, 37, 38, 51].
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difficulty factor is 0.50, and it insures maximum discrimination
between high and low ability [52-54]. To maximize item
discrimination, the desired difficulty levels are slightly higher
than halfway between the probability of answering correctly by
chance (1.00 divided by the number of alternatives for the
item) and the ideal score for the item (1.00) [55-58]. For
example, if the test item contains four alternatives to the
answer, the probability of answering it correctly by chance
would be 0.25 (1.00/4=0.25), and the ideal degree of difficulty
for the item can be calculated by substituting in the following
rule:
((Ideal score for item - probability of a correct answer by
chance) / 2) + probability of a correct answer by chance
TABLE I.

A. Item Difficulty
The test item difficulty factor βj represents the percentage
of the respondents who answered the item correctly. The
difficulty factor ranges from 0.0 to 1.00. The higher the value
of the difficulty factor, the easier the test item is. For example,
when the value of the difficulty factor βj is higher than 0.90,
the test item is described as very easy and should not be used
again in subsequent tests since almost all students are able to
properly respond to it. Whereas when the value of the βj is less
than 0.20, the test item is described as extremely difficult and
should be reviewed in subsequent tests. The optimal test item
www.etasr.com

THE IDEAL DEGREE OF DIFFICULTY GUIDELINE

Design of the test item
Multiple choice (5 alternatives)
Multiple choice (4 alternatives)
Multiple choice (3 alternatives)
Multiple choice (2 alternatives)

Ideal degree of difficulty for the test item
0.60
0.62
0.66
0.75

B. Item Discrimination
The test item discrimination factor is referred to using the
symbol αj, as it represents the point relationship between the
respondent's performance on the item and the respondents' total
scores. The discrimination factor value ranges from -1.00 to
1.00. When the value of the test item discrimination factor is
high, it indicates that the test item is able to distinguish
between respondents. It distinguishes between those who
scored high in the tests and were able to answer the test item
correctly and those who obtained low test scores and were not
able to respond to the item correctly [54, 59]. Test items that
have point values close to or less than zero should be removed.
Moreover, further consideration should be given to the item
which was responded to better by those who generally
performed poorly on the test than those who performed better
on the test as a whole. The test item may be confusing in some
way to top-performing respondents [52, 53, 58, 59].
TABLE II.

V. MULTIPLE CHOICE TEST ANALYSIS
Understanding how to interpret and use the information
based on students' test scores is just as important as knowing
how to create a well-designed test. An essential part of building
tests is using the feedback from a good test analysis. Among
the most important statistical information provided by a good
analysis of a multiple-choice test are the following:
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THE IDEAL DEGREE OF DISCRIMINATION GUIDELINE

Discrimination factor value
≥ 0.4
0.3 - 0.39
0.2 - 0.29
≤ 0.2
≤0

Description of the test item
A very good test item
A good test item. Possible improvements may
be considered
A fairly good test item. It is recommended to
improve it
A weak test item, with the recommendation of
deleting it
It is recommended to directly delete the item

VI. P SYCHOMETRIC PROPERTIES OF THE TEST
Psychometric properties are a statistical mechanism to
verify the fairness, objectivity, and relevance of the test for the
phenomenon to be measured. The most important psychometric
properties are the following:
• The individual data series for all test components.
• The characteristics of the data collected for all test
components. The fairness of the test lies in its freedom from
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any bias and its suitability for the target group, regardless of
gender, race, and religion. The psychometric properties of
the test are tested to verify that it is objectively constructed
and free of any bias.
Studying the rules for formulating multiple-choice test
items is important because it has an impact on the level of
performance on the items or the test as a whole. This means
that the good construction of the test and the verification of all
its psychometric properties ensures that the test avoids any
violations in the structure of the items, which in turn affects the
individual's performance on the test items [36, 60-62].
VII. METHODS
The descriptive survey method was used to obtain data
from a real-life scenario of giving postgraduate-level midterm
and final exams to assess master’s students’ achievement level
in the subject of applied statistics. This analytical study aimed
to determine the quality of the test, its efficiency, and the
reliability of its results despite the varying circumstances in
which it is given.
A. Measurements
A Criterion Referenced Test (CRT) was used to evaluate
students' achievement in the course of applied statistics in a
master’s degree level in order to verify the quality of the test as
a tool to evaluate the level of students’ achievement. The test
was developed and based on content analysis. The test
specification table covered some of the course vocabulary for
the applied statistics course. The test in its first form consisted
of 25 test items that were reviewed by specialists in the field of
statistics to determine their face validity, and 7 items were
omitted as a result. So, in its final form, the test had 18 items,
and they were applied to the study sample to verify their
quality (Table III). The results of the thorough analysis of the
test items were handed over to the central question bank in
order to compare the performance of the test items and verify
their lifespan when re-performing statistical operations on them
later. To verify the test reliability, the Kuder Richardson (KR20) method was used because the binary data are coded using 0
and 1 after correcting the items, and because the test items
differ in their difficulty parameter. The results indicated that
the test has a high reliability coefficient of KR-20 = 0.842.
B. Sample
The current study population consisted of all students of the
applied statistics course at the master’s level at Umm Al-Qura
University on the main campus in Makkah and all branches of
the University. The size of the population was rather large,
estimated at about 400 male and female students registered
during the second semester of the academic year 2020. It was
difficult to reach all the sample members because of the
financial cost, time, and effort required. Moreover, the
educational and population environment conditions for all
students are very similar and the previous studies using
samples from students in the Saudi universities’ population did
not show any clear bias. Therefore, the current study used a
random sample consisting of 338 students, equivalent to the
84.5% of the study population, studying different disciplines in
the College of Education.
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TABLE III.
Test Items
1. Which of the following is true for
the interval scale level?
2. If the value of the correlation
coefficient is equal to (-0.8) this is an
indication that the relationship is
3. Estimates that are calculated by
studying the sample members are
called
4. When the population is
homogeneous and its number is very
large, we use the following type of
sampling
5. When studying the relationship
between job performance and job
satisfaction, job satisfaction is called
6. Which of the following statements
is true for the relationship between
the sample and the population?

7. If the relationship between
chronological age and academic
achievement is (r = 0.91) then this is
evidence of
8. If the sum of the squares of the
deviations from the mean = 80 and
the number of students = 21 then the
standard deviation equals
9. The range of the relationship that
exists between two quantitative
variables is called
10. The mode for the values (1, 4, 9,
12) is
11. The median of the values (9, 15,
7, 10, 12) is
12. In one of the regions in KSA, a
study was conducted on the pros and
cons of the e-learning system at the
undergraduate level. In this study the
academic level is
13. The measure of central tendency
not affected by outliers is
14. The number of training courses
during a whole semester is a
15. Achievement tests depend on the
following level of measurement scale

17. When the sample size is
increased

18. Setting the confidence level at
95% is a prerequisite for educational
sciences.

TEST ITEMS

Alternatives (answers)
- Classification of individuals
- Ranking of individuals and
identifying differences
- Both
- Weak
- Nonexistent
- Strong
- Variables
- Parameters
- Statistics
- Simple Random Sampling
- Stratified Random Sampling
- Cluster Random Sampling
- Dependent variable
- Independent variable
- Intruder valuable
- Population parameters are a good
estimate of sample statistics
- Population parameters are a good
estimate of raw scores
- Sample statistics are a good
estimate of population parameters
- The greater the age, the greater the
achievement
- The younger the age, the lesser the
achievement
- The one or the other
-2
-4
-6
- Slope
- Connection
- Range
- Zero
- 12
- No mode
-7
-9
- 10
- Variable
- Constant
- Other
- The median
- The mode
- The one or the other
- Continuous quantitative variable
- Discrete quantitative variable
- Descriptive variable
- Ordinal
- Interval
- Ratio
- It increases the probability of a
normal distribution
- It makes the sample to not comply
with the normal distribution
- There is no relation between them
- Yes
- It may take different values
according to the nature of the study
- Other

The sample distribution when responding to the test is
represented in Tables IV and V. The members of the study
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sample were contacted by e-mail, and a test link was created
and made available on the student’s electronic page. The link
was made available for one hour, representing the testing
period, and prior coordination with the study sample was made
to select a time appropriate for everyone. Cases which had any
type of technological problems were not recorded. Electronic
reminders via the university's electronic system were used
before the test to alert the study sample about the test time.
TABLE IV.

DISTRIBUTION OF THE STUDY SAMPLE ACCORDING TO
GENDER AND CURRENT MAJOR

Gender

Psychology

Islamic
Education

Curriculum and
Instruction

Educational
Administration

Special
Education

Total

Current major in the master's study

Male
Female
Total

45
29
74

38
31
69

37
29
66

30
32
62

30
37
67

180
158
338

Vol. 11, No. 2, 2021, 6889-6901

equal to the item mean. In this case, the item difficulty index in
Tables VI to X shows the ranges, based on the examinees'
characteristics. The item difficulty ranged from 0.647 to 0.928.
For students who studied statistics in earlier stages, the items'
difficulties ranged from 0.878 to 0.970, however for students
who did not, the items' difficulties ranged from 0.310 to 0.893,
while the items’ difficulties based on gender ranged from 0.650
to 0.966 for male and 0.645 to 0.924 for the female students.
Regarding the students' current major, the item difficulty varied
over subjects: for special education, it ranged from 0.522 to
0.985, for educational administration it ranged from 0.50 to
0.870, for curriculum and instruction it ranged from 0.651 to
0.999, for Islamic education it ranged from 0.521 to 0.927, and
for psychology it ranged from 0.837 to 0.999. For higher GPA
the items' difficulties ranged from 0.857 to 0.994, whereas for
moderate GPA they ranged from 0.400 to 0.936, and for low
GPA they ranged from 0.021 to 0.869.
TABLE VI.
Items
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10
Q11
Q12
Q13
Q14
Q15
Q16
Q17
Q18

TABLE V.

Islamic
Education

Curriculum and
Instruction

Educational
Administration

Special
Education

Total

Current major in the master's study
Psychology

Studied statistics in
earlier stage

DISTRIBUTION OF THE STUDY SAMPLE ACCORDING TO
STUDYING STATISTICS IN EARLIER STAGES AND CURRENT MAJOR

Yes
No
Total

56
18
74

51
18
69

52
14
66

42
20
62

34
33
67

235
103
338

VIII. RESULTS
Figure 1 show the eigenvalue scree plot. It is clear that the
first eigenvalue is much greater than the others, suggesting that
a unidimensional model is reasonable for this data.

TABLE VII.

Items

Fig. 1.

Eigenvalue scree plot.

This test has items with one correct alternative answer that
worths a single point, the item difficulty was simply the
percentage of students who answer an item correctly, which is
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Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10
Q11
Q12
Q13
Q14
Q15
Q16
Q17
Q18

OVERALL ITEM DIFFICULTY

Overall
0.837
0.668
0.843
0.751
0.647
0.928
0.798
0.763
0.917
0.857
0.757
0.792
0.784
0.739
0.695
0.825
0.786
0.828

ITEM DIFFICULTY ACCORING TO STUDYING STATISTICS
IN AN EARLIER STAGE

Studying statistics in earlier stages
Yes
No
0.927
0.631
0.787
0.398
0.970
0.553
0.842
0.543
0.795
0.310
0.944
0.893
0.897
0.572
0.765
0.757
0.974
0.786
0.944
0.660
0.834
0.580
0.868
0.621
0.880
0.563
0.872
0.436
0.825
0.398
0.910
0.631
0.842
0.660
0.893
0.679
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Figures 2 - 19 present the combined curve for the 18 items
based on the overall data. Each item has one threshold. Most
thresholds span the negative section of the ability. Item
information curves show that the items provide a good amount
of information for students who had a lower or moderate ability
compared to high ability students. In terms of precision, most
of the items were more convenient to lower ability students
(e.g. items 9, 10, 17), while items 2, 5, 14 gathered more
information for students who had moderate ability.
TABLE VIII.

ITEMS DIFFICULTY ACCORING TO GENDER

Items
Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10
Q11
Q12
Q13
Q14
Q15
Q16
Q17
Q18

TABLE IX.

Gender
Male
Female
0.844
0.829
0.661
0.677
0.872
0.810
0.761
0.740
0.650
0.645
0.933
0.924
0.827
0.765
0.688
0.848
0.966
0.860
0.861
0.854
0.772
0.740
0.816
0.765
0.850
0.708
0.777
0.696
0.755
0.626
0.888
0.753
0.850
0.715
0.838
0.816

Vol. 11, No. 2, 2021, 6889-6901

6894

came to the highest levels of ability. The probability of correct
response in this test is about 18 for high ability students. Figure
21 presents the total amount of the information that has been
obtained from the test. It appears clearly that the test gives
good indicators to assess lower levels of agreement.
TABLE X.
Items

ITEM DIFFICULTY ACCORING TO THE GPA

≥ 3.75
0.950
0.950
0.989
0.928
0.956
0.994
0.939
0.857
0.983
0.939
0.972
0.956
0.956
0.972
0.939
0.950
0.923
0.934

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10
Q11
Q12
Q13
Q14
Q15
Q16
Q17
Q18

GPA
3.30-3.75
0.809
0.427
0.872
0.581
0.400
0.845
0.700
0.645
0.936
0.854
0.554
0.627
0.627
0.627
0.527
0.745
0.700
0.781

2.5 – 3.30
0.456
0.130
0.195
0.456
0.021
0.869
0.478
0.673
0.608
0.304
0.282
0.543
0.478
0.086
0.130
0.521
0.456
0.521

ITEMS DIFFICULTYACCORING TO THE CURRENT MAJOR

Items

Special
Education

Educational
Administration

Curriculum
and Instruction

Islamic
Education

Psychology

Current master's study major

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9
Q10
Q11
Q12
Q13
Q14
Q15
Q16
Q17
Q18

0.761
0.522
0.567
0.731
0.507
0.985
0.776
0.820
0.865
0.656
0.656
0.761
0.776
0.567
0.582
0.791
0.776
0.791

0.822
0.645
0.838
0.693
0.500
0.725
0.741
0.822
0.838
0.870
0.661
0.709
0.741
0.596
0.516
0.629
0.677
0.725

0.939
0.712
0.999
0.848
0.651
0.954
0.772
0.893
0.969
0.984
0.939
0.954
0.787
0.863
0.742
0.878
0.772
0.893

0.768
0.521
0.840
0.623
0.623
0.956
0.753
0.608
0.927
0.782
0.521
0.637
0.652
0.710
0.739
0.869
0.855
0.840

0.891
0.918
0.959
0.851
0.918
0.999
0.932
0.689
0.972
0.986
0.986
0.891
0.945
0.932
0.864
0.932
0.837
0.873

Figure 20 represents the test characteristic curve that was
the functional relation between the true score and the ability
scale. As we can see the probability of the correct response was
near to 1 at the lowest levels of ability and it increased until it
www.etasr.com

Fig. 2.

Characteristic curve of item 1.

Fig. 3.

Characteristic curve of item 2.
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Fig. 4.

Characteristic curve of item 3.

Fig. 8.

Characteristic curve of item 7.

Fig. 5.

Characteristic curve of item 4.

Fig. 9.

Characteristic curve of item 8.

Fig. 6.

Characteristic curve of item 5.

Fig. 10.

Characteristic curve of item 9.

Fig. 7.

Characteristic curve of item 6.

Fig. 11.

Characteristic curve of item 10.
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Fig. 12.

Characteristic curve of item 11.

Fig. 16.

Characteristic curve of item 15.

Fig. 13.

Characteristic curve of item 12.

Fig. 17.

Characteristic curve of item 16.

Fig. 14.

Characteristic curve of item 13.

Fig. 18.

Characteristic curve of item 17.

Fig. 15.

Characteristic curve of item 14.

Fig. 19.

Characteristic curve of item 18.
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who were not studying statistics in earlier levels compared to
students who were. Figures 27 and 28 also confirm that the test
provides a good amount of information for students who had a
lower or moderate ability compared to students who had high
ability.

Fig. 20.
scale.

Test characteristic curve between the true score and the ability

Fig. 23.

Fig. 21.

Test information curve according to female examinees.

Test characteristic curve.

Fig. 24. Test information curve according to examinees who were studying
statistics in earlier stage.

Fig. 22.

Test information curve according to male examinees.

Figures 22 to 33 represent the test characteristic curve
according to the change in the examinees’ characteristics. The
amount of information that has been obtained by female
students appeared to be more than the information extracted by
male and the test provided more information about students
www.etasr.com

Fig. 25. Test information curve according to examinees who were not
studying statistics in an earlier stage.
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Fig. 26. Test information curve according to examinees who had a GPA of
3.75 and above.

Fig. 29. Test information curve according to current major (Special
Education).

Fig. 27. Test information curve according to examinees who had a GPA in
the range from 3.30 to less than 3.75.

Fig. 30. Test information curve according to current major (Educational
Administration).

Fig. 28. Test information curve according to examinees who had a GPA in
the range from 2.50 to less than 3.30.

Fig. 31. Test information curve according to current major (Curriculum and
Instruction).
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CONCLUSION

In general, this study seeks to further improve the
evaluation practices in the educational process. The tests that
describe the students' progress in the educational process
should be subject to review by evaluation and measurement
specialists in order to ensure that we have valid and reliable
evaluation tools. The administrators of the educational system
need to find a mechanism to review question banks and align
them with the requirements of the scientific material of the
courses that are subject to continuous development.
REFERENCES
[1]

Fig. 32. Test information curve according to current major (Islamic
Education).

Fig. 33.

Test information curve according to current major (Psychology).

IX.

DISCUSSION

The study findings support previous researches [5-7, 63] for
the use of IRT models in analyzing students' responses to an
achievement test in a more objective way, showing whether
there is an effect of the multiplicity of characteristics of the
participants on the test items (multiple choice) in terms of the
accuracy of the estimates of the items’ parameters and the
individuals’ ability parameters. The results also help determine
the relationship between individual responses and their basic
ability. Within the framework of modern measurement theory,
many models and applications have been formulated and
applied to real test data. This includes the measurement
assumptions about the characteristics of the test items, the
performance of the subjects, and how performance is related to
knowledge. This test clearly indicated that based on the level of
the statistics course, there should be a periodic review of the
tests in line with the nature and level of the course materials in
order to have a logical judgment about the level of students’
progress and the level of their ability. This conclusion is
consistent with the findings of [50, 64].

www.etasr.com

B. Zhuang, S. Wang, S. Zhao, and M. Lu, "Computed tomography
angiography-derived fractional flow reserve (CT-FFR) for the detection
of myocardial ischemia with invasive fractional flow reserve as
reference: systematic review and meta-analysis," European Radiology,
vol. 30, no. 2, pp. 712–725, Feb. 2020, https://doi.org/10.1007/s00330019-06470-8.
[2] Y. A. Wang and M. Rhemtulla, "Power Analysis for Parameter
Estimation in Structural Equation Modeling:A Discussion and Tutorial,"
in Advances in Methods and Practices in Psychological Science,
California, USA: University of California, 2020.
[3] H. Zhu, W. Gao, and X. Zhang, "Bayesian Analysis of a Quantile
Multilevel Item Response Theory Model," Frontiers in Psychology, vol.
11, Jan. 2021, Art. no. 607731, https://doi.org/10.3389/fpsyg.
2020.607731.
[4] M. R. Szeles, "Examining the foreign policy attitudes in Moldova,"
PLOS ONE, vol. 16, no. 1, 2021, Art. no. e0245322, https://doi.org/
10.1371/journal.pone.0245322.
[5] D. Almaleki, "The Precision of the Overall Data-Model Fit for Different
Design Features in Confirmatory Factor Analysis," Engineering,
Technology & Applied Science Research, vol. 11, no. 1, pp. 6766–6774,
Feb. 2021, https://doi.org/10.48084/etasr.4025.
[6] D. Almaleki, "Empirical Evaluation of Different Features of Design in
Confirmatory Factor Analysis," Ph.D. dissertation, Western Michigan
University, MC, USA, 2016.
[7] C. S. Wardley, E. B. Applegate, A. D. Almaleki, and J. A. Van Rhee, "A
Comparison of Students’ Perceptions of Stress in Parallel ProblemBased and Lecture-Based Curricula," The Journal of Physician Assistant
Education, vol. 27, no. 1, pp. 7–16, Mar. 2016, https://doi.org/10.1097/
JPA.0000000000000060.
[8] C. Wardley, E. Applegate, A. Almaleki, and J. V. Rhee, "Is Student
Stress Related to Personality or Learning Environment in a Physician
Assistant Program?," The Journal of Physician Assistant Education, vol.
30, no. 1, pp. 9–19, Mar. 2019, https://doi.org/10.1097/JPA.
0000000000000241.
[9] A. C. Villa Montoya et al., "Optimization of key factors affecting
hydrogen production from coffee waste using factorial design and
metagenomic analysis of the microbial community," International
Journal of Hydrogen Energy, vol. 45, no. 7, pp. 4205–4222, Feb. 2020,
https://doi.org/10.1016/j.ijhydene.2019.12.062.
[10] N. M. Moo-Tun, G. Iniguez-Covarrubias, and A. Valadez-Gonzalez,
"Assessing the effect of PLA, cellulose microfibers and CaCO3 on the
properties of starch-based foams using a factorial design," Polymer
Testing, vol. 86, Jun. 2020, Art. no. 106482, https://doi.org/
10.1016/j.polymertesting.2020.106482.
[11] K. M. Marcoulides, N. Foldnes, and S. Grønneberg, "Assessing Model
Fit in Structural Equation Modeling Using Appropriate Test Statistics,"
Structural Equation Modeling: A Multidisciplinary Journal, vol. 27, no.
3, pp. 369–379, May 2020, https://doi.org/10.1080/10705511.
2019.1647785.
[12] M. D. H. Naveiras, "Using Auxiliary Item Information in the Item
Parameter Estimation of a Graded Response Model for a Small to
Medium Sample Size: Empirical versus Hierarchical Bayes Estimation,"
Ph.D. dissertation, Vanderbilt University, Nashville, TN, USA, 2020.

Almaleki: Examinee Characteristics and their Impact on the Psychometric Properties of a Multiple …

Engineering, Technology & Applied Science Research
[13] M. N. Morshed, M. N. Pervez, N. Behary, N. Bouazizi, J. Guan, and V.
A. Nierstrasz, "Statistical modeling and optimization of heterogeneous
Fenton-like removal of organic pollutant using fibrous catalysts: a full
factorial design," Scientific Reports, vol. 10, no. 1, Sep. 2020, Art. no.
16133, https://doi.org/10.1038/s41598-020-72401-z.
[14] W. van Lankveld, R. J. Pat-El, N. van Melick, R. van Cingel, and J. B.
Staal, "Is Fear of Harm (FoH) in Sports-Related Activities a Latent
Trait? The Item Response Model Applied to the Photographic Series of
Sports Activities for Anterior Cruciate Ligament Rupture (PHOSAACLR)," International Journal of Environmental Research and Public
Health, vol. 17, no. 18, Sep. 2020, Art. no. 6764, https://doi.org/
10.3390/ijerph17186764.
[15] C. Shin, S.-H. Lee, K.-M. Han, H.-K. Yoon, and C. Han, "Comparison
of the Usefulness of the PHQ-8 and PHQ-9 for Screening for Major
Depressive Disorder: Analysis of Psychiatric Outpatient Data,"
Psychiatry Investigation, vol. 16, no. 4, pp. 300–305, Apr. 2019,
https://doi.org/10.30773/pi.2019.02.01.
[16] C. W. Ong, B. G. Pierce, D. W. Woods, M. P. Twohig, and M. E. Levin,
"The Acceptance and Action Questionnaire – II: an Item Response
Theory Analysis," Journal of Psychopathology and Behavioral
Assessment, vol. 41, no. 1, pp. 123–134, Mar. 2019, https://doi.org/
10.1007/s10862-018-9694-2.
[17] A. Acevedo-Mesa, J. N. Tendeiro, A. Roest, J. G. M. Rosmalen, and R.
Monden, "Improving the Measurement of Functional Somatic Symptoms
With Item Response Theory," Assessment, Aug. 2020, Art. no.
1073191120947153, https://doi.org/10.1177/1073191120947153.
[18] J. Xia, Z. Tang, P. Wu, J. Wang, and J. Yu, "Use of item response theory
to develop a shortened version of the EORTC QLQ-BR23 scales,"
Scientific Reports, vol. 9, no. 1, Feb. 2019, Art. no. 1764,
https://doi.org/10.1038/s41598-018-37965-x.
[19] Y. Liu and J. S. Yang, "Interval Estimation of Latent Variable Scores in
Item Response Theory," Journal of Educational and Behavioral
Statistics, vol. 43, no. 3, pp. 259–285, Jun. 2018, https://doi.org/10.3102/
1076998617732764.
[20] U. Gromping, "Coding invariance in factorial linear models and a new
tool for assessing combinatorial equivalence of factorial designs,"
Journal of Statistical Planning and Inference, vol. 193, pp. 1–14, Feb.
2018, https://doi.org/10.1016/j.jspi.2017.07.004.
[21] P. J. Ferrando and U. Lorenzo-Seva, "Assessing the Quality and
Appropriateness of Factor Solutions and Factor Score Estimates in
Exploratory Item Factor Analysis," Educational and Psychological
Measurement, vol. 78, no. 5, pp. 762–780, Oct. 2018,
https://doi.org/10.1177/0013164417719308.
[22] X. An and Y.-F. Yung, "Item Response Theory: What It Is and How
You Can Use the IRT Procedure to Apply It," SAS Institute Inc., Paper
SAS364-2014.
[23] K. Coughlin, "An Analysis of Factor Extraction Strategies: A
Comparison of the Relative Strengths of Principal Axis, Ordinary Least
Squares, and Maximum Likelihood in Research Contexts that Include
both Categorical and Continuous Variables," Ph.D. dissertation,
University of South Florida, Tampa, FL, USA, 2013.
[24] D. L. Bandalos and P. Gagne, "Simulation methods in structural
equation modeling," in Handbook of structural equation modeling, New
York, ΝΥ, USA: The Guilford Press, 2012, pp. 92–108.
[25] J. C. F. de Winter, D. Dodou, and P. A. Wieringa, "Exploratory Factor
Analysis With Small Sample Sizes," Multivariate Behavioral Research,
vol. 44, no. 2, pp. 147–181, Apr. 2009, https://doi.org/10.1080/
00273170902794206.
[26] J. D. Kechagias, K.-E. Aslani, N. A. Fountas, N. M. Vaxevanidis, and D.
E. Manolakos, "A comparative investigation of Taguchi and full
factorial design for machinability prediction in turning of a titanium
alloy," Measurement, vol. 151, Feb. 2020, Art. no. 107213,
https://doi.org/10.1016/j.measurement.2019.107213.
[27] G. Kuan, A. Sabo, S. Sawang, and Y. C. Kueh, "Factorial validity,
measurement and structure invariance of the Malay language decisional
balance scale in exercise across gender," PLOS ONE, vol. 15, no. 3,
2020, Art. no. e0230644, https://doi.org/10.1371/journal.pone.0230644.
[28] M. J. Allen and W. M. Yen, Introduction to measurement theory.
Monterey, CA, USA: Cole Publishing, 1979.

www.etasr.com

Vol. 11, No. 2, 2021, 6889-6901

6900

[29] O. P. John and S. Srivastava, "The Big Five trait taxonomy: History,
measurement, and theoretical perspectives," in Handbook of personality:
Theory and research, New York, NY, USA: Guilford Press, 1999, pp.
102–138.
[30] S.-H. Joo, L. Khorramdel, K. Yamamoto, H. J. Shin, and F. Robin,
"Evaluating Item Fit Statistic Thresholds in PISA: Analysis of CrossCountry Comparability of Cognitive Items," Educational Measurement:
Issues and Practice, Nov. 2020, https://doi.org/10.1111/emip.12404.
[31] H. Bourdeaud’hui, "Investigating the effects of presenting listening test
items in a singular versus dual mode on students’ critical listening
performance," in Upper-primary school students’ listening skills:
Assessment and the relationship with student and class-level
characteristics, Ghent, Belgium: Ghent University, 2019.
[32] D. M. Dimitrov and Y. Luo, "A Note on the D-Scoring Method Adapted
for Polytomous Test Items," Educational and Psychological
Measurement, vol. 79, no. 3, pp. 545–557, Jun. 2019, https://doi.org/
10.1177/0013164418786014.
[33] J. Suarez-Alvarez, I. Pedrosa, L. Lozano, E. Garcia-Cueto, M. Cuesta,
and J. Muniz, "Using reversed items in Likert scales: A questionable
practice," Psicothema, vol. 30, no. 2, pp. 149–158, 2018, https://doi.org/
10.7334/psicothema2018.33.
[34] J. P. Lalor, H. Wu, and H. Yu, "Learning Latent Parameters without
Human Response Patterns: Item Response Theory with Artificial
Crowds," in Conference on Empirical Methods in Natural Language
Processing and the 9th International Joint Conference on Natural
Language Processing, Hong Kong, China, Nov. 2019, pp. 4240–4250,
https://doi.org/10.18653/v1/D19-1434.
[35] B. Couvy-Duchesne, T. A. Davenport, N. G. Martin, M. J. Wright, and I.
B. Hickie, "Validation and psychometric properties of the Somatic and
Psychological HEalth REport (SPHERE) in a young Australian-based
population sample using non-parametric item response theory," BMC
Psychiatry, vol. 17, no. 1, Aug. 2017, Art. no. 279, https://doi.org/
10.1186/s12888-017-1420-1.
[36] P. M. Bentler and D. G. Bonett, "Significance tests and goodness of fit in
the analysis of covariance structures," Psychological Bulletin, vol. 88,
no. 3, pp. 588–606, 1980, https://doi.org/10.1037/0033-2909.88.3.588.
[37] A. Schimmenti, L. Sideli, L. L. Marca, A. Gori, and G. Terrone,
"Reliability, Validity, and Factor Structure of the Maladaptive
Daydreaming Scale (MDS–16) in an Italian Sample," Journal of
Personality Assessment, vol. 102, no. 5, pp. 689–701, Sep. 2020,
https://doi.org/10.1080/00223891.2019.1594240.
[38] C.-Y. Lin, V. Imani, M. D. Griffiths, and A. H. Pakpour, "Validity of the
Yale Food Addiction Scale for Children (YFAS-C): Classical test theory
and item response theory of the Persian YFAS-C," Eating and Weight
Disorders - Studies on Anorexia, Bulimia and Obesity, Jul. 2020,
https://doi.org/10.1007/s40519-020-00956-x.
[39] L. Jiang et al., "The Reliability and Validity of the Center for
Epidemiologic Studies Depression Scale (CES-D) for Chinese
University Students," Frontiers in Psychiatry, vol. 10, 2019, Art. no.
315, https://doi.org/10.3389/fpsyt.2019.00315.
[40] S. Doi, M. Ito, Y. Takebayashi, K. Muramatsu, and M. Horikoshi,
"Factorial validity and invariance of the Patient Health Questionnaire
(PHQ)-9 among clinical and non-clinical populations," PLOS ONE, vol.
13, no. 7, 2018, Art. no. e0199235.
[41] T. Tsubakita, K. Shimazaki, H. Ito, and N. Kawazoe, "Item response
theory analysis of the Utrecht Work Engagement Scale for Students
(UWES-S) using a sample of Japanese university and college students
majoring medical science, nursing, and natural science," BMC Research
Notes, vol. 10, no. 1, Oct. 2017, Art. no. 528, https://doi.org/10.1186/
s13104-017-2839-7.
[42] S. C. Smid, D. McNeish, M. Miocevic, and R. van de Schoot, "Bayesian
Versus Frequentist Estimation for Structural Equation Models in Small
Sample Contexts: A Systematic Review," Structural Equation
Modeling: A Multidisciplinary Journal, vol. 27, no. 1, pp. 131–161, Jan.
2020, https://doi.org/10.1080/10705511.2019.1577140.
[43] M. K. Cain and Z. Zhang, "Fit for a Bayesian: An Evaluation of PPP and
DIC for Structural Equation Modeling," Structural Equation Modeling:
A Multidisciplinary Journal, vol. 26, no. 1, pp. 39–50, Jan. 2019,
https://doi.org/10.1080/10705511.2018.1490648.

Almaleki: Examinee Characteristics and their Impact on the Psychometric Properties of a Multiple …

Engineering, Technology & Applied Science Research
[44] D. Garson, "StatNotes: Topics in Multivariate Analysis," North Carolina
State University. https://faculty.chass.ncsu.edu/garson/PA765/statnote.
htm (accessed Feb. 10, 2021).
[45] H. W. Marsh, K.-T. Hau, and D. Grayson, "Goodness of Fit in Structural
Equation Models," in Contemporary psychometrics: A festschrift for
Roderick P. McDonald, Mahwah, NJ, USA: Lawrence Erlbaum
Associates Publishers, 2005, pp. 275–340.
[46] I. Williams, "A speededness item response model for associating ability
and speededness parameters," Ph.D. dissertation, Rutgers University,
New Brunswick, NJ, USA, 2017.
[47] B. Shamshad and J. S. Siddiqui, "Testing Procedure for Item Response
Probabilities of 2Class Latent Model," Mehran University Research
Journal of Engineering and Technology, vol. 39, no. 3, pp. 657–667, Jul.
2020, https://doi.org/10.22581/muet1982.2003.20.
[48] K. M. Williams and B. D. Zumbo, "Item Characteristic Curve
Estimation of Signal Detection Theory-Based Personality Data: A TwoStage Approach to Item Response Modeling," International Journal of
Testing, vol. 3, no. 2, pp. 189–213, Jun. 2003, https://doi.org/10.1207/
S15327574IJT0302_7.
[49] D. Tafiadis et al., "Using Receiver Operating Characteristic Curve to
Define the Cutoff Points of Voice Handicap Index Applied to Young
Adult Male Smokers," Journal of Voice, vol. 32, no. 4, pp. 443–448, Jul.
2018, https://doi.org/10.1016/j.jvoice.2017.06.007.
[50] L. Lina, D. Mardapi, and H. Haryanto, "Item Characteristics on ProTEFL Listening Section," presented at the First International Conference
on Advances in Education, Humanities, and Language, ICEL 2019,
Malang, Indonesia, 23-24 March 2019, Jul. 2019, https://dx.doi.org/
10.4108/eai.11-7-2019.159630.
[51] D. L. Moody, "The method evaluation model: a theoretical model for
validating information systems design methods," in European
Conference on Information Systems, Naples, Italy, Jun. 2003, pp. 1–17.
[52] H. Davis, T. M. Rosner, M. C. D’Angelo, E. MacLellan, and B.
Milliken, "Selective attention effects on recognition: the roles of list
context and perceptual difficulty," Psychological Research, vol. 84, no.
5, pp. 1249–1268, Jul. 2020, https://doi.org/10.1007/s00426-019-01153x.
[53] L. Sun, Y. Liu, and F. Luo, "Automatic Generation of Number Series
Reasoning Items of High Difficulty," Frontiers in Psychology, vol. 10,
2019, Art. no. 884, https://doi.org/10.3389/fpsyg.2019.00884.
[54] T. O. Abe and E. O. Omole, "Difficulty and Discriminating Indices of
Junior Secondary School Mathematics Examination; A Case Study of
Oriade Local Government, Osun State," American Journal of Education
and Information Technology, vol. 3, no. 2, pp. 37–46, Oct. 2019,
https://doi.org/10.11648/j.ajeit.20190302.12.
[55] G. Nelson and S. R. Powell, "Computation Error Analysis: Students
With Mathematics Difficulty Compared To Typically Achieving
Students," Assessment for Effective Intervention, vol. 43, no. 3, pp. 144–
156, Jun. 2018, https://doi.org/10.1177/1534508417745627.
[56] H. Retnawati, B. Kartowagiran, J. Arlinwibowo, and E. Sulistyaningsih,
"Why Are the Mathematics National Examination Items Difficult and
What Is Teachers’ Strategy to Overcome It?," International Journal of
Instruction, vol. 10, no. 3, pp. 257–276, Jul. 2017.
[57] T. A. Holster, J. W. Lake, and W. R. Pellowe, "Measuring and
predicting graded reader difficulty," vol. 29, no. 2, pp. 218–244, Oct.
2017.
[58] S. Gaitas and M. A. Martins, "Teacher perceived difficulty in
implementing differentiated instructional strategies in primary school,"
International Journal of Inclusive Education, vol. 21, no. 5, pp. 544–
556, May 2017, https://doi.org/10.1080/13603116.2016.1223180.
[59] J. L. D’Sa and M. L. Visbal-Dionaldo, "Analysis of Multiple Choice
Questions: Item Difficulty, Discrimination Index and Distractor
Efficiency," International Journal of Nursing Education, vol. 9, no. 3,
pp. 109–114, 2017.
[60] A. H. Blasi and M. Alsuwaiket, "Analysis of Students’ Misconducts in
Higher Education using Decision Tree and ANN Algorithms,"
Engineering, Technology & Applied Science Research, vol. 10, no. 6,
pp. 6510–6514, Dec. 2020, https://doi.org/10.48084/etasr.3927.

www.etasr.com

Vol. 11, No. 2, 2021, 6889-6901

6901

[61] N. Sharifi, M. Falsafi, N. Farokhi, and E. Jamali, "Assessing the optimal
method of detecting Differential Item Functioning in Computerized
Adaptive Testing," Quarterly of Educational Measurement, vol. 9, no.
33, pp. 23–51, Oct. 2018, https://doi.org/10.22054/jem.2019.11109.
1323.
[62] J. J. Hox, C. J. M. Maas, and M. J. S. Brinkhuis, "The effect of
estimation method and sample size in multilevel structural equation
modeling," Statistica Neerlandica, vol. 64, no. 2, pp. 157–170, 2010,
https://doi.org/10.1111/j.1467-9574.2009.00445.x.
[63] G. Makransky, L. Lilleholt, and A. Aaby, "Development and validation
of the Multimodal Presence Scale for virtual reality environments: A
confirmatory factor analysis and item response theory approach,"
Computers in Human Behavior, vol. 72, pp. 276–285, Jul. 2017,
https://doi.org/10.1016/j.chb.2017.02.066.
[64] J. A. Costa, J. Maroco, and J. Pinto‐Gouveia, "Validation of the
psychometric properties of cognitive fusion questionnaire. A study of the
factorial validity and factorial invariance of the measure among
osteoarticular disease, diabetes mellitus, obesity, depressive disorder,
and general populations," Clinical Psychology & Psychotherapy, vol. 24,
no. 5, pp. 1121–1129, 2017, https://doi.org/10.1002/cpp.2077.

Almaleki: Examinee Characteristics and their Impact on the Psychometric Properties of a Multiple …

Engineering, Technology & Applied Science Research

Vol. 11, No. 2, 2021, 6902-6906

6902

Predicting Flux Rates against Pressure via SolutionDiffusion in Reverse Osmosis Membranes
Hisham A. Maddah
Department of Chemical Engineering
King Abdulaziz University
Rabigh, Saudi Arabia
hmaddah@kau.edu.sa

Abstract-This paper suggests a new method of predicting flux
values at Reverse Osmosis (RO) desalination plants. The solutiondiffusion model is utilized to determine the osmotic pressure
drops for seawater sources. The same technique was applied to
the groundwater source at the Abqaiq plant (500 RO plant) to
calculate the osmotic pressure. The calculated osmotic pressures
were utilized to determine the appropriate flux rates and
membrane resistances of different BWRO Toray membranes and
a performance comparison between various membranes has been
established. The model results confirm an inverse relationship
between membrane thickness and water flux rate. Also, a
proportional linear relation between the overall water flux and
the applied pressure is identified. Higher flux rates and lower
salinity indicate lower membrane resistance yielding higher
production. The modeled data predict that BWRO Toray
TM720D-440 with an 8" membrane is the optimal choice for
treating waters from the three water sources at the Abqaiq plant.
Keywords-reverse osmosis; treatment; desalination; modeling

I.
INTRODUCTION
The solution-diffusion model is a popular expression used
to explain the transport in dialysis, reverse osmosis, gas
permeation, and pervaporation. Previous experimental data and
modeling results verified that the flux rate is proportional to the
gradient in the chemical potential [1]. There are two different
models that describe and control the permeation in membranes
for better separation. The first model is the solution-diffusion
model where permeants dissolve (sorption) in the membrane
material at the upstream interface in the presence of a
concentration gradient that allows permeants to diffuse through
the membrane and desorbed on the downstream interface side.
The separation between different permeants occurs because
each material has a different diffusion rate in the membrane.
The solution-diffusion model has been used since 1940 to
explain the transport of gases across polymeric membranes. A
second model, called the pore-flow model, depends on the
presence of a pressure gradient for a convection flow of
permeants through the membrane's tiny pores, and is more
limited compared to the first model. Exclusion or filtration of
larger permeant's pores is the separation technique explained
via the pore-flow model [1, 2]. There is a major difference
between the solution-diffusion model and the pore-flow model
in expressing the chemical potential. In the solution-diffusion

model, the pressure within a membrane is uniform and the
chemical potential gradient is expressed only as a concentration
gradient. Solution-diffusion membranes transmit pressure in
the same way as liquids, which is the reason for expressing the
pressure difference across the membrane as a concentration
gradient only. On the other hand, the chemical potential
gradient in the pore-flow model is expressed only as a pressure
gradient since the concentrations of both solvent and solute
within a membrane are uniform. Comparisons between the two
models for a one-component solution in a pressure-driven
permeation system were conducted in [1, 2].
The objective of this work is to estimate the osmotic
pressure drop value of the high rejection brackish water RO
membrane (Toray TM720D-400 with 8") by using the solutiondiffusion model that is applied to the Abqaiq plant (500 RO
plant) for Shedgum/Abqaiq groundwater at Saudi Aramco,
Dhahran, Saudi Arabia. Osmotic pressure drops have been
calculated for the groundwater, the Arabian Gulf water, and the
Red Sea water at the same plant configuration and operating
conditions of the Abqaiq plant in Aramco. The calculated
osmotic pressures are utilized to determine the applied pressure
drop across the membrane and the applicability of using
different BWRO Toray membrane types for the treatment of
seawater. The maximum achievable water flux values are
determined for the various suggested BWRO membranes for
the three water sources. Also, the membrane resistance values
have been investigated for comparison purposes. The ideal
membrane for the treatment of various water sources at a RO
plant with the same configuration of the Abqaiq plant has been
selected. The feasibility of using BWRO membranes in the
desalination of Red Sea water in Jeddah, Saudi Arabia is
studied at the same flux rate of the Arabian Gulf water source
and the same plant conditions. Osmotic pressure drop, applied
pressure drop, flux rates, and membrane resistance values for
the Red Sea water source were compared with those of
Shedgum/Abqaiq groundwater and Arabian Gulf water.
II. REVERSE OSMOSIS
In reverse osmosis, water flows from the salt solution to the
pure waterside by applying pressure (∆) that is greater than
the osmotic pressure (∆) [1]. Generally, in reverse osmosis,
the condition ∆ > ∆ must be satisfied all the time to allow
water to pass through the membrane and reach the permeate
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side [1, 2]. Reverse osmosis membranes are preferred over
ultrafiltration and nanofiltration since they are capable of
removing 90 to 99% of TDS in water [3]. The osmotic pressure
∆π is defined as the pressure difference  − ℓ across the
membrane. If a pressure higher than the osmotic pressure is
applied to the feed side of the membrane [1]. This process is
called the reverse osmosis. The driving forces in a reverse
osmosis membrane according to the solution-diffusion and the
pore-flow models are visualized in [1].
and
are the
chemical potential and activity coefficient, respectively, of
component i [1].
III. METHOD AND EQUATIONS
Collected Abqaiq 500 RO plant data (Table I) have been
used to determine osmotic pressure drop values for the RO
membrane (Toray TM720D-400 with 8") from (1) and (2).
However, in order to calculate the osmotic pressure for
seawater sources, the same information of Shedgum/Abqaiq
groundwater at Abqaiq 500 RO plant was applied, except for
the flux and salinity values, for the treatment of either the
Arabian Gulf or the Red Sea waters as listed in Table I [1, 4].
Water permeability is approximately determined to be
9.5×10-7cm2/s [8]. For water-salt solution, reverse osmosis
permeation expression can be simplified as [1, 5]:
 = ( − ) (1)
=

  
ℓ

(2)

where  is the membrane flux of component , water (gfd), Δ
is the applied pressure drop across the membrane (psi), Δ is
the osmotic pressure drop across the membrane (psi), A is the
water permeability constant (cm/atm×s),  is the permeability
of component  , water (cm2/s),   is the initial mole
concentration of water (ppm),  is the water molar volume
(cm3/mol), T is the w ater temperature (K), R is the gas
constant, and ℓ is the membrane thickness which is assumed to
be similar to spacer thickness (mil).
Membrane resistance [8] constants for each BWRO Toray
membrane have been calculated by using (3).

TABLE I.
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(

(3)

where  is the membrane flux of component , water (gfd),
Δ is the applied pressure across the membrane (psi), ) is the
dynamic viscosity of water (lb s/ft2), and ℛ* is the membrane
resistance (1/ft).
π = ℳ-. (4)

In (4), ℳ is the molar concentration of dissolved species
(mol/L), R is the ideal gas constant (0.08206L.atm/mol.K), and
T is the water temperature (K).
Equation (5) defines the ability of a membrane to separate
salt from the feed solution which is known as membrane
removal percentage (/) and it increases with the applied
pressure. The feed TDS concentration is taken from the three
studied sources, as shown in Table I, while the outlet TDS
concentration is determined by using (5) at a similar removal
percentage of Toray TM720D-400 with 8’’ membrane that is
99.8% (Table IV). The water molecular weight (18g/mol)
should be used to convert the ppm values to molar
concentrations of TDS.
121ℓ

/=0

1

3 × 100 (5)

where / is the membrane removal percentage, 7 is the initial
concentration of component 8, salt (ppm), and 7ℓ is the final
concentration of component 8 (ppm).
Table II shows the applied pressure drop must be at 20psi
or below per element (RO module) and 60psi or below per
vessel [4, 6]. The assumption of having equal pressure on
membranes per vessel would simplify our calculations.
Altaee’s study showed that permeate flow, pressure and
recovery rate are distributed almost equally to membranes per
RO vessel [10]. A field study confirmed an improved
performance by rearranging the elements in pressure vessels in
order to reduce the pressure drop and permeate conductivity
across the vessel [11]. Typical flux rates and maximum
recovery values for the groundwater and the two studied water
source scenarios (the Arabian Gulf and the Red Sea waters) at
Abqaiq 500 RO plant are given in Table III.

DATA OF RO MEMBRANE PROCESS AT ABQAIQ 500 RO PLANT AND THE TWO SEAWATER STUDIED SCENARIOS [1, 4, 6, 7]

Parameter
Membrane type
RO module
Membrane thickness (ℓ) [3]
Membrane area (=>?) [3]
Max pressure drop per vessel (∆)
Max pressure drop per membrane (∆)
Water salinity (  )*
Membrane water flux ( )*
Water temperature (.)
Water permeability constant ( )**
Water molar volume ( )
Gas constant (-)

Shedgum/Abqaiq groundwater
Arabian Gulf water
Red Sea water
Toray TM720D-400 with 8"
72 parallel membranes × 8 units
Assumed to be similar to spacer thickness of 34 ;<
400ft2
~60psi
~20psi
~2800 [4]
~41070 [6]
~42070 [7]
~18gfd
~12 gfd
~12 gfd
25C
9.5×10-7cm2/s
18cm3/mol
8.2057×10-5m3.atm/mol.K
*Averaged values
** Taken from [2], regardless of the temperature effect on permeability. Can be calculated at different temperatures [16]
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OPERATING DESIGN LIMITS OF THE OVERALL RO
MODULE AT ABQAIQ 500 RO PLANT [4, 12, 13]

Operating limits
Maximum operating pressure
Maximum feed water temperature
Maximum feed water SDI15
Feed water chlorine concentration
Feed water pH range, continuous operation
Feed water pH range, chemical cleaning
Maximum pressure drop per element
Maximum pressure drop per vessel

600psi (4.1MPa)
113°F (45°C)
5
Not detectable
2-11
1-12
20psi (0.14MPa)
60psi (0.4MPa)

TABLE III.

CHARACTERISTICS OF GRO UNDWATER SOURCE AND
STUDIED WATER SOURCES AT THE ABQAIQ 500 RO PLANT [4]

Feed silt density index
Typical target flux (gfd)

Shedgum/Abqaiq
groundwater
@AB < 3
18

Arabian
Gulf
@AB < 4
12

Max. element recovery (%)

19

14

Water source

Red Sea
@AB < 4
12
14

The determined osmotic pressure values for the RO
membrane (Toray TM720D-400 with 8") of the groundwater
and the two studied water sources are used again in (1) to
calculate the applied pressure drop and suggested flux values.
The same osmotic pressure drop for each case is utilized to
determine the results of different Toray BWRO membrane
types at high, low, and standard operating pressure as shown in
Table IV. TM-720-370 and TM720-440 are standard BWRO
membranes and TM720C-440, TM720L-400, and TM720L440 are low-pressure BWRO membranes whereas
TM720DA400, TM720D-400, and TM720D-440 are highpressure BWRO membranes. It is worth mentioning that our
applied pressure drop must be higher than the calculated
osmotic pressure in order to have a positive flux. TS-diagrams
[7] are used to determine the exact value of water densities at
different feed sources from the average water temperature and
water salinity (Table V). The exact water densities allow us to
convert gas constant values from m3.atm/mol.K to
kg.atm/mol.K to progress calculations.
TABLE IV.

TORAY BRACKISH WATER RO 8’’ DIAMETER MEMBRANES

[13, 14]

Category

Type

Standard
BWRO
Highpressure
BWRO

TM720-370
TM720-440
TM720DA400
TM720D-400
TM720D-440
TM720C-440
TM720L-400
TM720L-440

Low-pressure
BWRO

Rejection
(%)
99.7
99.7
99.8
99.8
99.8
99.2
99.5
99.5

Thickness
(mil)*
31
28
31
34
28
28
31
28

* The membrane thickness is assumed to be the same as spacer thickness

TABLE V.

WATER DENSITIES FROM TS-DIAGRAMS [4, 6, 7, 15]

Water Source
Shedgum/Abqaiq
groundwater
Arabian Gulf
Red Sea

www.etasr.com

Temperature
(°C)

Salinity
(ppm)

Density
(kg/m3)

25

2800 [2]

999.19

25
25

41070 [4]
42070 [6]

1027.97
1028.67

IV.
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RESULTS AND DISCUSSION

Equations (1) and (2) allow us to calculate the osmotic
pressure drop for each water source (Table VI). The osmotic
pressure of the groundwater source is less than the Arabian
Gulf and the Red Sea water sources which is related to the flux
rates and water salinity. Flux rates for the Arabian Gulf and the
Red Sea waters are approximately the half of the groundwater
source. However, the water salinity of the groundwater source
is much lower than the other sources. Therefore, the required
applied pressure drop must be larger in the case of seawater
sources due to their higher determined osmotic pressure values.
Since the plant configuration has 8 elements per vessel, we
should have a maximum osmotic pressure of 60psi or less per
vessel which is equivalent to a max pressure of 7.5psi per
membrane, assuming that the pressure is distributed equally on
membranes per vessel. The selected applied pressure range for
our study is 6.5 to 7.5psi. Maximum pressure values are
assigned to the different membranes based on their category as
illustrated in Table VII.
TABLE VI.

CALCULATED OSMOTIC PRESSURE DROP (∆) FOR EACH

WATER SOURCE

Water
A
Ji
Ji/A
∆π
∆π ∆π per vessel
source
(cm/atm.s) (cm/s) (atm) (atm) (psi)
< 60 (psi)
Shedgum/
Abqaiq
0.00808
0.00083 0.1028 0.44 6.48
51.84
groundwater
Arabian Gulf
0.00755
0.00056 0.0742 0.47 6.90
55.21
Red Sea
0.00754
0.00056 0.0743 0.47 6.90
55.20
TABLE VII.
Category
Standard BWRO
High-pressure
BWRO
Low-pressure
BWRO

ASSIGNED PRESSURE VALUES FOR TORAY BWRO
MEMBRANES

Type
TM720-370
TM720-440
TM720DA400
TM720D-400
TM720D-440
TM720C-440
TM720L-400
TM720L-440

∆D Eange (DFG)*
6.50 - 7.25
6.50 - 7.25
6.50 - 7.50
6.50 - 7.50
6.50 - 7.50
6.50 - 7.00
6.50 - 7.00
6.50 - 7.00

* High and low-pressure values are taken relative to the standard pressure

The relationship between the applied pressure drops and the
overall water flux rates for the groundwater source are obtained
in Figure 1(a)-(c) for standard, high-pressure, and low-pressure
Toray BWRO membranes. Figure 1 shows that the maximum
possible flux for the groundwater in the standard membranes is
around 11gfd for TM720-440 membrane. In Figures 3(b) and
3(c) the highest observed groundwater flux in the high-pressure
and low-pressure membranes are 14.7gfd for TM720D-440 and
7.5gfd for TM720C-440 and TM720L-440 respectively (blue
and green lines overlap). This observation is associated with
the membrane thickness in which the least membrane thickness
(28mils) has been capable to achieve the highest flux. This
confirms an inverse relationship between the membrane
thickness and the water flux rate. Further, there is a linear
relationship between the applied pressure drop and the overall
water flux.
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Fig. 1.
Effect of different applied pressures on the groundwater flux for (a) Toray standard BWRO membranes, (b) Toray high-pressure BWRO membranes,
and (c) Toray low-pressure BWRO membranes.

Figure 2 identifies a proportional relationship between the
water flux and the applied pressure across the membrane. The
highest recorded flux is accounted for TM720D-440 for
Shedgum/Abqaiq groundwater because water TDS is low for
groundwater and TM720D-440 has the lowest thickness and
the highest pressure range. The Arabian Gulf and the Red Sea
water sources almost have similar flux rates at the same applied
pressures due to the similarities in their water salinity levels.
TM720C-440, TM720L-400, and TM720L-440 membranes
reserved the lowest flux values since they are categorized as
low-pressure BWRO membranes.

Fig. 3.
Observed membrane resistance of various water sources in Toray
BWRO membranes.
TABLE VIII.

Water source

Fig. 2.
Observed water flux for various water sources at different applied
pressures using Toray BWRO membranes.

Figure 3 demonstrates the membrane resistance for the
three studied water sources. Seawater sources have higher
membrane resistances than the groundwater source because of
their lower flux and higher TDS. TM720L-400 has the highest
membrane resistance since it is in the low-pressure category
and has the highest membrane thickness of 31mils. Equation
(4) calculations are shown in Table VIII. The study predictions
estimated that the overall osmotic pressure drops required for
seawater and groundwater treatment plants are approximately
55psi and 830psi respectively. The higher the salinity
difference between the fed and the produced water, the more
the osmotic pressure drop we need to overcome in order to
produce treated water (positive flux).
www.etasr.com

Shedgum/
Abqaiq
groundwater
Arabian Gulf
Red Sea

VAN 'T HOFF CALCULATIONS FOR THE REQUIRED
OSMOTIC PRESSURES

Concentration Membrane
(mol/L)
removal
(%)
TDSin TDSout

Osmotic pressure
(atm)
πin
πout |∆I|

|∆I|
(psi)

0.156 0.00031

99.8

3.81

0.01

55.80

2.282
2.337

99.8
99.8

55.82
57.18

0.11 55.71 818.41
0.11 57.07 838.34

0.005
0.005

V.

3.80

CONCLUSION

The application of the solution-diffusion model to the
Abqaiq plant (500 RO plant) is initiated by using various
parameters to calculate the osmotic pressure of Toray
TM720D-400 with 8" membrane for Shedgum/Abqaiq
groundwater treatment. For the same membrane, the osmotic
pressure values are determined for the Arabian Gulf and the
Red Sea waters to predict flux rates in other membranes for
seawater situations. Low, standard, and high pressure BWRO
Toray membranes performances have been compared to
identify the optimal membrane for treating saline water from
the three studied water sources at the Abqaiq 500 RO plant.
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The assumption of having a membrane thickness that is
similar to its spacer thickness may not seem very accurate.
However, it is true that we should have a proportional relation
between both thicknesses which suggests that our results are
still valid. A linear relationship has been observed between the
water flux and the applied pressure drops. It is proved that
membrane flux decreases with the increase in membrane
thickness at constant pressure drop. Modeling results endorse
that BWRO Toray TM720D-440 with 8"membrane is the
optimum membrane choice for the water treatment from the
three water sources at Abqaiq 500 RO plant since it has the
lowest membrane resistance and the highest overall water flux.
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Abstract-This research aims to develop an analysis model for
diseases of the water buffalo with the application of the feature
selection technique along with the Multi-Layer Perceptron
Neural Network (MLP-NN). The data used for analysis were
collected from books and documents related to water buffalo
diseases and the official website of the Department of Livestock
Development. The data consist of the characteristics of 6 water
buffalo diseases, including anthrax, hemorrhagic septicemia,
brucellosis, foot and mouth diseases, parasitic diseases, and
mastitis. Since the amount of the collected data was limited, the
synthetic minority over-sampling technique was also employed to
adjust the imbalance dataset. The adjusted dataset was used to
select the disease characteristics towards the application of two
feature selection techniques, correlation-based feature selection
and information gain. Subsequently, the selected features were
then used for developing the analysis model for water buffalo
diseases towards the use of the MLP-NN. The evaluation results
given by 10-fold cross-validation, showed that the analysis model
for water buffalo diseases developed by correlation-based feature
selection and MLP-NN provided the highest level of effectiveness
with an accuracy of 99.71%, precision of 99.70%, and recall of
99.72%, implying that the analysis model is effectively applicable.
Keywords-water buffalo diseases; feature selection; multi-layer
perceptron; neural network; synthetic minority over-sampling

I.
INTRODUCTION
In Thailand, water buffaloes play an important role in the
livestock economy. Thai water buffaloes are the most common
farm animals in Asia and farmers typically use them for
agricultural labor and as a source of food. To domesticate water
buffaloes productively, it is vital to pay attention to their
nutrition, habitats, sanitation, signs, behavior, and disease
symptoms [1]. At present, water buffalo farmers are
confronting many kinds of water buffalo diseases due to the
seasonal changes, disease carriers, the lack of expertise and
knowledge among farmers themselves, and the lack of experts
who can analyze and diagnose these diseases. Moreover, the
internet only offers basic information about the diseases gained
from statistical surveys, resulting in the retrieval of incorrect or
inadequate data for disease analysis and, ultimately,
misunderstanding or incorrect analysis. Water buffalo farmers

who lack attention may overlook the signs and symptoms of
serious infectious diseases, which could be spread to other
animals and cause sickness or even casualties [2-3].
The Multi-Layer Perceptron Neural Network (MLP-NN) is
one of the most popular techniques used to classify complex
data. This research aims to develop an analysis model for water
buffalo diseases towards the application of the feature selection
technique and MLP-NN. Two feature selection techniques
were employed, Correlation-based Feature Selection (CFS) and
Information Gain (IG). After selecting the features, the data
were then used for developing the analysis model by using the
MLP-NN. The developed model can be applied to the
development of a water buffalo disease analysis system, which
is expected to help farmers timely analyze the diseases.
II.

BACKGROUND

A. Data Imbalance Resolution
This research applies the Synthetic Minority Over-sampling
Technique (SMOTE) to resolve the data imbalance problem.
SMOTE helps to resynthesize data by increasing the dataset’s
size with a small amount of class data [4] to be compatible with
the biggest dataset. This is done by randomizing a value and
calculating the distance between the selected value with other
values to find the nearest value [5].
B. Feature Selection Techniques
The goal of feature selection is to select the most significant
features of each dataset in order to synthesize the model rapidly
and increase the effectiveness of data classification. In this
study, two feature selection methods are employed:
1) Correlation-based Feature Selection (CFS)
CFS is a feature selection method based on the relationship
between the collections of features gained from the evaluation
of feature prediction capacity used for data classification and
irrelevant data management. CFS can rank the data subsets
based on the data dimensions and select the data subsets based
on the data dimensions with regard to high and low
relationships between classes. Any irrelevant data or any data
with a low level of relationship will be excluded. The same will
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occur with complex data dimensions which shall be excluded
from the data dimensions with a high level of relationship. The
formula for evaluating the subsets of CFS data dimensions is
shown in (1) [6]:
MS =

Vol. 11, No. 2, 2021, 6907-6911

where n refers to the sum total of input Pi multiplied by the
weight Wi and i refers to the number of inputs or weight value.
In (6), x refers to the input value.

fx =

krcf
k + k (k − 1) rff

(1)

where k refers to the data dimension or features, M S refers to
the value of S data dimension subset which composes of k data
dimensions, rcf refers to the average value of the relationship
between the variables and classes ( f ∈ S ), and rff refers to the
average value of the relationship of data dimension.
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1
1 + e− x

(6)

The output of the hidden layer is delivered to the output
layer, where there is a comparison between the estimated and
the target outputs. If there are different values that cannot be
accepted, the outputs will get into the backpropagation process
and go back to the hidden and input layer. Simultaneously,
there is the weight adjustment process, which will find the most
acceptable value after testeing with the data. Subsequently, the
output is estimated with the sigmoid function once again [8].

2) Information Gain (IG)
IG is a feature selection method in which the gain value of
each mode is evaluated. If a node has the highest gain value, it
will be chosen as the root node, and the rest of the data will be
reassessed in order to find the gain value of the next node. The
formula for finding the IG value is [7]:
Gain(Y ; X ) = H (Y ) − H (Y | X )

(2)

where Y refers to the feature value, which is a data class
belonging to the {Y1, Y2, …, Yn} set where n is the number of
features, X refers to the value of other features that are not
classes ranging between {X1, X2, …, Xn}, Gain(Y ; X ) refers to
the score value gained from sample randomization ranging
between 0 and 1, H (Y ) refers to the probability value gained
from the randomization of Y samples, and H (Y | X ) refers to
the probability value gained from the randomization of Y
samples when compared to X. H (Y ) and H (Y | X ) are
calculated in (3) and (4), respectively:
i=k

H (Y ) = −∑ P(Y = yi ) log 2 P (Y = yi )

(3)

i =1
i=k

H (Y | X ) = −∑ P ( X = xi ) H (Y | X = xi )

(4)

i =1

where P(Y = yi ) refers to the probability value from y1 to yk,
P( X = xi ) refers to the probability value from x1 to xk, and k
refers to the number of features.
C. Multi-Layer Perceptron Neural Network
The MLP-NN, illustrated in Figure 1, consists of an input
layer, hidden layers, and an output layer [8]. In each layer,
there are a collection of nodes. Possibly, there are more than
one hidden layers [9]. The MLP-NN operates by inserting data
into the input layer to estimate and deliver the results to the
output layer. The estimation requires the sum total of input data
multiplied by weight values, as shown in (5). After that, the
output is used for the calculation with the sigmoid function, as
shown in (6).
k

n = ∑ PW
i i
i =1
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(5)

Fig. 1.

MLP-NN.

D. Similar Studies
Authors in [13] compared the effectiveness of data
imbalance resolution techniques by using diabetes patients’
data. The research team compared four different methods,
which include oversampling, undersampling, hybrid method,
and SMOTE. Two data classification techniques were applied,
Multinomial Logistic Regression Analysis and Decision Tree,
to classify diabetes patients. The research findings showed that
the combination of the data adjusted by SMOTE and the data
classification with the decision tree technique provided the best
results for the classification of the diabetes patients. Authors in
[14] studied the classification of heart diseases using MLP-NN
and IG as a feature selection method. The findings showed that
the number of features could be reduced from 13 to 8, while the
accuracy of the training dataset increased by 1.1% and the
accuracy of the trial dataset increased by 0.82%. Authors in
[15] studied the classification of ovarian cancer towards the
application of SMOTE and MLP-NN. The findings indicated
that the SMOTE technique could adjust the data balance, and
after using the adjusted data to construct the model with MLPNN, the model’s effectiveness increased. The experiment
results showed that the application of SMOTE+MLP provided
a data classification accuracy of 96%, which was higher than
the one gained from the application of SMOTE+RBF. Authors
in [16] applied feature selection along with MLP to predict
chronic diseases. The research findings showed that applying
these two methods provided higher effectiveness in terms of
chronic disease prediction than the application of Support
Vector Machine (SVM) and Decision Tree.
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The developed model of the current research can be applied
to the development of a water buffalo disease analysis system.
Two feature selection techniques were employed, CFS and IG.
E. Effectiveness Evaluation
The effectiveness evaluated by the confusion matrix is an
evaluation method of discriminants’ accuracy, which means the
discriminants can be classified in accordance with their genuine
value. The accuracy can be calculated by (7) [10], while
precision and recall can be calculated in (8) and (9) [11-12],
with the values represented in Figure 2.

TP + TN
Accuracy =
× 100
TP + TN + FP + FN
Precision =

TP
× 100
TP + FP

TP
Recall =
× 100
TP + FN

(7)

(8)
(9)

where TP refers to when the target class is "Yes," and the
model predicts it as "Yes" (True Positive), FP refers to when
the target class is "Yes," but the model predicts it as "No"
(False Positive), TN refers to when the target class is "No," and
the model predicts it as "No" (True Negative), and FN refers to
when the target class is "No," but the model predicts it as "Yes"
(False Negative).

Fig. 2.

TABLE I.

A. Data Collection and Preparation
This research collected data from books and documents
related to water buffalo diseases [3] and the Department of
Livestock Development’s official website. There are totally
480 records of data. The data involves information about six
water buffalo disease classes, namely anthrax, hemorrhagic
septicemia, brucellosis, foot and mouth diseases, parasitic
diseases, and mastitis. These data were used for developing the
disease analysis model. There are 33 attributes and six classes,
as illustrated in Table I.
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DATA CHARACTERISTICS USED FOR DEVELOPING THE
ANALYSIS MODEL OF THAI WATER BUFFALO DISEASES

Symptoms

Data symbol

Walking

Symptom 13

Milk characteristics

Symptom 14

Retained placenta
Emaciation
Blisters inside the mouth
and on the feet
Vesicular state (within
mouth, tongue, beneath
tongue, cheeks, hoofs,
ankles, nipples, and breast)
Wounds around the hoofs
and/or ankles

Symptom 15
Symptom 16

Data value
High: AA1
Moderate: AA2
No Fever: AA3
Normal: Ab1 Excessive: AB2
Fast and frequent breathing: AC1
Difficulty in breathing: AC2
Normal breathing: AC3
Bad breath: AD1 Normal: AD2
Little swollen: AE1
Red, hard, and swollen: AE2
Normal: AE3
Inflammatory: AF1
Not inflammatory: AF2
Drowsy: AG1 Not drowsy: AG2
Appetite loss: AH1 Normal: AH2
Body or neck swelling: AI1
Joint swelling: AI2
Not swollen: AI3
Blood in urine: AJ1
Normal urine: AJ2
Swollen: AK 1 Normal: AK2
Stools contained blood: AL1
Melena: AL2
Smelly stools: AL3
Normal: AL4
Stiff: AM1 Normal: AM2
Sticky or purulent: AN1
Normal: AN2
Retained: AO1 Not: AO2
Emaciated: AP1 Not: AP2

Fever

Symptom 1

Drooling

Symptom 2

Breathing characteristics

Symptom 3

Bad breath

Symptom 4

Swollen breasts

Symptom 5

Symptom 17

Has: AQ1 Has not: AQ2

Symptom 18

Has: AR1 Has not: AR2

Symptom 19

Has: AS1 Has not: AS2

Endometritis

Symptom 6

Drowsiness
Eating habits

Symptom 7
Symptom 8

Swelling characteristics

Symptom 9

Urine characteristics

Symptom 10

Testicle characteristics

Symptom 11

Stool characteristics

Symptom 12

Weight

Symptom 20

Hard and rough hair

Symptom 21

Sleep habits

Symptom 22

Muscle characteristics

Symptom 23

Confusion matrix.

III. RESEARCH METHODOLOGY
The research methodology for the analysis of Thai water
buffalo diseases consists of 1) data collection and preparation,
2) data imbalance adjustment using SMOTE, 3) feature
selection by CFS and IG, 4) model development using MLPNN, and 5) model effectiveness evaluation (Figure 3).
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Bleeding from nose,
mouth, ears, eyes
Lip characteristics
Oral mucositis and red eye
sockets
Forward head posture
Tongue-tie
Cough
Vaginal discharge

Weight loss: AT1
Normal weight: AT2
Hard and rough: AU1
Normal: AU2
Excessive sleep: AV1
Normal: AV2
Shaky or twitching: AW1
Normal: AW1

Symptom 24

Has: AX1 Has not: AX2

Symptom 25

Pale: AY1 Normal: AY2

Symptom 26

Has: AZ1 Has not: AZ2

Symptom 27
Symptom 28
Symptom 29
Symptom 30

Has: BA1 Has not: BA2
Has: BB1 Has not: BB2
Has: BC 1 Has not: BC2
Has: BD 1 Has not: BD2
Stopped milk production: BE1
Lower amount of milk: BE2
Normal: BE3
Frequent: BF1 Normal: BF2
Has: BG 1 Has not: BG2
Anthrax
Hemorrhagic septicemia
Brucellosis
Foot and mouth disease
Parasitic disease
Mastitis

Amount of milk

Symptom 31

Excretion characteristics
Recurrent seizures

Symptom 32
Symptom 33

Water buffalo diseases

Class
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and 8) 300% of SMOTE through IG. These resulting datasets
will be used at the next step.

Fig. 3.

The model framework.

After collecting the data illustrated in Table I, the research
team rechecked their reliability and accuracy to ensure that no
attribute was incorrect or missing. For example, there are no
data out of range for each attribute. Then, the data were
converted into .CSV file format in order to be operated with the
Weka version 3.9, as shown in Figure 4.

D. Model Development Using MLP neural network
After the data imbalance had been adjusted, the data were
transferred to the learning process to construct the model by
which the research team applied two feature selection
techniques, CFS and IG, along with the MLP-NN. In this
research, the input layer consisted of 33 neurons. The output
layer consisted of 6 neurons. Therefore, the optimum
parameters for the MLP-NN model set in Weka were: Hidden
Layer = 4, Training Time = 500, Learning Rate = 0.3,
Momentum = 0.2, and 21 epochs= 500. These values provided
the highest level of effectiveness after being evaluated by 10fold cross-validation. Besides, the model was also generated
from the original dataset that SMOTE, or CFS, or IG had not
processed in any way, for effectiveness comparison with the
other models that have undergone balancing and or feature
selection. Thus, 9 models were built from the original dataset
and 8 feature selection datasets.
IV.

According to the experiment results, the most appropriate
data size adjusted by SMOTE was 200%. Then, the features of
the complete dataset were selected by CFS and IG. Afterwards,
the MLP-NN was developed and its effectiveness was
evaluated by 10-fold cross-validation, as illustrated in Table II
and Figure 5.
TABLE II.

Data used for model construction.

B. Data Imbalance Adjustment using SMOTE
Since the prepared data were found to be imbalanced in
class/label, the research team decided to adjust the data
imbalance of the datasets by increasing the number of datasets
with a small size of classes. The best result was provided after
increasing the k-nearest neighbor value from 1 to 5. It was
experimentally found that k = 5 and randomSeed = 1 give the
best result. The data size was then increased from 100% until
the highest level of effectiveness could be gained (as evaluated
by 10-fold cross-validation). The experiment results showed
that the data could be balancing and upsizing to 300%. Thus,
the new dataset increased to 528, 688, and 768 records for data
balancing using SMOTE at 100%, 200%, and 300% of its
original size respectively.

MODEL’ S EFFECTIVENESS EVALUATION

Data
(rows)
MLP (Original data)
480
CFS+MLP
480
IG+MLP
480
SMOTE (100%) +CFS+MLP 528
SMOTE (200%) +CFS+MLP 688
SMOTE (300%) +CFS+MLP 768
SMOTE (100%) +IG+MLP
528
SMOTE (200%) +IG+MLP
688
SMOTE (300%) +IG+MLP
768
Method

Fig. 4.

RESULTS

Precision
(%)
98.77
98.80
91.59
98.85
99.70
99.60
92.48
93.62
93.05

Recall
(%)
98.78
98.82
91.54
98.87
99.72
99.61
92.52
93.59
93.08

Accuracy
(%)
98.79
98.81
91.52
98.86
99.71
99.62
92.53
92.61
93.06

C. Feature Selection by CFS and IG
The data with 33 attributes and 6 classes were brought into
the feature selection process using the CFS and the IG in Weka.
In this work, there are 8 groups of data applied in this process,
namely 1) the original dataset through the CFS, 2) the original
dataset through IG, 3) 100% of SMOTE through CFS, 4) 200%
of SMOTE through CFS, 5) 300% of SMOTE through CFS, 6)
100% of SMOTE through IG, 7) 200% of SMOTE through IG,
Fig. 5.
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According to Table II and Figure 5, the 10-fold validation
data classification method of the SMOTE (200%)+CFS+MLP
dataset provided an accuracy of 99.71%, a precision of 99.70%,
and a recall of 99.72%. These were the highest values. The
results of the effectiveness comparison between the outputs of
CFS and IG given by the MLP-NN showed that after being
adjusted by SMOTE, the CFS method provided better feature
selection than the IG method.
V. CONCLUSION
This research aimed to analyze the water buffalo diseases
towards the application of feature selection techniques along
with the MLP-NN. The data imbalance was adjusted by the
SMOTE method. Two feature selection methods were
employed: CFS and IG. After that, the data were classified by
MLP-NN, and the model’s effectiveness was evaluated by 10fold cross-validation. The research findings showed that the
most suitable data size after the data imbalance adjustment was
200%. After using the obtained data to construct the model, it
was found that the model whose data size was adjusted by
SMOTE and developed by CFS and MLP-NN provided the
highest level of effectiveness in data classification with an
accuracy of 99.71%. So, the developed model can be applied to
the development of an analysis system for water buffalo
diseases. The results of this study conform to the research
conducted in [15], in which the SMOTE+MLP method was
applied for data classification and a high level of effectiveness
was reached with an accuracy of 90%, and also are in
accordance with [16], in applied feature selection techniques
were which alongside the MLP for data classification and
gained a higher level of effectiveness.
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Abstract-Alzheimer’s (AD) and Parkinson’s diseases (PD) are tw
of the most common neurological diseases in the world. Several
studies have been conducted on the identification of these diseases
using speech and laryngeal disorders. Those symptoms can
appear even at the early stages of AD and PD, but not in very
specific and prominent ways. Voice Onset Time (VOT) is an
acoustic specification of the stopping consonant that is commonly
discussed in studies of phonetic perception. In this study, the
VOT_Mean feature was explored to identify AD and PD early
using /pa/, /ka/, and /ta/ syllables for the diadochokinetic task
(DDK). VOT_Mean was calculated as the average of the first and
the second VOT values (VOT_1 and VOT_2), corresponding to
the second and the penultimate VOT measurement cycles.
Experimental tests were performed on Tunisian Arabic and
Spanish databases for the early detection of AD and PD
respectively. The results showed a very high significance of
VOT_Mean on the early detection of AD and PD. Moreover, the
best results were achieved using the XGBoost (XGBT) algorithm
as a classifier on the VOT_Mean feature.
Keywords-Alzheimer’s disease (AD); Parkinson's disease (PD);
early detection; neurological disorders; VOT_Mean; DDK;
Tunisian Arabic database; Spanish database

I.

INTRODUCTION

Associated speech disturbances caused by disturbances in
the speech mechanism, particularly in muscle control, are
grouped under the single definition called dysarthria. These
disturbances result from disorders of the basic motor processes
involved in the production of speech [1]. The difficulties in
verbal production caused by dysarthria are due to weaknesses
of muscle speech, lack of coordination, and paralysis.
Moreover, dysarthria can cause peripheral and central nervous
system damages. These lesions can appear from birth, as in the
cases of cerebral palsy and muscular dystrophy, or later in life
engendered by different conditions that can disrupt the nervous
system, involving injuries, Parkinson's disease (PD), cerebral
moods, multiple sclerosis, Huntington’s disease, etc. The first
studies related to the perceptual characteristics of dysarthria
were carried in [2-3]. A total of 212 patients having symptoms
of joint dysarthria with different neurological disorders, such as
Parkinsonism, amyotrophic lateral sclerosis, chorea and

cerebellar ataxia, bulbar palsy, dystonia, and pseudobulbar
palsy were examined, identifying 38 distinct characteristics of
speech and categorizing them into seven modalities:
articulation, respiration, pitch, prosody, loudness, resonance,
and vocal quality. These studies specified the characteristics of
each neurogenic group in addition to those shared by more than
one. Once the perceptual characteristics of each neurogenic
group were identified and grouped, the characteristics of
dysarthric speech were classified into the following dysarthria
types: hyperkinetic, ataxic, unilateral upper motor neuron,
mixed and flaccid, and hypokinetic. Hypokinetic dysarthria is
considered to be one type of dysarthria primarily associated
with alterations in the functions of the control circuits of the
basal ganglia. These disorders are the iterations that occur
between motor and cognitive functions in the hippocampus.
Hypokinetic dysarthria includes several aetiologies. Idiopathic
PD is one such prototypical and common disease linked to this
type of dysarthria. As the rate value of the estimated prevalence
of PD in people aged over 65 years is 1.5%, it is considered to
be the second most common neurodegenerative disorder [4],
following Alzheimer’s disease (AD) [5-6]. Moreover, cognitive
impairment can be observed in 80% of people with PD [7]. The
epidemiological study demonstrated in [8] showed that 80% of
the patients with PD developed cognitive impairment, while
50% of them had PD dementia. The risk of developing
dementia was higher in people with PD than in healthy ones
[9]. Additionally, PD dementia contributes to the increased
burden of care in addition to morbidity or mortality [10]. Thus,
it is important to detect early Parkinson’s Disease Dementia
(PDD).
Further studies are needed to identify, evaluate, and
distinguish PDD indices from other types of dementia, such as
AD. Although the discriminating characteristics of PDD were
manifested in damage on the executive function from the
cognitive function test and problems related to the free recall in
the memory test, PD without dementia may have diminished
executive functions, such as worsening the verbal fluency [11].
However, problems with memory and executive functions can
also be evidenced by AD and other types of cognitive
impairments at the early-stage, complicating their distinction
based on executive functions. Additionally, there may still be a
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significant overlap between the cognitive impairments of AD
and PD patients, although the former primarily suffer from
deterioration of the cortical profile (i.e. memory and ability
language) and the latter have defects in the subcortical profile
(i.e. executive functions and visuospatial ability) [12].
Moreover, similar cognitive disorders have been reported for
AD and the 26% of the PDD cases [13]. Furthermore, 50% of
PD patients without dementia exhibited amyloid accumulation
[14], which is a widely known characteristic of AD. It should
be noted that greater patient's age and later onset of PD
increase the risk of dementia [15].
PD can lead to motor limitations affecting the speech
production process causing several disorders, broadly
categorized into three main dimensions: Linguistic,
prearticulatory (resonance and phonatory characteristics), and
prelinguistic (prosodic fluctuations and articulatory changes)
[16]. In this context, sound production from the physical point
of view is referred to prearticulatory, keeping in mind only the
characteristics linked to the phonation process at the level of
modulations integrated by the vocal tract (such as a resonant
structure invariant in time) and phonation. Prelinguistic
dimension refers to variations in the prosody of speech and is
rendered as variations in f0 and intensity, as well as articulatory
variations appearing due to changes in the coordination
frequency, the position of articulators, and a result of their
interconnection with excitement. Thus, it mentions the
mechanisms of speech production as forms varying in time.
The linguistic dimension is linked to changes in the expected
acoustic content of speech, mainly due to substitutions and/or
repetitions. To sum up, the linguistic dimension is related to the
expressive capacities of the language, while the prelinguistic
and prearticulatory dimensions are related to the speech [16].
AD involves the whole process of the first pathological
variations in the brain before its symptoms manifest as
dementia [17]. AD includes patients with dementia, patients
with Mild Cognitive Impairment (MCI), and asymptomatic
persons having positive AD biomarkers [16]. Brain variations
occur when specific neurons are deteriorated or destroyed. The
progression of symptoms varies more quickly when the
diagnosis of AD is made at an early stage [17]. Language
issues are considered as one of the most specific symptoms of
AD, which manifest as an unavoidable and direct outcome of
cognitive impairment [18]. Primary Progressive Aphasia
(PPA), defined as a clinical syndrome specified by a
progressive language disorder with a neurogenerative etiology,
could be a manifestation mode of several neurodegenerative
deficiencies such as AD [19]. Communication and language
problems are evident in interactions between neurologists and
patients, and interactional feedback can be explored to
distinguish cognitive difficulties caused by neurodegenerative
or functional memory impairments [20]. The use of different
linguistic tests has shown poor performance for patients with
AD [21], as they have more difficulty in naming tests where
they often repeat the same ideas, use simpler forms of speech,
and use empty or longer pauses. Moreover, people having AD
show monotonous prosody and less cohesive, informative, and
consistent speech compared to control groups [22].

www.etasr.com

Vol. 11, No. 2, 2021, 6912-6918

6913

Methods based on the automatic processing of the voice
signal from its forms have been recently explored for the
detection of neurodegenerative impairments. The traditional
and common features of AD detection using voice signals are
linear and considered to be the easiest to interpret clinically
[23-28]. Other innovative and current techniques have explored
non-linear features [29]. Both types of features are primary
indicators of expressive forms of language based on the tasks
performed [24]. Besides the feature extraction process, where
mathematical models and/or statistical analysis are used to
quantify the characteristics of speech, there is the classification
process based on the exploration of machine learning
techniques. Different types of classifiers have been constructed
to perform the classification procedure, such as Artificial
Neural Networks (ANNs), Support Vector Machines (SVMs),
and K-Nearest Neighbour (KNN). Deep learning appears as a
more sophisticated learning technique making possible the
advance on automatic AD detection from the voice signal.
The DDK task is defined as a clinical test explored in the
evaluation of the articulatory system's functional capacities
[30]. Its concept is that motor deficits in vocal abilities of
people suffering from PD appear more strongly in
circumstances requiring motor execution and planning over
long sequences of motor production (i.e. repeating the same
sequence several times or in cases where a given fragment
appears in a sentence context). Correcting PD results leads to
simplifying the articulation at the cost of ease of processing
[31], indicating important signs on speech production from a
motor point of view. Fine articulatory precision is required for
the DDK test, including the alternating production of syllable
sequences, as well as the ability to quickly change articulators
between consecutive segments. This is usually performed by
asking the patient to produce combinations comprising of a
voiceless consonant and vowels with velar, bilabial, and
alveolar places of articulation. More precisely, the subjects are
usually asked to constantly repeat the sequence of syllables
/pa/-/ta/-/ka/ for about 10 seconds as quickly and clearly as
possible. This test needs fast movements of the articulators
using the soft palate (back of the mouth), the lips (the front),
and the lip of the tongue (middle) continuously and
sequentially. Regardless of its simplicity, this task reveals some
signs of the speaker’s ability to assess subphonemic durations
or syllable-to-syllable stability and produce the speech at an
appropriate rate [31]. The syllable rates of the DDK test are
used in this sense to quickly alternate speech movements and
assess the patient’s ability [30]. The test was also used to
evaluate imprecise consonantal coordination determining the
VOT, typically measured as the duration between the initial
burst and the vowel onset [32]. Moreover, in [33], it was
proposed that the imprecisions of articulations on stop
consonants were mainly due to low-frequency frictional noise
or spirantization substituting stop gaps as a consequence of
reduced closure. In this sense, the change in VOT for voiceless
(/p/, /t/, /k/) and voiced (/b/, /d/, /g/) stops was identified as an
indicator for the presence of PD [33-37]. Furthermore, VOT
measurements were explored and compared for analyzing the
speech production [p, t, k] of bilingual adults. VOT values
were higher in Brazilian Portuguese (BP) than in English [38].
In [39], the differences between the VOT duration measures
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were studied in the case of plosive consonants [p, t, k] for 14
bilingual subjects (Spanish-English) aged 18-24 years. Lower
VOT values were found for subjects who learned both
languages when they were less than 6 years old [40]. In [41],
VOT measurements were studied in the case of non-voiced
plosive sounds [p, t, k] for five bilingual children (English and
BP) aged 8-9 years, reporting the following VOT values: for
English, [p]=40ms, [k]=65ms, and [t]=56ms, while for BP
[p]=48ms, [k]=70ms, and [t]=60ms. A few studies were
conducted using VOT measurements in Turkish [42-44], while
the VOTs in Lebanese Arabic were shorter compared to other
languages [45].
This study adopted the VOT_Mean measure as an indicator
to identify PD on a Tunisian Arabic dataset and AD on a
Spanish dataset, using different machine learning algorithms
and voiceless consonants (/pa/, /ta/, and /ka/) for the DDK task.
The measurement of VOT_Mean was carried out by taking the
average value of the second (VOT_1) and the penultimate
(VOT_2) VOT measurement cycles.
II.

METHODS AND DATASETS

1) Feature Extraction
The VOT measurements were carried out manually for /pa/,
/ta/, and /ka/ syllables by utilizing the Praat software. As shown
in Figure 1, the VOT_Mean was calculated by averaging the
values of VOT_1 and VOT_2 which corresponded to the
second and the penultimate VOT measurement cycles. The
second cycle of the VOT measurement was selected due to the
insufficient speech energy of the speaker, during the first VOT
cycle. The penultimate VOT measurement cycle was selected
due to its sufficient energy. The time cycle measurement was
given in ms. The VOT_Mean values were consistent with the
production of the stop consonant.

The extraction of VOT_1 and VOT_2 using Praat software.

2) Feature Selection
In this phase, Principal Component Analysis (PCA) was
used due to its high performance on feature extraction and
feature dimension reduction. This approach was based on the
www.etasr.com
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assumption that features with high variance included most of
the information relating to certain classes. Furthermore, it
permitted the conversion of observation groups with correlated
variables into smaller groups with linear correlated variables by
exploiting an orthogonal transformation.
3) Feature Scaling
This step was applied for the samples remaining after the
feature selection. MinMax was used as a scaling function to
scale the samples between -1 and 1. This phase's objective was
to restrict the values of the concerned features in this range,
avoiding large variations. Thus, the computational cost could
be decreased ameliorating the model's performance.
4) Data Distribution
The explored database was split into training and test sets
using the Python train_test_split function. As shown in Table I,
20% of the database was used for testing, while 80% was used
for training. This distribution reduced computation time for the
first cycles of modeling.
TABLE I.

A. Methods
The proposed method was composed of five phases: feature
extraction, feature selection, feature scaling, data distribution,
and classification.

Fig. 1.
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Data Repartition

INFORMATION ABOUT THE EXPLORED DATABASE

Test
20%

Training
80%

Number of samples
1024

5) Classification
After the previous steps, the desired classifiers were
selected and applied. Many Machine Learning (ML) algorithms
were explored, such as Decision Tree (DT), KNN, XGBoost
(XGBT), Random Forest (RF), and Multi-Layer Perceptron
(MLP).
B. Datasets
1) Tunisian Arabic Dataset for Alzheimer’s Disease
The dataset included numerous vocal recordings of male
and female individuals of the AD group, where 20 suffered
from AD, and 20 were healthy (HC). Each group was equally
divided between the two sexes. Each speaker was requested to
pronounce the sequence of syllables /pa/, /ka/, /ta/, or /pataka/
in the Tunisian Arabic dialect with a comfortable height and
intensity. The goal behind the repetition of each syllable was
the preservation of high reliability and quality in speech
production for each participant. The number of repetitions was
linked to the ability of each participant to repeat the requested
sequence, so the duration of the recordings differ. All samples
were recorded at 16-bit resolution, 22KHz sample rate, and
saved in WAV format. The extracted features were saved in
CSV format. Healthy participants' samples were labeled with
"0", whereas participants suffering from AD were marked with
"1". The mean age of the participants was 76 years, while its
standard deviation was 8.17 years. The youngest and the oldest
participants were 61 and 88 years old, respectively. The mean
age of the healthy participants was 74.125, while its standard
deviation was 5.79.
2) Spanish Dataset for Parkinson’s Disease
This dataset was composed of voice recordings from 50
people suffering from PD and 50 HC. Each group consisted of
25 men and 25 women. All participants were native Colombian

Kehili et al.: Early Detection of Neurological Diseases using the VOT_Mean Feature

Engineering, Technology & Applied Science Research

Spanish speakers. Women aged between 44-75 years (mean
60.1±7.8), whereas men aged between 33-77 years (mean
62.2±11.2). In HC, women aged between 43-76 years (mean
60.7±7.7), while men aged between 31-86 years (mean
61.2±11.3). It should be noted that the participants suffering
from PD did not suffer from any other neurological disease.
Additionally, all participants were diagnosed and labeled by
expert neurologists using the UPDRS and H&Y scales [46].
The samples were recorded at 16-bit resolution and 44.1KHz
sample rate using a dynamic omnidirectional microphone.
3) Data Analysis
The SPSS software was utilized for performing
Multivariate Analysis of Variance (MANOVA) on the repeated
tests of VOT_Mean data. As shown in Table II, the
VOT_Mean demonstrated a very high significant effect on the
AD and PD groups ([F(1, 63)=44.773; p<0.000] and
[F(1.296)=94.346; p<0.000], respectively), proving that the AD
and HC groups' VOT_Means differ significantly. The sum and
the average of squares of VOT_Means for inter and intragroups are also presented in Table II.
TABLE II.

ONE WAY ANOVA FOR VOT_MEANS
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= ܥܥܯ
III.

Inter-groups
Intra-groups
Total
Inter-groups
Intra-groups
Total

ddl

Average of
squares

2877.19
1
2877.1
3984.24
62
64.2
6861.43
63
VOT_Mean for PD
0.006
1
0.006
0.019
295
0.000
0.25
296

TABLE III.

MLP

KNN

DT

F

Significance

44.77

0.000

0.000

4) Evaluation Metrics
Different evaluation metrics were explored for verifying the
predictability of the different models. The accuracy and the Fmeasure offered the opportunity to measure the capacity of
differentiation of one class among others, even if they were
unbalanced. Nevertheless, accuracy in such a case can lead to
misleading results. The precision, sensitivity, and measurement
metrics F were expressed as:
௧

ܲ = ݊݅ݏ݅ܿ݁ݎ௧ା (1)
ܵ݁݊= ݕݐ݅ݒ݅ݐ݅ݏ
 ܨ− = ݁ݎݑݏܽ݁ܯ

௧
௧ା

(2)

ଶ×௦×
௦ା

(3)

where tp, fp, and fn represent true positive, false positive, and
false negative, respectively. Precision and specificity were
determined as:
௧ା௧

 = ݕܿܽݎݑܿܿܣ௧ା௧ାା (4)
௧

ܵ = ݕݐ݂݅ܿ݅݅ܿ݁௧ା (5)
where tn represents true negative. Moreover, the Matthews
Correlation Coefficient (MCC) was used to prove the quality of
the binary classification. This metric was expressed as:
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RF

XGBT
94.34

௧.௧ି.
ඥሺା௧ሻሺା௧ሻሺା௧ሻሺା௧ሻ

(6)

RESULTS AND DISCUSSION

A. Results
Table III shows the results of using different classifiers on
the Tunisian Arabic dataset to detect AD. The best
performance in all terms was achieved by XGBT, followed by
RF. The XGBT algorithm had 92% precision, 92% accuracy,
92% sensitivity, 92% F1-measure, and 0.84 MCC. The RF
algorithm had 90% precision, 90% sensitivity, 90% accuracy,
92% F1-measure, and 0.80 MCC.

VOT_Mean for AD
Sum of
squares

6915

HC
AD
Avg
HC
AD
Avg
HC
AD
Avg
HC
AD
Avg
HC
AD
Avg

RESULTS OF DIFFERENT CLASSIFIERS ON AD

PRES (%)
83
90
87
86
92
89
89
88
88
89
90
90
91
93
92

SENS (%)
86
88
87
85
92
88
80
95
88
89
90
90
91
93
92

F1 (%)
88
86
87
88
89
88
84
91
88
89
90
90
91
93
92

ACC (%)

MCC

87

0.74

88.3

0.77

88

0.75

90

0.80

92

0.84

Table IV shows the results of using different classifiers on
the Spanish dataset for detecting PD. The best results were
achieved by using the XGBT algorithm on the /ka/ syllable.
The XGBT algorithm achieved the best average for precision
(92%), followed by RF (88%). Regarding accuracy, the best
average value was reached by XGBT (92%), followed by the
RF (90%). The best sensitivity was achieved by XGBT (92%),
followed by RF (90%). Concerning the F1, the best average
values were achieved by XGBT (92%), followed by RF (87%),
while the best MCC was achieved by XGBT (0.88), followed
by RF (0.73). Overall, it can be concluded that XGBT was the
best classifier on both AD and PD, in terms of results.
B. Discussion
This study aimed to examine whether subtle early
symptoms of AD and PD exist in the acoustic signal of Arabic
and Spanish speech respectively, by comparing the VOT_Mean
feature between HC, AD, and PD groups. In [47], it was noted
that the overall variation in VOT production could be revealed
in individuals with moderate AD. Also, relying on results from
various measurements on older people, there was an
expectation that people at this stage of AD can show an overall
change around the smaller VOT values. According to this
study's results, the differences in VOT_Mean values were
statistically very significant in people with AD or PD compared
to a healthy control group, on both Arabic and Spanish
databases. To the best of our knowledge, no published studies
have tested VOT_Mean measurements in people with AD in
Arabic languages. Nevertheless, some studies have been
performed on Arabic databases using the VOT measure for
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other tasks, such as testing the impact of contrast on F0 (CF0)
caused by consonants in Lebanese Arabic [48]. Testing VOT
measures on English [48] showed that there was no statistical
significance in the differences of people with AD for the early
detection of this disease.
TABLE IV.

MLP

KNN

DT

RF

XGBT

MLP

KNN

DT

RF

XGBT

MLP

KNN

DT

RF

XGBT

HC
PD
Avg
HC
PD
Avg
HC
PD
Avg
HC
PD
Avg
HC
PD
Avg
HC
PD
Avg
HC
PD
Avg
HC
PD
Avg
HC
PD
Avg
HC
PD
Avg

86
76
81
89
83
86
82
80
81
88
86
87
92
90
91

HC
PD
Avg
HC
PD
Avg
HC
PD
Avg
HC
PD
Avg
HC
PD
Avg

77
67
74
77
82
79
80
83
82
82
86
84
90
83
87

VOT_Mean /ka/
ACC (%) SENS (%)
93
80
60
77
91
80
70
80.5
90
84
61
76
93
88
79
86
94
89
92
92
VOT_Mean /pa/
90
80
63
67
90
88
75
83
89
82
68
87
94
88
75
84
92
87
91
90
VOT_Mean /ta/
78
71
75
74
83
79
75
79
89
81
71
80
90
83
70
80
90
83
88
87

F1 (%)
85
71
78
81
78
79.5
89
87
88
91
82
87
94
89
92
84
71
77
91
77
84
86
73
97
91
80
85
93
89
91
80
35
74
80
78
79
84
77
81
87
75
81
90
83
87

MCC
0.58

0.62

0.59

0.73

0.88

0.56

0.68

0.6

0.71

IV.

CONCLUSION

This paper studied the early detection of Alzheimer’s and
Parkinson’s diseases using the VOT_Mean feature of the DDK
task. The early detection of AD test was performed on a
Tunisian Arabic dataset using /pa/, /ta/, and /ka/ syllables, and
the best results were obtained using the XGBT algorithm
(precision=92%, accuracy=92%, sensitivity=92%, F1=92%,
MCC=0.84). The early detection of PD test was carried out on
a Spanish dataset using separately the /pa/, /ta/ and /ka/
syllables, and the best average results (precision=92%,
accuracy=92%, sensitivity=92%, F1=92, MCC=0.88) were
reached with XGBT on the /ka/ syllable. Moreover, the very
high significance of the VOT_Mean feature was noted
concerning early detection of AD and PD. Future work should
test the VOT_Mean feature on the early detection of PD on
Arabic databases, as there is no such database to this date.
Furthermore, the proposed model for PD detection should be
tested on other syllables, such as /pata/, /pakata/, etc. Regarding
the early detection of AD, it is important to test the suggested
approach on different language datasets.
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Abstract-In this paper, a variable-volume Continuously Stirred
Tank Reactor (CSTR) deterministic exothermic model has been
formulated based on the Reynold Transport Theorem. The
numerical analysis of the formulated model and the identifiability
of its physical parameters are done by using the least squares and
the Delayed-Rejection Adaptive Metropolis (DRAM) method.
The least square estimates provide the prior information for the
DRAM method. The overall numerical results show that the
model gives an insight in describing the dynamics of CSTR
processes, and 14 parameters of the CSTR are well identified
through DRAM convergence diagnostic tests, such as trace,
scatter, autocorrelation, histograms, and marginal density plots.
Global sensitivity analysis was further performed, by using the
partial rank correlation coefficients obtained from the Latin
hypercube sampling method, in order to study and quantify the
impact of estimated parameters, uncertainties on the model
outputs. The results showed that 7 among the 14 estimated model
parameters are very sensitive to the model outcomes and so those
parameters need to be handled and treated carefully.
Keywords-parameter
identifiability;
exothermic; CSTR; RTT; MCMC; DRAM

I.

variable

volume;

INTRODUCTION

During the past decades, Continuously Stirred Tank
Reactors (CSTRs) have gained research momentum as
important industrial and chemical production tools. For
controlling the reactors, various methods have been proposed
to tackle the complexity and the non-linearity operational
behaviors that are present in the tank reactor during the
production processes [1-6]. Discussions about CSTRs seem to

be broad and range from general to specific purposes. For
example, mathematical modeling and numerical simulations of
two-phases which are gas-liquid flow in the CSTR can be
found in [7] and the Fokker-Plank Equation was applied for a
two-state stochastic CSTR system in [8]. In [9], the robust
feedback linearization of an isothermal CSTR was conducted
by using the mixed sensitivity synthesis and iteration
approaches in the presence of uncertainties. A one state
variable, temperature, of a non-isothermal CSTR was analyzed
by using Proportional Integral Derivative (PID) and fuzzy logic
controllers, and the results from simulations and temperature
control show that fuzzy logic can be adopted as a good
controller of the process compared with the PID controller [10,
17]. The effects of hydrodynamic shear on biogas production in
the CSTR using the Metzner-Otto method were analyzed and
discussed in [11]. The Bayesian approach was used in [12] as
the sorption parameter identifiability tool. The research outputs
showed that the Bayesian inference is a more preferable
method for the analysis of CSTR experiments as per numerical
identifiability as well as the sorption parameter identifiability.
The efficient Azo Dye color identification in the CSTR with
the built-in bio-electrochemical system was developed for Azo
dye alizarin Yellow R (AYR) which in turn can help in wastewater treatment [13]. Authors in [14] investigated the
performance of CSTR as bioreactor for producing biohydrogen
from water melon waste in the anaerobic digester. The
Lyapunov-based stochastic non-linear model predictive control
was used in [15] to shape the state probability density functions
k

in the CSTR with the exothermic reaction A → B , where  is
the reaction rate,  is the reactant and  is the product. The
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Luenberger fuzzy observer with and without sliding modes, the
Walcott-Zak fuzzy observer, and the Utkin fuzzy observer were
adopted and used as fault detection sensors of the CSTR in
[16]. A two state CSTR stochastic model was studied and
analyzed in [18] by using the Approximate Expectation
Maximization (AEM) and Bayesian algorithms. It was revealed
that the Bayesian algorithm is an effective method to be applied
on the CSTR's stochastic model since it provided more accurate
parameter estimates compared with AEM, and it is even more
applicable for an unknown system with a small number of data
sets. Authors in [19] used Monod and Haldane kinetics
methods to perform the stability analysis of a system that
models the formation of biofilms inside the CSTR during the
waste-water treatment process. Even though both methods
performed well, still the Monod kinetics provided biofilms
formation in a shorter time compared to the opponent method.
The effect of operating conditions on the CSTR's
performance with a saponification experiment was conducted
in [20] and the results showed that the increase in conversion
scale may depend on the increase in CSTR's volume. The
neural network approach was used in [21] in order to identify
the dynamics of two states, namely the temperature and the
concentration of the CSTR's model, and reasonable and precise
results were obtained. Three-dimensional Computational Fluids
Dynamics (CFD) simulations were carried out [22] in order to
identify the flow behaviors in the CSTR. Authors in [23] used
the cascade control strategy to control the temperature of the
exothermic CSTR with a cooling jacket. The stability analysis
of the system was investigated with the Routh-Hurwitz and
Argand diagram techniques. As a result, the cascade control
was pointed out to be an efficient control method for the CSTR
processes. A modified CSTR model for the neutralization
process was studied and analyzed in [24]. This model has been
used to assess the effects of strong acid (HCl) and strong base
(NaOH) on the flow rates of ionic concentrations [24]. Firstorder and higher-order sliding mode observer methods were
used in [25] in order to design and estimate states and unknown
inputs of the CSTR, and it was shown that higher-order sliding
modes may be adopted to reduce the noise into the system
compared with the first-order sliding mode. Parameter
estimation of non-linear chemical and biological processes with
non-measured variables from a number of data sets was
performed in [26] using the Bayesian approach. Furthermore, a
mathematical model and simulation of reactors with the
production experiment of hexane from benzene were conducted
in [27] and the numerical investigation of phenol oxidation
from waste-water inside a reactor was carried out in [28]. Nonparametric and non-linear stochastic dynamical model along
with the behavior analysis of a class of the single state
isothermal CSTR was also studied and analyzed in [29]. The
adaptive method with recursive identification and the
polynomial synthesis with placement of poles were applied on
the CSTR system to determine its dynamics, however this
method provided inappropriate control responses and
overshoots [30]. The problem of characterizing the global
dynamics of a single state non-linear stochastic CSTR system
was addressed in [29] using the Fokker-Plank as the state
probability distribution function, but the study of a several-state
non-linear stochastic system is paramount as recommended in

www.etasr.com

Vol. 11, No. 2, 2021, 6919-6929

6920

this article. In the same way, different types of reactors and
types of reactions in the chemical engineering processes are
widely defined, explained and described in [31]. The modeling
and control of the CSTR were also conducted based on a mixed
logical dynamical model which resulted in a satisfactory
performance of the tank [32]. In [33], the general model of the
CSTR was developed and the transient behavior for irreversible
non-linear polymerization process in the CSTR was studied
and analyzed. Chemical process hazards, causes and proposed
measures of safety of batch and semi-batch processes were
discussed in [34]. The dynamical behavior of the CSTR
through a single first order reaction was researched and
analyzed in [35]. The limitations of CSTRs' performance due to
cooling jacket dynamics with both open and closed loops are
well explained and discussed in [36]. Authors in [37]
performed multivariate character and stability analysis of
irreversible exothermic CSTRs. The signal flow diagram and
the equilibrium states were determined by taking into
consideration the first and the second-order reactions.
Often, the volume is treated as a constant [4, 25, 38, 39],
however, in reality the tanks may expand and lead to variable
volume. Moreover, the parameters are randomly assumed and
the estimation of physical parameters that are very influential
in the system variation using MCMC methods is lagging
behind. It is with these reasons this paper aims to treat the
CSTR volume as a variable and identify 14 CSTR physical
parameters.
II. MODEL FORMULATION
The assumptions on the parameters and physical properties
inside and outside the tank have been considered during model
formulation and are adopted from [25, 38-40], except for the
volume which is considered to be a variable. To depict the
problem, the CSTR dynamics are schematically illustrated
using the CSTR and the Reynold Transport Theorem (RTT)
diagrams.
A. Assumptions
The CSTRs under investigation assume perfect mixing to
avoid spatial gradients of velocity, temperature, concentration
and of other properties of the mixture.
• The CSTRs assume non-viscous liquid and gas phases
which are frequently supplied in it and a static mixer which
makes the shaft work produced by the stirring process to be
negligible.
• No pressure drop is taking place in the CSTRs, i.e. CSTRs
work at a constant pressure.
• Kinetic energy, potential energy, and other forms of
external energy are infinitesimally small compared to the
heat exchange and the heat from the chemical reactions.
• The wall is isolated and its temperature is negligible. Only
the heat exchange is channelled through the designed area.
• The CSTRs assume the volume variation.
• The CSTRs assume density  and specific heat capacitiy 
to be constants.
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• Since there is negligible external stress acting on the
system, it is assumed that there is also a negligible
momentum on the system.
B. Formulation
Based on schematic diagrams presented in Figures 1 and 2,
considering the above listed assumptions, and according to the
transport phenomena, mass and energy conservation, the
variable-volume exothermic CSTR model formulated is given
by the system of equations (1):
 dV
 dt = Fin − Fout ,

E 1
1
)
− ( −
 dC F
= (Cin − C ) − k0e R T Tmean C ,

dt
V

E 1
1
)
− ( −

− H *k0e R T Tmean C UA(T − Tc )
 dT F
(
)
,
=
T
−
T
+
−
 dt V in
ρCp
V ρC p

 dTc Fc
UA(T − Tc )
= (Tcin − Tc ) +
,

dt
V
Vc ρcC pc
c


(1)

where Vis the tank volume, Fin = F is the feeding velocity, Fout
is the outlet velocity, Cin is the feeding concentration, C is the
mixture concentration, E is the activation energy, T is the
temperature of the tank, Tin is the feeding temperature, T mean is
the reference temperature, H* is the reaction enthalpy, ρ is the
density, Cp is the heat capacity, U is the heat transfer
coefficient, A is the cross-sectional area, Tc is the cooling
temperature, Fc is the cooling velocity, Vc is the jacket volume,
Tcin is the feeding coolant temperature, ρc is the coolant density,
C pc is the jacket's heat capacity, and 

 

 









is the

Arrhenius equation [41], with  being the gas law constant and
 the pre-Arrhenius frequency factor.

Fig. 1.

Schematic diagram that describes the dynamics of CSTR.
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III. MATERIALS AND METHODS
A. Markov Chain Monte Carlo Method
The Markov Chain Monte Carlo (MCMC) is a numerical
analysis method used as a statistical and Bayesian technique to
identify the complex ordinary differential equations' parameters
that fit the dynamics of chemical and biological models [4244]. In this paper, the DRAM method is used to estimate 14
parameters of the model (1). The Bayesian inference, qualified
to be a very powerful statistical technique, has been widely
used to identify the model's parameters  which are obtained
after evaluating the parameters' posterior density /
are the
 ,  , … , " , where  ,  , … , "
measurement points of the chemical process. For the model (1),
 #$%&' , $,  , (, )*+,- , . ∗ , ,  , 0, , $1 , 21 , 1 , 3 4
and
 2, , ), )5 .
Further, the MCMC method is a sampling technique that
combines Monte Carlo integration and Markov chains [45].
The overall implementation process starts from proposing a
suitable distribution, called proposal distribution, and drawing
samples from it [46]. The proposal distribution sometimes
depends on the present value to form the chain, which in turn is
considered as a Markov chain. The acceptance or rejection
mechanisms are employed in the simulation to rectify the trial
proposal distribution which ends up with the target distribution.
In the end, a simulated chain of parameters (drawn
samples, 6 , 7 , … , " ) can be used to approximate the
intractable integral (distribution), as:
6

(#8/  ,  , … , " 4 9 ∑"
;<6 8; 
"

where (#8/  ,  , … , " 4is the expectation and 8; 
is the density function.
The Metropolis algorithm, Metropolis Hastings,
Hamiltonian Monte Carlo, Gibbs Sampler, Reversible Jump
Monte Carlo, Metropolis Adjusted Langevin, Slice Sampling,
Multiple Try Metropolis, and Delayed Rejection Metropolis are
among the most used MCMC algorithms [47, 48]. However,
the method considered in this paper is the DRAM, presented in
Algorithm 1 since it has the desirable feature of tuning the
reliable proposal distribution without defining it manually [45,
46]. This method overcomes the tedious task of trial and error
of tuning the suitable proposal distribution that may appear in
the Metropolis-Hastings technique [49]. In this case, the
Gaussian distribution is mostly used as a proposal distribution.
For a startup, MCMC needs the initial parameter values and a
proposal distribution. The DRAM method is used to propose a
distribution and its initial parameter values are computed using
the classical least square method. The details of the numerical
results obtained from the least squares and the MCMC methods
are well explained and discussed in Section IV.
B. Least Squares Method
The model in (1) is a system of time dependent differential
equations of the form:
=>?
='

Fig. 2.
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Schematic illustration of the RTT.

@ , A , B; C

0

where  is the number of state variable and  is the vector of
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state variables. For the model (1),  4, B; is the discrete time
sampling, and  2, , ), )5 ), A is the set of parameters of
the model to be identified, where F 1,2, . . . ,14. So, in this
paper, the 14 parameters to be identified are:
A = [$%&' , $,  , (, )*+,- , . , ,  , 0, , $1 , 21 , 1 , 3 ]
∗
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d(c/;6 )

(ii) Compute the acceptance probability using:

e@;6 , c C = min1,

where J; represents the observations, K@; , A , B; C are the
solutions of the model (1) at time B; starting from a fixed set of
parameters  , and M; is the residual term.
The sum of squared residuals function is obtained by taking
the sum of squares of M; :
N. N. 

7
∑*
;<6M; 

7
∑*
;<6J; − K@; , A , B; C)

Hence, the least square method searches the best fitting
parameters that minimize the N. N.  taken as the likelihood
function. Thus, the fitting set of parameters A can be obtained
after solving (2):
PQ.Q.R
PST

0≡

P(∑ 
WX(V?W Y@>?W ,ST ,'W C)
PST

= 0 (2)

simultaneously. Almost all chemical processes are intractable
and complex due to their non-linearity behaviors. In fact,
stepping back to the model (1) with 14 parameters of interest, if
we could manually solve (2), we would end up with solving 14
nonlinear equations simultaneously, which is a complicated
task. As a simplification, the numerical simulations become a
usual way of solving the problem.
C. Delayed Adaptive Markov Chain Monte Carlo
In this paper, the delayed-rejection adaptive metropolis
(DRAM) algorithm is used for the parameter identifiability of
the deterministic variable-volume exothermic CSTR model
described in (1). The DRAM algorithm is chosen since it
combines and utilizes both the Delayed-Rejection (DR) and the
Adaptive Metropolis (AM) methods to efficiently improve and
speed-up the computation process for a slow-start adaptation.
The inputs of the algorithm are the initial values of the
parameters and all of them are the least square optimal
parameter values shown in Table II. The proposed distribution
which is a Gaussian with mean 0 and standard deviation Σ
taken as the initial covariance matrix, Σ

6 [\ ]T
^A

, has been

used, where j is the length of model’s parameters to be
estimated, and _A _A×A which is an F × F identity matrix.
1) Algorithm 1: DRAM
Draw the initial point  , from initial distribution  .
Set an initial non-adaptive period a and initial covariance
matrix Σ .
For b

1, 2, … perform the following:

(i) Sample a current point c from the proposal distribution
www.etasr.com

(c/ ,  , … , " )d(;6 / c
)
;6 / ,  , … , " )d(c/;6 )


(iii) Acceptance/rejection rule by setting:

The least squares method one of the classical optimization
methods with the purpose of minimizing the sum of squared
residuals. To obtain the residuals, a predictive model is
described as:
J; = K@; , A , B; C + M;
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c, b8 i < e@;6 , c C kℎM i~n0, 1)
; = h
oBℎMkbp.
;6 ,

(iv) If q ≪ b (or after every q
the covariance matrix by using:
Σ;

's

iterations), then update

ot , 6 , … , ; ) + u_=

where _= is an v × v identity matrix and u is a small positive
number that makes the matrix Σ; to be non-singular [46, 52,
53].
(v) i ← i+1
TABLE I.

Symbol
;

);)
)
.∗
)1
)1W
)1

2
2
(
)*+,
0
$1
21
1
3
$%&'
$




Unit
wxyz
x{| x}
wxyz
x{| x}
wxyz
x{| x}
~
~
~
wz
wxyz
K
~
~
w
~ wxyz
x}
x}
w
wxyz
~
wz
~ w
w
~ x{| x
x}
x{|
x}
w
x}
wz
~ w
m
min
m
min
min-1
kg
m
m7

VARIABLES, CONSTANTS, AND PARAMETERS VALUES

Parameters and variables
Physical meaning
Values

Source

Feeding concentration

316.8

[50]

Initial concentration

316.8

[50]

Mixture concentration

State variable

Simulated

Feeding temperature
Initial temperature
Mixture temperature

298.35
298.35
State variable

[50]
[50]
Simulated

Enthalpy

-1004.3×103

[50]

Initial cool temperature

288.15

[50]

Feeding cool temperature
Jacket temperature

293
State variable

[38]
Simulated

Gas constant

8.314

[50]

Initial tank volume
Tank volume

100
State variable

[51]
Simulated

Activation energy

0.5

[50]

Reference temp

298.15

[50]

Heat capacity

4186

[50]

Heat transfer coefficient

100000

Cooling velocity

-6

Assumed

46.5×10

[50]

-6

Jacket volume

50×10

[50]

Density of the coolant

1000

[51]

Heat capacity of jacket

4186

[50]
-6

Outlet velocity

130×10

[50]

Feeding velocity

130×10-2

Assumed

Pre-Arrhenius factor

0.9

[50]

Density

1000

[51]

Area

0.015

[50]
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IV. NUMERICAL ANALYSIS OF THE MODEL AND DISCUSSION
The formulated model (1) is solved numerically by the
4's order Runge-Kutta method which is the ode45 solver
available in Matlab R2016b software package. The parameter
identifiability is done using the least squares and MCMC.
A. Numerical Simulations
Due to lack of actual information (real data) about the
system, the model (1) is simulated by using literature and
assumed values (Table I), the discrete sampling time points are
100, and 100×4 numerical solutions of the model J; presented
in (1) are obtained. The numerical results from the subplot 1 of
Figure 3 reveal that the volume of tank reactor increases from
100m3 to approximately 126m3 and this is an indication of
having non-constant flow rates of reactants due change at both
the inlets and outlets.
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optimized from the noisy measurements of the system. The
noisy measurements are obtained after corrupting the obtained
empirical data with Gaussian noise of 0.05 standard deviation.
The obtained results are presented in Figure 4, and the 14
estimated parameters and their corresponding initial values are
also presented in Table II. According to the results, all
parameters relatively converge to their corresponding initial
values and the measurements fit the exothermic CSTR model
as can be viewed from fitted state variables shown in Figure 4.

Fig. 4.
Least square fitting model. We can see that the measurements fit
the model well as parameters vary.

Fig. 3.

Numerical solutions of the model.

Figure 3 also shows that the reactants are consumed inside
the reacting tank as its concentration approaches zero, which
means the complete mixing and at the same time symbolizes a
non-partial conversion of reactants into products that may lead
to time residence distribution analysis as one of the
inconveniences of CSTRs. Along this process, there is a
covering cooling jacket that communicates with the reacting
tank through a designed cross-sectional area of 0.015m2 to cool
down the rising temperature inside the reacting tank. The
covering cooling jacket contains the substance whose
temperature is initially lower than the starting temperature of
the reacting tank to disable the explosion of the reaction.
During this process, the temperature of the reacting tank rises
from 298.35K to its operating working temperature that
is373.48K. Meanwhile, the cooling temperature of the covering
cooling jacket also rises from its initial temperature 288.15K
until it reaches 363.14K. As a result, if this scenario is selected
to be a piloting tank, then all the simulated information and the
working conditions that are described above have to be taken
into consideration quantitatively.
B. Least Square Results
The deterministic variable-volume exothermic CSTR
model presented in (1) has been numerically analyzed by using
the least square method and 14 parameters of the model were
www.etasr.com

C. Markov Chain Monte Carlo Results
The initial values for the MCMC are estimated using the
least squares method. Since we have fourteen parameters to be
estimated, a sample consisting of 100,000 ×14 parameters has
been generated during simulations and the method has been
adapted 100 times. Also the initialized covariance matrix of
6 [\ ]

\`\
MCMC is chosen to be Σ
. Details of the MCMC
√6
results are discussed by the following MCMC diagnostic tests.

1) MCMC Diagnostics
The identifiability of the model parameters is mainly based
on the convergence of the MCMC. There are several statistical
and graphical convergence tests for the MCMC methods [5457]. In this paper, we use the common statistical inference and
graphical analyses of the trace (time series plots), scatter plots,
autocorrelation plots, histograms, and the marginal density
distributions for each drawn sample of the parameters to
identify the model and diagnose the convergence of the
generated MCMC samples.
2) Trace Plots
One way to analyze the convergence of the MCMC is to
check the mixing of the generated sample of posteriors through
trace plots. If the generated chain of posteriors becomes
stationary for several initial values, and there are no obvious
spikes, it is an indication of having a good mixing which is a
good sign of convergence. In Figure 5 we can see that the
mixing of samples is very good so the chain converges, and the
14 sampled values of posteriors are the means (centers) of the
samples.
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THE STATISTICAL INFERENCE ON THE ESTIMATED PARAMETERS BY USING THE LEAST SQUARE AND MCMC METHODS

LSQ and MCMC estimates
MCMC
MCMC posterior
Cred interv
Std
posterior mean
median
-6
[130.015×10
,
130.015×10-6
130.016×10-6
7.32 ×10-8
130.016×10-6]
-2
[129.9705396×10 ,
129.971139×10-2 129.9704569×10-2
0.00093
129.9716882×10-2]
[0.900586482,
0.900592376
0.900596750
0.000951
0.900598270]
[0.493480384,
0.493486288
0.493470050
0.0009525
0.493492191]
[298.151882554,
298.151888471
298.151879315
0.00095466
298.151894388]
[-1028032.32970,
-1028032.32
-1028032.329
-1028032.3296
0.00095973
9702401
677610
966452]

Param

Initial
values

LSQ
estim

$%&'

130×10-6

130.016×10-6

$

130×10-2

130.09×10-2



0.9

0.900553

(

0.5

0.493183

)*+,-

298.15

298.147

.∗

-1004.3×103

1026.03×103



1000

1017.16

1026.121280804

1026.121304498



4186

4231.14

4217.368624072

4217.368601824

0

100,000

100681

100098.50255273
100098.502551528
8



0.015

0.0151979

0.014959065

0.014962113

$1

46.5×10-6

46.7705×10-6

74.7936×10-5

62.4641×10-5

21

50×10-6

49.6872×10-6

76.2673×10-5

63.7067×10-5

1

1000

987.751

994.859555082

994.859566589

3

4186

4134.6

4163.918586616

4163.918608754

[1026.121274963,
1026.121286644]
[4217.368617960,
4217.368630185]
[100098.502547056,
100098.502558419]
[0.014953136,
0.014964995]
[74.4298 10-5,
75.1574 10-5]
[75.8967 10-5,
76.6379
10-5]
[994.859549347,
994.859560817]
[4163.918580689,
4163.918592542]

×
×
×
××

MCerr

tau

geweke Kurtosis Skewness

1.0633×10-9 41.003 0.99994

2.9626

-0.0630

3.9735×10-5 62.713 0.99997

3.0915

-0.0225

2.2856×10-5 50.329 0.99994

3.0930

-0.0016

1.7754×10-5 46.313

0.9985

3.1854

0.0934

1.9926×10-5 58.812

1

3.0988

-0.0220

3.2217×10-5

57.28

1

3.1340

0.0125

0.00094236 2.9081×10-5 59.644

1

3.0811

-0.0299

0.00098619 2.1133×10-5

1

3.3398

0.0578

1

3.2362

0.0790

0.00095668 3.0706×10-5 53.978 0.99458

3.0965

-0.0279

0.00058698 3.7635×10-5 85.568 0.21093

3.9661

1.0355

0.00059791 3.2879×10-5 69.882 0.41264

3.8227

1.0014

0.00092534 2.464×10-5

48

0.00091663 4.2388×10-5 69.113

63.819

1

3.2461

0.0145

0.00095621 1.7679×10-5 45.604

1

3.0466

-0.0150

Note: Param=Parameters, LSQ=least squares, estim=estimates, Cred interv=Credible interval, Std=Standard deviation, MCerr=MCMC error

14 parameters to be identified, then there are 91 scatter plots
which we need to investigate if there are strong correlations
between them. Figure 6 shows the scatter plots for the first 10
sampled parameters equivalent to 45 scatter plots and how
these posterior samples correlate to each other. We observe that
there is no high correlation between the pairs of the estimated
parameters and so the parameters of the model (1) are
adequately identified.
4) Autocorrelation Plots
Figure 7 determines and examines the correlation between
consecutive samples during posteriors chain sampling. We can
see that the coefficients of autocorrelation functions of all
generated samples (x-axis) tend to zero as the number of lags
(y-axis) increases and get stationary around zero after 100 lags.
That is an indication of having a good mix.

Fig. 5.

The trace plots of the samples.

3) Scatter Plots (pairs)
A poor convergence of MCMC method inventively leads to
high correlation between estimated parameters. Since there are
www.etasr.com

5) Marginal Distribution (Density) of the Sampled
Parameters
Another diagnostic test is to plot the posteriors density
distributions. Normally for better mixing we expect the
distributions of all density estimations to follow a Gaussian
distribution. Figure 8 depicts how density distributions of all
estimated parameters follow Gaussian distribution and their
values are taken as means of distributions.
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Fig. 6.
The scatter plots of pairs of sampled parameters. We can see that none of the parameters #$%&' , $,  , (, )*+,- , .∗ , , , 0, 4 is correlated to the others
because there are no correlation patterns observed.

Fig. 7.

Fig. 8.

www.etasr.com

Autocorrelation plots of the sampled parameters.

The marginal density distribution of the sampled parameters.
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Fig. 9.

Fig. 10.
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Histograms of the 14 sampled parameters.

Parameter PRCCs' plot for the model outputs.

6) Histograms of the Sampled Parameters
From Figure 9, we can see that almost all parameter values
follow the normal distribution. The MCMC's convergence
tends to be bad for $1 and 21 . However, the other 12 parameters
are fine. This could be caused by different and uncertain
reasons. It may stem from either the complexity of the model,
the little information about their mean values, or the method
itself has failed to sample well these two parameters from the
proposed distribution.
The results in Table II show that almost all parameters
converge to their initial values and posterior means are within
their credible intervals. We can see that the posterior means
and posterior medians are nearly equal. We can in addition
observe that the Markov chain errors and the standard deviation
of the model parameters are significantly small which shows
that the method performed well in identifying the best
estimates. The computed autocorrelation time (tau) values are
small with the significance of having independence in sampling
the successive posteriors as well as the convergence of the
method. All Geweke values are almost 1, except 0.21093 for $1
and 0.41264 for 21 with the indication of having non-stationary
means values by default for the start (10%) and the end (50%)
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of sampling of these two parameters. In reality, the skewness
and kurtosis values for the Gaussian distribution are
approximately expected to be 0 and 3 respectively. So, the
skewness and kurtosis values for the obtained samples show
that only $1 and 21 values are somehow skewed in the right
hand side and do not incorporate the exact features of the
Gaussian distribution.
D. Global Sensitivity Analysis
To quantify the uncertainty effects of estimated parameters
on the model outputs, we performed global sensitivity analysis
by using Latin hypercube sampling method. This method
computes the Partial Rank Correlation Coefficients (PRCCs)
and determines which parameters are globally very sensitive to
the model. PRCCs values vary between -1 and +1 with high
sensitivity index for values approaching ±1 and low sensitivity
index for values which are far from ± 1. The PRCCs values are
graphically displayed in Figure 10 and their results can be seen
in Table III.
From Figure 10, we observe that the 1 st parameter
significantly and negatively affects the model volume outputs.
The increase in that parameter decreases the volume. From
subplot 2, the 3rd parameter, which is  , has high negative
effect on the concentration outputs of the model. The increase
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of the temperature profiles positively depends on the increase
in the 6 th, 7 th and 8th parameter values whereas the increase of
the 8 th and 10 th parameter values decreases and increases the
cooling temperature profiles respectively. So, in total there are
7 identified parameters that may have a great impact on the
model response and their values are represented by (*) in Table
III.
TABLE III.

[1]

[2]

[3]

PRCC RESULTS



−0.9847∗)
−0.0269
−0.1060
0.0070
−0.1713
0.0813
0.0819
−0.0345
0.0232
−0.0091
0.1761
0.0038
0.0928
−0.0655



0.2545
0.4127
−0.7418 ∗)
0.3054
−0.0515
−0.1444
−0.3102
−0.2137
−0.0547
0.0298
−0.2802
−0.0401
−0.0246
−0.2189



−0.0479
0.1482
0.0302
−0.0743
−0.2141
0.6114∗)
0.5000(∗)
0.6391(∗)
−0.1470
−0.2086
0.0415
−0.1139
0.1285
0.0294



−0.0429
−0.0119
−0.0761
−0.0973
0.0032
−0.3979
−0.2924
−0.5186 (∗)
0.4348
0.5232 (∗)
−0.3810
0.1187
−0.2502
−0.3894

[4]

[5]

[6]

[7]

[8]

V. CONCLUSION
This paper focused on the mathematical formulation of the
deterministic variable-volume exothermic CSTR model, and its
numerical simulations were tested to supplement the theoretical
results as applications using literature values. The
identifiability of the parameters required real system
measurements, but due to the absence of real data, the system
measurements were simulated, i.e. the numerical solutions
were empirical data corrupted with Gaussian noise with a
standard deviation of 0.05.
The identifiability of the physical parameters of the
formulated model was numerically carried out by using the
least squares and DRAM. The least square estimates converged
to the literature values and were treated as prior information for
the DRAM method. The generated DRAM samples were
graphically and statistically analyzed to test the convergence.
The results show that the model was solved and its physical
parameters were well identified. To study and quantify the
associated parameter uncertainties to the model outcomes,
global sensitivity analysis was performed by using the Latin
hypercube sampling method. Seven parameters among the 14
estimated model parameters were found to be very sensitive to
the model outputs and therefore, these parameters need to be
controlled effectively.
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Abstract-Power system planning faces various issues related to
reliability and quality evaluation. The power system network
planning is by nature a complex, huge-scale, and mixed-objective
optimization problem, especially when concerning its non-linear
behavior and the requirements of future unknown loads. In this
regard, the electric power utilities attempt to maintain a balance
between the generation energy, the transmission capacity, and
the needed demand. The main purpose of the current paper is to
utilize modern modeling techniques and computational
procedures, including the advanced deficit transmission system
evaluation method and sparse-matrix network analysis
algorithms, in order to evaluate, with sufficient accuracy, the
deficit and reliability levels in practical real-life large-scale power
systems. The new evaluation methodology is based on three
quantities representing the relationship between the generation
push in the grid, the maximum limitation of the transmission
capacity, and the needed load. The main contribution of the
paper is assessing the deficit transmission system index with
novel formulas.
Keywords-reliability evaluation; deficit index; transmission
system; quality measures

I.
INTRODUCTION
The main objective of electric power utilities is to maintain
a continuous and sufficient power supply to customers at a
reasonable cost [1]. Cost-effectiveness, security, adequacy, and
reliability analyses of a power system have changed over the
years to become a vital branch in today’s highly competitive
business environment of power utility planning and operations.
Reliability and quality are considered two vital measures of
power system planning and operational procedures. The
engineers and utility technicians seek to design and synthesis a
large-scale power system, they consider reliability as one of the
key design factors [2-4]. Power system development and
planning, which include an essential part of reliability and
quality assessment, form a complex, large-scale, and multiobjective optimization problem [5, 6], which is related to

nonlinear characteristics, future demand uncertainty
requirements, and system component availability. The issues of
reliability and quality evaluation have seen a growing interest
in power system reliability and quality assessment by power
utilities and engineers. Several authors were involved in the
research aiming at conducting reliability and quality
assessment in an efficient and accurate manner and with as
much realization of the practical circumstances of the power
utility as possible. In this regard, the reliability of an electric
supply system is defined as the probability of providing the
customers with continuous and satisfactory service.
Generation system reliability indices have been used as a
standard for measuring system reliability in [7]. A model was
proposed based on a convolutional algorithm that predicts how
these indices vary as system annual peak increases. The
proposed model was used to calculate and test the same indices
of the Benghazi North Power Plant (BNPP) before and after
installing additional capacity. A power system by nature is
complex, therefore there are multiple random events at
different stages of power systems such as uncertainty in
customer demand, intermittent outages of power generators and
its related units, intermittent electricity production and its
impact on the adequacy assessment [8]. Therefore, probabilistic
methods have given detailed and more realistic information
about random events and their negative impact on power
system supply and demand. In this direction, an analytical
model of the inverse power system reliability evaluation
problem was proposed and formulated to find the Unknown
Component Reliability Parameter (UCRP) [9]. In addition, an
application to power system planning was tested to examine the
way the component reliability parameters can be modified
quantitatively in order to achieve the desired system reliability
improvement.
The main purpose of this paper is to utilize modern
modeling techniques and computational procedures, and focus
on the deficit transmission system evaluation method and
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sparse-matrix network analysis algorithms, in order to evaluate,
with sufficient accuracy, the deficit and reliability levels in
practical real-life large-scale power systems. The new
evaluation methodology is based on three quantitative
parameters of the power network, which are representing the
relationship between generation push in the grid, the maximum
limitation of the transmission capacity, and the needed load.
The main contribution of the current paper is the assessment of
the deficit transmission system index with novel formulas.
II.

PROBLEM FORMULATION

A. Power System Network Model
The novel framework applied in this paper is based on the
original work of [10], in which 3 dimensions were introduced
to represent the relationship between certain system generation
capacity and the demand. These dimensions relate to the
following demand fulfilment issues:
• The need of capacity for demand fulfillment.
• The existence of capacity (availability for demand
fulfillment).
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capacity (the limit of potential increase in existing
generation capacity).
• The value of transmission capacity.
B. Linear Program Formulation
In the computational scheme of [10], the integrated system
quality assessment is performed via solving a master linear
programming problem in which a feasible power flow is
established which minimizes the total system Load Not Served
(LNS) subject to capacity limits and flow equations. The master
linear program, which utilizes the network bus incidence matrix
A, is formulated as:


Objective function = ( Minimize   ∑  )
with respect to PL, PG and PT
Subject to

(1)

− P 
A ⋅ PT =  L 
 PG 

TABLE I.

Exist
(C > 0)
Not exist
(C = 0)

PL ≤ PL ,−PL ≤ 0
PG ≤ PG ,−PG ≤ 0
PT ≤ PT ,−PT ≤ PT

• The ability of capacity to reach the demand.
The first dimension defines whether or not the capacity is
needed, the second one defines whether or not the capacity
exists, and the last one defines whether or not the capacity can
reach (delivered to) the demand. The 8 possible combinations
associated with the 0/1 (Yes/No) values of the 3 dimensions, are
illustrated in Table I. The generation and transmission quality
indices are defined in terms of the previously defined 1/0 states
indicating the (Needed, Exists, Can-reach) true/false values
associated with each quality index. We shall use the symbol
Qgijk to indicate the generation quality index state. Also, in the
following expressions, we shall use Min{x, y,..., z} to indicate
the minimum of x, y, .., z. The notation <x> will be used to
denote Max {0, x}, i.e. is the maximum of x and zero (= x if x >
0, or 0 otherwise). Table I summarizes the considered quality
indices, namely the Utilized Generation Capacity (Q111),
Bottled Generation Capacity (Q110), Shortfall Generation
Capacity (Q101), Deficit Generation Capacity (Q100), Surplus
Generation Capacity (Q011), Redundant Generation Capacity
(Q010), Spared Generation Capacity (Q001) and Saved
Generation Capacity (Q000).
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The optimization software package CPLEX has been used to
solve the Master Linear Program. The overall process of the
evaluation of power systems reliability and quality measures is
summarized in a flowchart shown in Figure 1.

ILLUSTRATION OF QUALITY ASSESEMENT INDICES

Needed
(L >0)
Cannot
Can reach
reach
Utilized
Bottled
Qg111
Qg110
Short-fall
Deficient
Qg101
Qg100

Not needed
(L = 0)
Can
Cannot
reach
reach
Redundant
Surplus
Qg011
Qg010
Spared
Saved
Qg001
Qg000

The evaluation of the above quality indices requires the
knowledge of the following data types for the demand and
various system facilities:
• The value of the demand required to be supplied.
• The value of the generation capacity and the maximum site
www.etasr.com

Fig. 1.

Flow chart of the proposed methodology.

C. Application of Performance Quality Assessment
Consider the 3-bus sample power system in Figure 2, where
a load of 130pu is supplied by two generators that have an
available capacity of 170pu. The power system has three
transmission lines having an available capacity of 60, 50, and
10pu respectively. For this simple system, the reliability and
quality indices can be evaluated as shown in Table II. This
paper concerns the indexes related with the deficit of the
transmission system.
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Fig. 2.
TABLE II.
Index
Value

Q111
110

The 3-bus sample power system.

Q101
0

Q100
20

Q011
0

Q010
0

Q001
0

Q000
35

D.

Large-Scale Implementation
On [10], the formulation of 5 reliability and quality
performance indices is considered, namely the Load NotServed (LNS), Utilized Generation Capacity (Qg111), Bottled
Generation Capacity (Qg110), Surplus Generation Capacity
(Qg011), and Redundant Generation Capacity (Qg010) are
presented while the current research work is concerned with the
Deficit Transmission Capacity (Qt100) and new formulas are
established as follows:
If:
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where  is the required value of the load,  is the actual value
of the load,  is the sit capacity of generation,  is the
available capacity of generation,  the actual capacity of
generation,  the capacity of the transmission lines, and  the
actual flow in the transmission lines.
III. APPLICATION ON A REAL-LIFE NETWORK
The main purpose of the presented applications is to
illustrate the implementation of the developed methodology on
real-life systems and to demonstrate the applicability of the
theoretical and computational developments of this work to
practical power systems. The Wadi Aldawasir Network
represents an isolated zone of the SEC (Saudi Electrical
Company) system. Figure 3 shows the single-line diagram of
the Wadi Aldawasir network. The system under investigation
contains 1 generator, 9 branches (transmission lines and power
transformers), and 7 loads. The results (Figure 4) show that the
Deficit Transmission Capacity (Qt100) stays at zero value for
all required load levels up to 198MW, where it starts to
increase continuously to reach 80MW at a required load level
of 270MW. Since the available generation at Wadi Aldawasir
is 263MW, this situation indicates that the unsupplied load
(between 180-263MW of load levels) is essentially due to
transmission limitations rather than generation availability.
Qg111 has a similar pattern with the Qt100, where it increases
to reach 73MW at a required load level of 270MW. On the
other hand, the Qg111 starts at 90MW and increases
continuously to reach 180MW, when the required load level
reaches 180MW, after which the Qg111 increases at a slower
rate and saturates at about 190MW when the required load
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level is 270MW. At this point, no more available generation
capacity can be utilized. Figure 5 shows a 3-dimensional graph
depicting the variation of the Qt100 with the required load and
the available generation capacity levels of the Wadi Aldawasir
network. It is noted from Figure 4 that the Qt100 stays at zero
value for all available generation capacity levels between 50%
and 150% of nominal as long as the required load level is

Fig. 3.
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below 100% of nominal. This situation, however, changes after
a region between 50% and 150% of nominal for the available
generation capacity levels and between 100% and 150% of
nominal for the required load levels, where more required load
levels would increase the amount of the Qt100. This situation
indicates that the unsupplied load is now caused by the
generation unavailability and transmission limitations.

Single-line diagram of the Wadi Aldawasir network.

Fig. 4.
Variation of generation capacity indices Qt100, Qg111, and Qg110
with the variation of required load levels of the Wadi Aldawasir network.

IV. CONCLUSION
In this paper, the evaluation of a new reliability and quality
measures methodology is based on 3 quantities of the power
network, which are representing the relationship between the
generation push in the grid, the maximum limitation of the
transmission capacity, and the needed load. At the same time,
the maximum future expanded generation capacity that could
be available at the same generation site, was discussed. The
main purpose of the paper the utilization of modern modeling
techniques and computational procedures, including the
advanced deficit transmission system evaluation method and
sparse-matrix network analysis algorithms, in order to evaluate
with sufficient accuracy the deficit and reliability levels in
practical real-life large-scale power systems. The main
contribution of the paper is the assessment of the deficit
transmission system index with novel formulas. The research
work also includes a practical application to several operating
scenarios in the Saudi electricity system. Most of the deficits
on the power system are caused by generation unavailability
and transmission limitations (contingency state).
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Abstract-This paper presents a new design of an adaptive fuzzy
logic control by implementing the leader-follower approach. The
principle is to modify the feedback control of non-holonomic
Wheeled Mobile Robot (WMR) to be adaptive according to a
fuzzy controller in the control loop, in order to adjust the
feedback control gains according to the distance error between
the reference path and the real position. The trajectory tracking
control for a single WMR is extended to the formation control for
two WMRs in which the first one is the leader and the second is
the follower. Simulation results are presented to demonstrate the
effectiveness of the proposed controller.
Keywords-adaptive fuzzy control; feedback control; Wheeled
Mobile Robot (WMR); leader-follower formation; trajectory
tracking control; non-holonomic

I.

INTRODUCTION

Wheeled mobile robots are very useful devices that perform
a wide range of tasks [1-3]. For many years, single mobile
robots have been used to execute simple tasks and to achieve
desired goals, such as tracking a desired path or avoiding
obstacles [4-6]. Recently, robotics research has been focused its
interest to multi-robot systems. Certainly, this kind of systems
could accomplish several complex tasks more economically
and efficiently than a single- robot system [7, 8]. A team of
mobile robots that performs a complex mission in short time, is
necessary to work coordinately and cooperatively with respect
to a specific formation. Various formation control approaches
have been mentioned in the literature, such as the behavior–
based approach [9], virtual structure approach [10], and leaderfollower approach [11-13]. In the behavior-based approach,
different desired behaviors (e.g. formation keeping, target
seeking, etc.) are specified for each robot, where its action is
depended on its role in the team. Since this approach is

complicated, exact formation control is hard to ensure [14-16].
On the other hand, in the virtual structure approach [7, 9], the
entire formation is considered as a single rigid body, which
means that all robots work as a single complex robot. This
method can control the motion of the whole robot formation,
but cannot change the formation when the environment is
changed, which limits the scope of its application. The leader –
follower method is also called as master-slave mode [15]. In
the group shaped by multi-mobile robots, one robot is designed
as the leader while the others are the followers. In this
approach, the leader moves along a predefined trajectory while
the followers are controlled to maintain a desired distance and
bearing angle [16]. In robotics field, this is the most used
technic, which allows the formation control to be transformed
into two simple problems, a trajectory tracking by the leader
and a control to keep the formation by the followers. Here, we
must ensure permanent communication between the leader and
all the followers in order to maintain the formation [4, 5, 7].
This paper deals with the leader-follower formations of
non-holonomic mobile robots. A new, adaptive fuzzy controller
is proposed to ensure tracking and formation control for two
mobile robots. The modeling and control of two mobile robots
where one is modeled as a leader and the second one as a
follower are presented. The obtained simulation results for
tracking and formation control are discussed and a comparison
with conventional methods is made.
II.

MULTI MOBILE ROBOT MODELING AND CONTROL

Usually, a mobile robot is presented in a Cartesian 2D
frame with its coordinates, such as position coordinates (ݔ, )ݕ
and its orientation ߠ [17]. In this study, a kinematic model is
considered, taking into account linear and angular velocities for
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both leader and follower mobile robots, and a controller for
each one is designed.
A. Leader-Follower Formation Modeling
In order to model the kinematics of the leader robot, we use
the configuration ܲ ൌ ሾݔ ,  ,  as shown in Figure 1. The
control input for the leader robot is the linear velocity vl and the
angular velocity wl.
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 denotes the separation distance between the center of the
rear wheels of the leader, and the front castor of the follower
robot.

(, ) is the position coordinates of the front castor of the
follower robot.

! is the distance between the front castor wheel and the mid
point of the rear wheels for each robot.
 ,   is the midpoint on the axis between the rear wheels.


 ,  , 



$ ,  ,  % : follower robot position.

#
#

  , 

$ ,  %

is the leader robot position.

: control inputs of leader robot.

: control inputs of follower robot.

The follower position is calculated as:

Fig. 1.

Mobile robot in 2D frame.

The equations of the leader robot can be written as:
 
  


cos 
0
 sin   .   0 . 
1
0

(1)

The mobile robot wheels exhibit purely rolling motion and
that assumed without slip. The nonholonomic constraint is
expressed as:
  . sin     . cos 

0

  !. cos 
(3)
  !. sin 

The follower robot model is represented with the state
vector  $  ,  ,  % expressed as:




& '    !. cos (  '    !. sin  (
)

)

*  +,-.+/2'  !. sin    ,     !. cos  (  

(4)

Finally, after differentiating the  state vector we obtain
the kinematic model for the follower mobile robot:




 

(2)

The leader robot model under Matlab/Simulink is shown in
Figure 2.




with:



 . -123   . -12   !.  . 24/3
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6;

3

    

(5)

(6)

Figure 3 illustrates the follower detailed model under
Matlab/Simlink. The condition (7) is considered in order to
avoid collision between the leader and the follower and must
always be verified.


Fig. 2.

Leader robot model.

The same constraint is observed for the follower robot. The
follower robot is modeled relatively to the leader robot. It
follows the leader while maintaining a desired relative distance
and desired separation bearing angle with respect to the leader
robot in a strategy known as separation bearing control (Figure
1), where:
  is the separation bearing angle between the leader and
the follower robot.

www.etasr.com

C 2. ! (7)

B. Control Strategy
The leader is controlled to follow a predefined path such as
a circle or an eight shape. The control loop is presented in
Figure 4. Considering a desired path, we can calculate the
desired linear and angular velocities, and the kinematic
controller is derived. In addition, the proposed adaptive
controller is compare with a well-known kinematic controller
presented in [18]. The kinematic controller explained with (8)
is presented in detailed form in Matlab/Simlink in Figure 5.
G
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Detailed kinematic controller of the leader.

In (8), xP  @   and P @   are the current position
errors in the axes T and U, respectively, VJ C 0 and VQ C 0 are
the gains of the controller, WJ ∈ Y and WQ ∈ Y are saturation
constants, and  ,   and @ , @  are the current and the
desired coordinates of the point of interest, respectively. The
detailed model for the follower kinematic controller from [19]
is given by (9) and is presented in Figure 6.

Fig. 3.

Detailed model of the follower robot.

Fig. 4.

www.etasr.com

Leader control loop.

Fig. 6.

Follower kinematic controller in Matlab/Simlink.
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(10)

Follower control loop.

It is noticed that the kinematic gain controllers VJ , VQ , V \,
and Vc are constant during the mobile robot motion. So if one
of the operation conditions changes, the actual gain value may
no be adequate and may need to be adjusted. The main idea is
to adjust the gain controller values in real time during the
mobile robot operation.
III.
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In this paper, the proposed fuzzy controller will be added to
the main controller where it can adjust controller gains
according to the distance error as presented in Figure 9. The
same structure is used for all controller gains (leader and
follower).
B. Adaptive Controller Parameter Calculation
Both leader and follower robots are controlled by a
kinematic controller. The controller gains are unique in value in
order to give best results in a specific system status. In practice,
the system statuses are not the same, and we come to a point
for what adaptive gain controllers are necessary to satisfy
several statuses. The idea here is to make changes in gain
controllers in real time when the distance error between the
desired path and actual robot position is different from zero.
The larger distance error, the higher adaptation value will be
applied to the gain controller value. In Figure 9, we notice that
if the distance error is equal to zero then we don’t need the
fuzzy logic adaptation, which means that if it’s output is zero
we must keep the original gain controller, therefore we add a
constant to the proposed controller loop to avoid zero
multiplication when the output of fuzzy controller is equal to
zero. The fuzzy logic controller was chosen to be Mamdani
inference and the membership functions for input and output
are presented in Figure 10. The input is the distance error and
the output is the adaptation gain.

ADAPTIVE FUZZY CONTROL FOR A MULTI- ROBOT
SYSTEM

A. Fuzzy Systems and Fuzzy Control
Fuzzy logic provides human reasoning capabilities to
capture uncertainties, which cannot be described by precise
mathematical models. Traditionally, fuzzy logic controllers
have been applied to the development of a complete navigation
problem of a mobile robot [3]. Fuzzy logic is widely used to
control various types of systems and also to develop adaptive
controllers [20, 21]. The overall structure of a fuzzy controller
is shown in Figure 8.

(a)

(b)

Fig. 10.

Fig. 8.

Internal structure of a fuzzy controller.

Fuzzy controller: (a) input, (b) output.

IV. RESULTS AND DISCUSSION
To show the performance of the proposed controller, let's
consider a group of two mobile robots in which one is the
leader and one is the follower. The adaptation loop is inserted
into the main control loop [19] for both. Circular and eightshaped paths are used to test the proposed controller. The
simulations were carried out in Matlab/Simulink. All robots
and controller equations were modeled in Matlab/Simulink
blocs. The proposed fuzzy adaptive controller was
implemented with the Fuzzy Logic Toolbox of Simulink. The
simulation parameters were:
Mobile robot parameter:
Radius of desired circular path:
Radius of desired circular path :

Fig. 9.
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Proposed adaptive controller.

d=0.2m

@FedEF@
,GdEGF
=5m

@FedEF@
,Fdfgh
=10m
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Leader-follower formation parameters:
W@FedEF@


@FedEF@
2 i, 

j
k

,+!.

The desired path generator modeled in Matlab/Simulink is
shown in Figure 11.

(a)

(a)
(b)

(c)

(b)

(d)

Fig. 12.

(c)

Fig. 11. Detailed desired path generation model. (a) general structure, (b)
the eight generator model, and (c) circle generator model.

A comparison study was carried out between the kinematic
controller ([18] for the leader and [19] for the follower) and the
proposed adaptive kinematic fuzzy controller, considering
paths and distance error. The results of the leader with and
without adaptive controller are displayed in Figure 12 which
shows the results of following a trajectory with circular path
(Figure 12(a)), the error distance (Figure 12(b)), and the gain
adaptation for x and y gain kinematic controller (Figure 12(c)
and 12(d) respectively).

www.etasr.com

Results of leader robot for circular path

It is noticed that the adaptation makes results better with a
fast time response. The gain controllers are adapted to the
distance error. The same remarks are observed for the eightshaped path in Figure 13(a)-(c). The adaptation ensures that the
system will not go out of the desired path once it reaches it
because the gain controller will be decreased to a lower value
while approaching the desired path. From Figure 13(b) and
13(c), we can see that at the beginning, the gain controllers are
at high values because the robot is far from the desired path and
decrease as the robot comes close to it. This technique will
ensure that the system will not lose stability once it reaches its
desired path.
As the next step, we give the results of the formation
control for leader and follower with kinematic controller and
our adaptive fuzzy kinematic controller. Similarly to the leader
result, the two paths are tested. Figure 14(a)-(c) represent
respectively the circular path, the distance between the leader
and the follower, and the bearing angle between the leader and
the follower. Gain controller adaptation (for  and   ) is
displayed in Figure 15.
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(a)
(a)

(b)

(b)
Fig. 15.

Gain adaptation of leader-follower for the circlular path.

(c)
(a)

Fig. 13.

Results of leader robot for the eight-shapef path.

(b)
(a)

(c)

(b)

(d)

(c)

(e)
Fig. 14.

Results of leader-follower for the circlular path.

Fig. 16.
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Results of leader-follower for the eight-shaped path.
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It is clear from the results shown in Figure 15 that the
adaptive controller performs better than the kinematic one. The
follower reached quickly the desired distance and bearing angle
with the leader. The same observations are seen in Figure 16.
The obtained results show an improvement with the proposed
adaptive kinematic fuzzy-based controller compared to the
ones in [18, 19]. Comparing the results, we can see that the
system remains stable in our tests due to gains adaptation
which will avoid excess value in gain controllers especially
when the robot reaches its desired path. The time response will
be faster and no oscillation can be seen after reaching the
desired path.
V. CONCLUSION
An adaptive fuzzy kinematic controller has been proposed
in order to solve the tracking control and leader-follower
formation problems. An auxiliary fuzzy controller was inserted
into the main kinematic control loop to make the adaptive
controller gains according to distance and bearing angle errors.
Simulations were carried out using two paths (circular and
eight shaped) to test the effectiveness of the proposed
controller. The obtained results showed that the proposed
controller was better when compared with the kinematic
controller in terms of time response for both tracking and
formation control. For future work and to enlarge the present
work, dynamics and obstacles avoidance will be considered.
APPENDIX
The follower position is calculated geometrically according
to the leader position using the model presented in Figure 17.
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Abstract-In the current paper, numerical simulations of the
combustion of turbulent CH4-H2 are presented employing the
standard k-epsilon and the RNG k-epsilon for turbulence closure.
The Fr-ED concept is carried out to account for chemistry/
turbulence interaction. The hydrogen content is varied in the fuel
stream from 0% to 100%. The numerical solutions are validated
by comparison with corresponding experimental data from the
Combustion Laboratory of the University of Milan. The flow is
directed radially outward. This method of fuel injection has been
already been explored experimentally. The results show that the
structure of the flame is described reasonably and both standard
k-ɛ and RNG k- ɛ models can predict the flame shape. The
general aspect of the temperature profiles is well predicted. The
temperature profiles are indicating a different trend between
CH 4 and CH 4/H2 fuel mixtures.
Keywords-RNG k-epsilon; swirl; hydrogen; CFD; CH4

I.
INTRODUCTION
Lean combustion emerges as a potential and an
advantageous concept to attain efficiently the combustion
process and control NOx emissions in power-generation gas
turbines [1–3]. The best approach to obtain a stable lean flame

is to add a highly reactive fuel to a traditional hydrocarbon fuel.
Due to its high chemical reactivity, hydrogen could be used as
a useful fuel addition to enhance the combustion of natural gas.
The use of hydrogen in blended fuel can be a good option
regarding combustion characteristics, such as extending the
lean flammability limits [4, 5] and the environmental
advantages by decreasing the emissions [6]. The research on
the combustion of NG–H2 fuel mixtures is open and growing.
Studies [5, 7-9] on NG–H2 hybrid flame stability behavior are
at the center of attention. Authors in [10-11] conducted an
experimental investigation on laminar LPG-H2 jet diffusion
flame and NG-H2 turbulent flame respectively and affirmed
that a very small fluctuation in the visible flame length, in up to
20% of hydrogen addition, enhances the flame length when
higher hydrogen concentrations are injected. In the other hand,
different investigations [5, 7, 8, 12, 13] were undertaken on the
height of the blue cone and pointed out the influence of
hydrogen injection in the increment of the combustion rate, the
reduction of CO, CO 2 and HC emissions, and the extension of
the stable lean limit of natural gas burner [1, 9-12, 14-16].
Authors in [17] developed an experimental investigation in
optically accessible propane/ hydrogen burner and found that
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the flame pattern of the hydrogen is of a weak turbulent flame
[18]. A significant reduction in both CO emissions and soot
concentration with hydrogen addition was reported in [4, 11,
12] when turbulent jet diffusion flame was characterized.
Authors in [19-21] report an increase in flame adiabatic
temperature and a reduction in flame thickness. Authors in [15]
investigated the counterflow of NG/H2–air partially premixed
flame numerically and experimentally. They stated that the
influence of prompt NOx was important in the total NOx
formation. One of the purposes of this paper is to support
certain theories and assumptions drawn from experiments in
swirl flames. The goal was to obtain qualitatively correct
predictions. This work focuses on the numerical simulation of
turbulent flames utilizing well known turbulence and
combustion models [22, 23].
Leaner flames due to the hydrogen addition with different
various hydrogen-hydrocarbon mixtures lead to thermodiffusive instabilities which have an impact on flame
propagation and stability [24, 25]. More details are needed
about the interaction of these types of flames with turbulence in
practical devices (swirl-stabilized burner). A better
understanding of the fuel improvement on the fundamental
flame properties is critical to the development of combustion
systems and the role of hydrogen on these systems appears to
be an important parameter. The goal of the current study is the
investigation of flame behavior by the use of numerical
simulations with the RANS model to treat turbulence coupling
(the standard /RNG k-epsilon ) and the Fr-ED model to
represent the turbulence/chemistry interactions. For this
purpose, the effect of hydrogen addition in methane flames has
been examined by modeling a swirl-stabilized combustor in
radial injection. The aim is to give more information on the
influence of hydrogen enrichment on the CH4 flame properties
and a comparison is presented between the experimental results
and the numerical solutions by considering a flame shape,
temperature field, and velocity vectors.
II. NUMERICAL METHODOLOGY
The conservation equations governing reactive flows solved
by code FLUENT [26] are mass, momentum, species, and
energy using several models described with finite volume
methods [27]. The schematic of the partially premixed swirlstabilized burner configuration can be seen in [5]. The grid is
shown in Figure 1. The geometry is open to atmospheric
pressure and the meshing of all computational domain
examined in this work was set up with GAMBIT [24]. The
meshing is non-uniform, with a fine meshing in zones of great
interest. The numerical simulations carried out in this study
were generated using a segregated, implicit solver. The coupled
equations were solved with second-order accuracy in time and
momentum, continuity, and turbulence parameters. The
algorithms PRESTO and SIMPLE were respectively used for
the pressure interpolation and for the coupling of pressure and
velocity. A uniform velocity profile was assumed for the inlet
conditions, and the inlet turbulence intensity was set to 11%. At
the inlet, the boundary conditions were validated by the
experiments. Theoretically, zero gradient condition is taken at
the outlet boundary. These boundary conditions can be listed as
follows: inlet, outlet, and wall boundary conditions. The DO
www.etasr.com
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model was used to calculate the radiating heat transfer of the
unconfined flames [28]. The experimental apparatus is a
laboratory scale swirl burner [5]. It consists of two concentric
pipes with the annulus (outer radius, Rb = 18mm) supplying the
central pipe (rint = 7.5mm) injecting the fuel mixtures (swirled
air). The fuel mixture is radially injected into the swirled air
stream through 8 circular holes. The holes are distributed on the
circumferential section located 3mm upstream from the exit of
the burner.

Fig. 1.

Numerical grid of the burner/furnace system.

III. TURBULENCE MODEL
To solve the turbulence problem, the two equation-based
RANS standard k-ɛ turbulence model was used [29]. It is a
semi-empirical turbulence model based on isotropic eddyviscosity hypotheses. The RNG k-ɛ model is considered as a
new version of the k-ɛ family of turbulence models. It is
derived by a statistical technique called renormalization group
method [30].
IV.

RESULTS AND DISCUSSION

A. Flame Shape
The consequence of hydrogen addition is studied using
CFD and compared against measurement data [31, 32].
Streamlines were obtained by two-dimensional (2-D) PIV
measurements, in a region located immediately downstream of
the exit throat of the burner. Flame imaging of the spontaneous
flame emission is used to gain a general understanding (see
Figure 2(a)). We can see the simulation plot from the right side.
Although these diagnostics provide a somewhat different view
of the flame, they provide complementary information. In
general, the simulated image of the investigated flame (100%
CH4) shows a very similar shape compared to the experimental
ones, typical of high swirl processes in transverse injection.
The comparison shows that standard k-ɛ is slightly overpredicted at most locations whereas the RNG k-ɛ model results
are quite good [33]. Figure 2(a) shows the sudden expansion
nozzle at the lower part of the combustion chamber and two
locations of high product formation rates are located: one is on
centerline in an upside-down V-shape, which can also be
clearly seen in the photo of the flame in the experiment and the
second in red color indicates a high product formation rate,
which means an area with high chemical reaction production
rates. The use of finite-rate-Eddy dissipation model generates a
reaction at the mixing zone.
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(a)

(a)

100% CH4

40% H2+60% CH4
(b)

(c)
80% H2 + 20% CH 4

100% H2

(d)

(b)

40% H2+60% CH4

100% CH4

(e)

80% H2 + 20% CH 4

100% H2

Fig. 2.
Flame shape and position comparison of the simulation (right) and
the flame photo from the experiment (left): (a) standard k-ɛ model, (b) RNG
k-ɛ model.

The experimental reaction takes place at the center of the
zone where a strong inner recirculation zone appears, whereas
reaction occurs with a certain delay, when simulation is
considered. The impact of the different percentage of H2
blending to the CH4–air flame on the global flame
characteristics is shown in Figure 2 (different flame shapes and
positions).
www.etasr.com

(f)

Fig. 3.
Radial distribution of mean temperature: (a) RNG k-ɛ 50% CH4 50% H2, (b) standard k-ɛ 50% CH4 - 50% H2, (c) RNG k-ɛ 20% CH4 - 80% H2,
(d) standard k-ɛ 20% CH4 - 80% H2, (e) RNG k-ɛ 100% CH4, and (f) standard
k-ɛ 100% CH4.
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It can be observed both from the experiments and the
numerical simulation that the structure of the flame, i.e. central
recirculation zone shape, changes with H2 addition. Enhances
in H2 concentration in the mixture increase the axial velocity
and decreases the size and strength of the recirculation region.
Similar behavior was reported in [34].

numerical simulation agrees well with the trend of the
experimental data. The calculated temperature indicating the
existence of the hot area of the flame and then finally to the
limit which assigns to the recirculation zone. The temperature
profiles can be split in into three separate areas as reported in
Figures 5 and 6.

B. Temperature Field

The same results were obtained in [35]. The highest
temperature shows that the flame takes place in the inner
recirculation zone. When burning 100% NG, the peak
temperature of the flame is quite close to 1150K, while its
experimental value is estimated as 1250K. The peak
temperature of the 80% H2 flame increases to about 1800K, as
we seen in the experiment [31, 32]. An unexpected temperature
value is determined by the CFD when the k-e model is
considered. At the periphery, a region characterized by quite
uniform temperature values is established. This is related with
the formation of a corner recirculating flow induced by the
radial expansion of the air stream and by the wall confinement.
This model succeeds to predict the hot zone of the flame while
over predict the calculated temperature. When r = 0.05m, the
model agrees with the experimental results. On the other hand,
a good agreement is obtained when the RNG k- ɛ model is used.
The RNG k-ɛ model results are in good accordance with the
experimental measurements, and are comparable to the results
obtained with the k-ɛ model, despite the lack of accounting for
non-isotropic turbulent shear stresses expected in the swirling
flow. It can be observed that the predicted radial profiles of
temperature of the two models are reasonable at most of the
axial locations.

To provide more information in this section, the
computational solutions were compared with the measurements.
To examine the role of turbulence closure models, the same
configuration was modeled using the standard k-ɛ and RNG kɛ turbulence models. The mean temperature profiles are shown
in Figure 3, reporting a different trend between NG and H2/NG
fuel mixtures.

Isothermal
Fig. 4.

100% CH4

Experiment (left) and simulation (right) velocity vectors.

C. Mean Flow Fields
To provide more information on the nature of the flow, we
focus our solutions on the behavior of this type of flame by
showing the existence of the Central Recirculation Zone
(CRZ). The numerical solution shows an open swirl flow core.
The Figure points out a more closed form with a small but
strong recirculation region. The reaction zone estimated by
simulation is not located on the axis as indicated by the
measurements. The dynamic flow field is affected greatly by
the combustion that redefines a velocity distribution. This
discrepancy is mainly the result of shortcoming of the
turbulence model which might overestimate the decay of
turbulence intensity for these swirling flames. Undercombustion regime (Figure 4), in a region located immediately
in the exit of the burner clearly indicates the existence of a
CRZ. The width of the CRZ is smaller than under when
burning 100% NG. Similar behavior was reported in [29]. As
the H2 percentage increases, the above regions reduce in size
and move closer to the reactant outlet. When burning 100% NG,
the axial flow fields by introducing velocity vectors obtained
by the simulation are more large than the 80% H2 flame.

(a)

(b)

Fig. 5.
Velocity fluctuations. Comparison of the experimental data and
simulation results: (a)100 % CH 4, (b) 20% CH4 + 80% H2 flame.

The calculated temperature profiles are in agreement with
the experimental results. When moving on radial direction, the

www.etasr.com

Another important parameter describing the flow field, is
the velocity fluctuations (Figure 5). Both results show an
increase of the intensity a few mm downstream of the
respective flame zone. A CRZ can be found, where the axial
velocity is smaller than zero. This recirculation increases the
flow divergence in the combustion chamber. In general, the
numerical solutions agree well with the experimental results
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(100% methane flame), but we failed to predict the inner
recirculation zone with precision.
V. CONCLUSION
Numerical simulations of a turbulent (CH4-H2)/air flame
were conducted in this study. The H2 percentage varied in the
mixture from 0% to 100%. The numerical investigation
involved simulations employing the standard k-ɛ and the RNG
k-ɛ for turbulence closure. The Fr-ED model is used to
represent the turbulence/chemistry interactions. Numerical
solutions were compared to experimental measurements which
were used for model validation. The results show that the
structure of the flame is described reasonably in both standard
k-ɛ and RNG k-ɛ models which can predict satisfactorily the
flame shape with the RNG k-ɛ model providing better
performance than the k-e model. From the flame simulations,
the hydrogen addition alters considerably the global flame
characteristics by different flame shapes and flame positions. It
can be observed from the experiments and the simulations that
the structure of the flame varies with hydrogen blending.
In general, the temperature data were well represented. The
RNG k-ɛ model consistently demonstrated superiority over the
standard k-ɛ turbulence model. The dynamic flow field is
affected greatly by the combustion. A region located
immediately downstream of the exit throat of the burner clearly
indicates the existence of a CRZ. Under combustion conditions
the width of the CRZ is smaller than under when burning 100%
NG. It was concluded that the use of a 2D axial symmetric grid
is a promising toolbox for modeling turbulent combustion and
can be used for predicting the operating conditions of complex
industrial furnaces.
NOMENCLATURE
ܻோ
ᇱ
߭,
ᇱᇱ
߭,:
N
ܯ௪,
ܯ௪,
ܯ௪,ோ
k/ε
ܣ
ܤ

α
β
φ
Ɵ
µ

Mass fraction of a particular reactant ܴ
Stoichiometric coefficient for reactant ݅ in reaction ݎ
Stoichiometric coefficient for product ݅ in reaction ݎ
Number of chemical species in the system
Molecular weight of species݅
Molecular weight of species݆
Molecular weight of a particular reactant ܴ
Large-eddy mixing time scale
Empirical constant equal to 4.0
Empirical constant equal to 0.5.
Thermal diffusivity [m2. s-1]
Thermal expansion coefficient [K-1]
Solid volume fraction
Dimensionless temperature
Dynamic viscosity [kg. m-1.s-1]
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Abstract-The key issue of the voltage-sag propagation on the
different types of winding connections for the low voltage
transformer in the distribution power network is considered in
this study. The issues of voltage sag propagation depend upon the
type of the asymmetrical fault and the connection of the
transformer windings. In this paper, the double line to ground
fault is adopted for the voltage sag characterization. The
depiction of the sage propagation is an outcome of the zero
sequence components. Voltage sag propagation detection can be
used to improve the power quality of the system. The obtained
results reveal the characteristics of the voltage drop propagation
from the primary to the secondary winding of the transformer
throughout different connection. The implemented method will
help analyze the Power Quality (PQ) problem in terms of voltage
sag of the distributed transmission networks of the power system.
Keywords-voltage sag; power quality; double line to ground
fault

I.
INTRODUCTION
Power Quality (PQ) is an important issue in electrical
systems [1]. Due to the existence of symmetric faults in the
transformer windings, the sinking of the distribution network
will deviate from the waveform of the power supply voltage,
which depends on the nominal sine waveform and the nominal
frequency [2, 3]. Many industrial and home customers often
have equipment that is sensitive to electrical interference [4].

Therefore, it is important to understand the quality of the
supplied power [5, 6]. If sufficient power supply voltage is not
provided, electrical appliances may or may not be sued at all.
End users have increased their awareness of voltage quality and
challenge network operators to obtain appropriate information
and provide them with better power supply quality [3].
Nowadays, PQ has become a major aspect of the Power
Distribution System (PDS), due to reasons such as the presence
of sensitive and nonlinear loads in the distribution system [7,
8]. The main problem is the quality of energy in terms of
voltage constancy in the PDS. Voltage sag, defined as a sharp
decrease in the amplitude of the supply voltage, is a PQ
problem that can cause loss of susceptible loads in the PDS. In
recent years, many defects due to low voltage, such as
electrical equipment failure, production line loss, and complete
equipment failure, have been studied [9-12]. The voltage sag
defined by IEEE is the decrease of the RMS voltage value
between 0.1 and 0.9pu [10]. Voltage sag can interfere with the
operation of sensitive equipment. These circumstances may
lead to huge cost-effective fatalities by disturbing the industrial
manufacture process [13, 14].
II. DISCRIPTION AND SYSTEM MODELING
The variation in voltage, current, or frequency may cause
equipment failure/malfunction. According to IEEE 1159-1995
standard, the sag reduces the voltage between 0.1 to 0.9pu. As
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Magnitude (p.u)

shown in Figure 1, the RMS at the power frequency ranges
from 0.5 to 1 minute. Figure 2 shows a one line schematic
diagram power network with two buses. If a bus failure occurs,
the voltage on the primary transformer would be in a fault state,
and on the other hand, on the secondary of the transformer has
not a zero level of the voltage. It can be said that voltage sag
can propagate from primary to secondary.

1.0
Vthr

Duration
T2-T1

Vsag
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A. Simulink Model of the Distribution Network for Voltage
Sag Propagation
This study aims to classify the voltage sag propagation
under double line to ground fault on a low voltage distribution
power network. The power system has four stages: generation,
transmission, distribution, and utilization. In the model shown
in Figure 3, one distribution feeder of 11kV from the feeder
voltage has been sent to the load side and between them there is
transformer. When fault occurs on the primary side of the
transformer, the voltage will sag at the primary side and also
propagate on the secondary side depending on various factors,
i.e. fault type, winding connection, winding impedance, and
fault impedance. Voltage sag was measured with a
measurement block and calculated from the sequence analyzer
on the primary and secondary side of transformer.

Magnitude
T1

Fig. 1.

Time (Sec)

1) Three Phase Source Block
This block is formed in Simulink where three phase voltage
displaced with reference degree is present. Here, 11kV voltage
is selected and reference angle is selected.

T2

Sag voltage discription.

2) Voltage Current Measurement Block
This block is formed where the three phase of voltage and
current are measured and shown with a connected scope.

G
B

B

Load

Fault

Fig. 2.

One line diagram of the power system.

Fig. 3.

The Matlab/Simulink model for the classification of voltage sag propagation of the distribution network.

4) RMS Voltage Block
This block measures the RMS value.
5) Two Winding Transformer
www.etasr.com

3) Three Phase Fault Block
This block is formed where the fault type (line to ground
fault, double line fault, double lone to ground fault, and three
phase faults) is selected.

In this block, winding connections are selected with
suitable winding resistance and inductance.
6) RLC Load Block
In this block, active and reactive powers are selected.
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7) Sequence Analyzer Block
In this block, sequence component values and phase angles
are measured and shown.
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3) Zero Sequence Components
Zero sequence components have the same magnitude and
angle as shown in Figure 6.

The discrete time (5 e-5) solver is used in the Simulink
model.
B. Modeling for Sequence Analyzer's Symmetrical and
Unsymmetrical Faults
In a power system, two kinds of faults occur, due to a
variety of reasons, namely the symmetrical and the
unsymmetrical faults. In symmetrical faults, all phases are short
circuited, so all phases have the same amount of voltage, i.e.
zero or maximum. In an unsymmetrical fault, two phases are
short circuited with one another or to the ground: line to line,
phase to line, and phase-phase to ground faults (LL, LG, and
LLL).
C. Sequence Components
Fault calculation may be conducted with the sequence
components. There are three sequence components (positive,
negative, and zero sequence components) used in the analysis
of the power system's faults and its stability. The sequence
components are used to analyze the voltage sag propagation
under unsymmetrical faults.
1) Positive Sequence Components
Positive sequence components have the same magnitude
and displaced phase angle as the normal phase voltage or
current, as shown in Figure 4.

Fig. 6.

Zero sequence components.

D. Phase Voltages Calculation by Sequence Components
In a three phase system Va, Vb, and Vc are the three phase
voltages displaced at 0 0, 1200 and 240 0or-1200. Equations (1)(3) [15] describe the system:
ܸܽ = ܸଵ + ܸଶ + ܸ (1)
ܸܾ = ܽ ଶ ܸଵ + ܸܽଶ + ܸ (2)
ܸܿ = ܸܽଵ + ܽ ଶ ܸଶ + ܸ (3)

2) Negative Sequence Components
Negative sequence components have the same magnitude
but opposite phase displacement with normal phase voltage or
current as shown in Figure 5.

Fig. 7.

Fig. 4.

Positive sequence components.

Fig. 5.

Negative sequence components.
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A three phase vector.

III. RESULTS AND DISCUSSION
In this section, the Simulink sequence analyzer is used to
display the simulation results. In this article, the different types
of the connection of the three-phase transformers are
considered and the voltage sag propagation on the distribution
power network under double line to ground fault is analyzed.
Sequence components (positive and zero components) are
implemented to characterize the voltage sag. When the fault
appears on the power system, then the voltage sag also occurs
on each side of the transformer, but due to the transformer
winding connection, the voltage sag will expand. Voltage sag
analysis is performed by changing the fault resistance on the
primary side of the transformer to monitor the propagation
voltage on the secondary side by modifying the fault resistance,
selecting double line to ground fault for voltage sag analysis,
and selecting start-delta connection for comparative analysis.
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A. LLG Fault with Y-Y Connection
In this section, the LLG with Y-Y connection of the
transformer is used to test the voltage sag propagation on the
power network. When an LLG fault takes place in the power
network, voltage sag emerges on the primary and secondary
sides, as shown in Figures 8 and 9. It can be clearly seen from
the RMS value waveform that when a fault occurs on the
primary to the secondary side of the transformer, then the
voltage drop can appear as a different RMS value. The RMS
values under LLG fault with different types of transformer
connection were simulated in the Matlab model by using the
phase sequence analyzer (Table I).
TABLE I.

∠
∠
∠

∠

Fig. 9.
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network, there will be voltage sag on the primary and
secondary sides as shown in Figures 12-13.
TABLE II.

PRIMARY AND SECONDARY OF T/ F ON Y -D CONNECTION
VOLTAGE SAG

T/F Primary Side
Va1=0.333 −1.3
Va2=0.333 −121.28
Va0=0.3321 −120.11
Va = 0
Vb = 0
Vc = 0.99 119.17

∠
∠
∠

∠

T/F Secondary Side
Va1=0.332 −34.05
Va2=0.3325 −94.039
Va0= 0
Va = 0.57 -64
Vb=0
Vc=0.57 115.98

∠
∠
∠
∠

SAG VOLTAGE ON THE PRIMARY AND SECONDARY OF T/F
WITH Y -Y CONNECTION

T/F Primary Side
Va1=0.333 −1.3
Va2=0.333 −121.28
Va0=0.332 −120.11
Va = 0
Vb = 0
Vc = 0.99 119.17

Fig. 8.
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T/F Secondary Side
Va1=0.332 −4.059
Va2=0.3325∠−124.09
Va0= 0
Va= 0.332 −64
Vb=0.332 −64
Vc = 0.66 115.92

∠

∠
∠
∠

Sag voltage at the primary side by using Y-Y connection.

Sag voltage at the secondary side by using Y-Y connection.

Fig. 10.

Y-D connection sag voltage at the primary side.

Fig. 11.

Y-D connection sag voltage at the secondary side.

Fig. 12.

YG-YG connection sag voltage at the primary side.

B. LLG Fault with Y-Delta Connection
When a LLG fault occurs in the power network, voltage sag
would come out on both sides of the transformer as illustrated
in Figures 10-11. The RMS value waveforms obviously state
that once the primary side of the transformer fails, at different
RMS values, the voltage sag of the transformer will drop to the
secondary side. This is simulated in the model and can be
passed. The phase sequence analyzer performs the calculations,
as shown in Table II.
C. LLG Fault with YG-YG Connection
LLG fault with YG-YG connection is considered in this
section. When a LLG fault takes place in the distribution

www.etasr.com

Fig. 13.

YG-YG connection sag voltage at the secondary side.

From the RMS value waveform, it is observed that when
the primary of the transformer fails, at different RMS value, the
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voltage sag of the transformer will also drop to the secondary
side. The phase sequence analyzer performance is shown in
Table III.
TABLE III.

PRIMARY AND SECONDARY OF T/F ON YG-YG
CONNECTION VOLTAGE SAG

T/F Primary Side
Va1 = 0.333 -1.3
Va2= 0.333 −121.28
Va0 = 0.3321 120.11
Va = 0
Vb = 0
Vc = 0.99 119.17

∠
∠
∠

∠
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E. Double Line to Ground Fault with Delta-Star connection
The RMS values of an LLG fault are shown in Figures 1617. The voltage sags on the primary and secondary sides are
again calculated with the sequence analyzer in the Matlab
model. The calculated RMS values are shown in Table V.

T/F Secondary Side
Va1= 0.332 −4.25
Va2= 0.332 −124.23
Va0= 0.332 -117.15
Va= 0
Vb=0
Vc= 0.99 116.2

∠
∠

∠

∠

D. LLG with YG-Delta Connection
Following, the LLG with YG-Delta connection has been
tested for voltage sag propagation. When an LLG fault occurs,
the voltage sag on the primary and secondary would appear on
the transformer. It can be observed from the waveform of the
RMS values in Figures 14-15 that when the primary of the
transformer is under fault condition, then the voltage sags
would be dropped to the secondary side of the transformer at
different RMS values. Table IV represents the voltage sags on
both sides of the transformer under phase sequence analyzer
performance.
TABLE IV.
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Fig. 16.

D-Y connection sag voltage at the primary side.

PRIMARY AND SECONDARY OF T/ F ON YG-D
CONNECTION VOLTAGE SAG

T/F Primary Side
Va1=0.333 −1.3
Va2=0.333 −121.28
Va0=0.3321 120.11
Va = 0
Vb = 0
Vc = 0.99 119.17

∠
∠
∠

∠

T/F Secondary Side
Va1=0.332 −34.05
Va2=0.3325 −94.039
Va0= 0
Va= 0.57 -67
Vb=0
Vc=0.57 115.98

∠
∠
∠
∠

Fig. 17.
TABLE V.

D-Y connection sag voltage at the secondary side.
PRIMARY AND SECONDARY OF T/ F ON D -Y CONNECTION
VOLTAGE SAG

T/F Primary Side
Va1=0.333 −1.3
Va2=0.333 −121.28
Va0=0.3321 120.11
Va = 0
Vb = 0
Vc = 0.99 119.17

∠
∠
∠

∠

T/F Secondary Side
Va1=0.332 25.945
Va2=0.3325 −154
Va0= 0
Va= 0
Vb=0.57 -64
Vc=0.57 115.98

∠
∠

∠
∠

F. Double Line to Ground Fault with Delta-Delta Connection
The RMS values of an LLG fault are shown in Figures 1819. The voltage sags on the primary and secondary sides are
again calculated with the sequence analyzer in the Matlab
model. The calculated RMS values are shown in Table VI.
Fig. 14.

YG-delta connection sag voltage at the primary side.

TABLE VI.

PRIMARY AND SECONDARY OF T/ F ON D -D CONNECTION
COLTAGE SAG

T/F Primary Side
Va1=0.333 −1.3
Va2=0.333 −121.28
Va0=0.3321 120.11
Va = 0
Vb = 0
Vc = 0.99 199.17

∠
∠
∠

∠

Fig. 15.

YG-delta connection sag voltage at the secondary side.

www.etasr.com

T/F Secondary Side
Va1=0.332 -4.059
Va2=0.3325 −124.09
Va0= 0
Va= 0.332<-64
Vb= 0.332 -64
Vc = 0.66 115.92

∠
∠

∠
∠

G. LLG Fault with D-YG Connection
The RMS values of an LLG fault are shown in Figures 2021. The voltage sags on the primary and secondary sides are
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again calculated with the sequence analyzer in the Matlab
model. The calculated RMS values are shown in Table VII.

Fig. 18.

D-D connection sag voltage at the primary side.
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IV. CONCLUSION
This paper conducts in-depth research on the voltage sag
propagation under double line to ground fault (LLG) with
different transformer connections, which are used for lowvoltage in distribution power networks. The results have been
acquired with the use of the sequence analyzer. The obtained
results show the voltage sag classification, which propagates
from the primary to the secondary of the transformer. The
voltage sag characterizations are important in order to check
the power quality under fault condition of the distribution
network. This study's results may be found helpful when
designing proper protection schemes and ways to improve the
voltage sag under fault conditions at various levels of the
power system. It is worth noting that when a zero-sequence
component is included, then voltage sag propagation would be
different on the secondary side of the transformer. If the zero
sequence components are not included, the same voltage sag
would propagate from the primary to the secondary of the
transformer. In addition, it can be observed that a phase shift
would appear when a fault occurs on the secondary side of the
transformer.
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Abstract—Lebanon suffers from daily electricity shortages. The
country has paid much attention to renewable energy sources,
particularly solar, to gradually replace conventional energy.
Installing a photovoltaic (PV) system becomes increasingly
attractive for residential consumers due to the rising electricity
tariff rates while it reduces the dependency on domestic power
generators. No known study has dealt with the investigation of
potential grid-connected rooftop PV systems with various suntracking modes and PV technologies in Nahr El-Bared, Lebanon.
Consequently, the main objective of the current paper is to
investigate the feasibility of a 5kW grid-connected PV system of
various technologies (mono-crystalline silicon and polycrystalline silicon) and sun-tracking modes including fixed tilt
and 2-axis systems for rooftop households in Lebanon. The Nahr
El-Bared camp was the case study was of the paper. RETScreen
Expert software was used to evaluate the techno-economic
performance of the proposed systems. The results show that the
annual electrical energy from a fixed 5kW PV panel tilted at an
optimal angle ranged from 8564.47kWh to 8776.81kWh, while
the annual electrical energy from the PV tracking system was
within the range of 11511.67-12100.92kWh. This amount of
energy output would contribute significantly to reduce the energy
shortage in the country. A typical household was selected to
establish a load profile and load supply during both grid
availability and outage periods. The highest energy consumption
that can be covered by the PV systems was recorded during the
spring and summer seasons. Also, the average energy production
cost ranged from 0.0239 to 0.0243$/kWh for all the proposed
systems. It was concluded that a 5kW grid-connected rooftop PV
system could be economically justifiable. Finally, this study tried
to increase the awareness about utilizing PV sun-tracking
systems and the feasibility of small-scale grid-connected rooftop
PV systems in the selected regions. The results of this research
can help investors in the energy and building sectors.

Keywords-Lebanon; Nahr El-Bared camp; rooftop PV system;
grid-connected; RETScreen

I.

INTRODUCTION

Energy is an indispensable need, which, until quite recently,
was met with the consumption of conventional fossil fuels.
However, the use of fossil fuels has polluted the environment
and led to climate change mainly due to greenhouse gas
emissions [1]. The environmental problems resulting from the
increasing consumption of fossil fuels have encouraged
scientific researchers to search for alternative sources of energy
that would affect less the environment [2, 3]. Many researchers
found that renewable energy sources, like solar and wind, play
a significant role in reducing Greenhouse Gas (GHG)
emissions. For instance, authors in [4] concluded that the
utilizing of solar thermal energy provided an important step
towards sustainable zero-emission production in the industry.
Authors in [5] found that renewable energy sources have a high
potential for providing an increasing share of future energy
growth without increasing GHG emissions. Authors in [6]
reported that the production of electricity with the use of solar
systems can protect the environment. Recently, solar power has
been considered as a potential, economically viable, and
environment friendly energy source. Authors in [7] evaluated
the solar energy potential in Pakistan based on data from 58
meteorological stations covering the whole country. The results
indicated that in an area of 100m2, 45 MW to 83 MW power
per month may be generated in the southern Punjab, Sindh, and
Balochistan regions. Authors in [8] compared the potential of
utilizing wind energy and solar energy as power sources for a
small household in three urban regions in Northern Cyprus.
The results showed that the selected regions have huge solar
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potential compared to the wind energy potential. Authors in [9]
studied the feasibility of a 12MW grid-connected wind/PV
project in two regions of Northern Cyprus. The results
indicated that the selected regions have a high potential
compared to wind energy. Authors in [10] evaluated a technoeconomic analysis of a 50MW wind/PV system in various
locations in Libya. The results showed that a solar PV plant
project was more economical than a wind farm. Authors in [11]
reported that the production of electricity using solar systems
would have a great material impact on the lives of low-income
households as compared to their high-income counterparts in
United States. Authors in [12] investigated the feasibility of a
10MW grid-connected PV system at different locations in
Libya. The results indicated that the proposed system offered
the best solution for generating electricity in Libya.
Lebanon suffers from problems in the electricity sector.
Generally, electricity cuts range from 3 to 13 hours per day,
depending on the area. As a result, families are forced to pay
two electricity bills: one to the Electricity Provider of Lebanon
(Electricite du Liban-EDL) for the energy it provides, and
another for generators, in which many families have to invest
in order to ensure continuous access to electricity. Moreover,
the electric rationing, has returned at a high rate due. Presently,
the demand is estimated to be more than 3458MW, while the
current capacity is around 2000MW. Besides, the cost of
generating electricity is high. With peak time electricity
demand of about 3458MW, which is probably less than its real
size, the EDL only provides a part of this demand, and the
remaining demand is met through private diesel generators,
illegally connected to low voltage distribution networks. Most
of the households depend on this source despite its very high
prices and its low capacity. The potential for utilizing wind and
solar energy in Lebanon has been investigated in [13-22].
Authors in [13] investigated the feasibility of 100MW gridconnected wind/solar systems in the Rayak region. The results
indicated that wind power was more efficient than solar power
in the selected region. Authors in [17] investigated the potential
of wind energy at 3 coastal regions of Lebanon. The results
showed that small-scale wind turbines offered high wind
potential when compared to other types of wind turbines.
Similar results were found in [18, 19]. Furthermore, according
to the solar atlas map, the Global Horizontal Irradiation (GHI)
and Direct Normal Irradiation (DNI) values vary from
1600kWh/m2 to 2000kWh/m2 and 1700W/m2 to 2200W/m2,
respectively. Based on the values of GHI and DNI, it is
concluded that the country has high solar resources, being
categorized as good, excellent, or outstanding according to
solar potential classes [23]. The coastal regions have lesser
values of GHI and DNI compared to other regions based on the
solar atlas map. According to the wind atlas map, the mean
wind speed and wind power density are within the range of 2.53m/s and 25-75W/m2, respectively at a height of 10m in coastal
regions. Therefore, it can be concluded that the country has a
huge solar energy potential compared to wind energy. The
conclusions after reviewing the previous studies are:
• Lebanon has a huge solar energy potential when compared
to wind energy.
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• Solar power systems can reduce fossil fuel consumption
and CO2 emissions.
• No scientific studies proposed small-scale grid-connected
rooftop PV solar power systems to meet the electricity
demand of households in Nahr El-Bared.
• To the best of our knowledge, no studies investigated the
economic feasibility of small-scale PV systems with
various sun-tracking systems (fixed-tilt and two-axis
tracking systems) in Lebanon.
Thus, there is a of literature discussing the performance of
rooftop PV systems in Lebanon. Also, according to [13],
citizens rely on domestic power generators or small home
generators during the periods of power outage, adding financial
burdens to the citizens. Furthermore, none of the reviewed
studies addresses the case of Nahr El-Bared in Lebanon.
According to United Nations Relief and Works Agency in
2018, the total energy generated from the generators in the
Nahr El-Bared is found to be about 80MWh/day. Therefore,
grid-connected PV systems can be an attractive solution to
reduce electricity consumption, dependence on utility power,
and increase electricity generation from renewable energy
sources for residential electricity users. Furthermore, household
rooftop PV systems will create significant savings in the cost of
electricity bills. Additionally, such systems can help the EDL
to reduce fossil fuel consumption and make electricity available
throughout the day. Consequently, the study aims to investigate
the techno-economic and environmental sustainability of
rooftop PV systems in Nahr El-Bared. To achieve this, the
NASA's database has been utilized as a source of
meteorological information. Sun-tracking systems, including
fixed tilt and 2-axis systems, are investigated in this study.
Moreover, numerous economic indices including net present
value, payback period, annual life cycle savings, internal rate of
return, and the Levelized Cost of Energy have been taken into
consideration as measure of performance indicators for the
proposed projects. To this aim, RETScreen software was used
in the present study. The proposed system can provide valuable
inputs for the development of new policies and innovative
solutions for the PV market growth in the country.
II. MATERIALS AND METHODS
The solar energy potential in the selected region in the
Northern part of Lebanon is discussed based on NASA's
average monthly global solar radiation and air temperature.
Besides, the grid-connected rooftop PV system is investigated
as a solution for the electricity crisis with the use of the
RETScreen software. Figure 1 shows the methodology used in
this study.
A. Study Area and Data
Nahr El-Bared camp is one of the largest Palestinian camps
in the northern part of Lebanon, located near Tripoli and near
the Mediterranean Sea at 34°30'28.19"N latitude and
35°57'23.99"E longitude. From a topographic perspective, the
highest and lowest average elevation reach 27m and 12m above
the sea level respectively. The area of the old camp is estimated
to be about 2km². According to United Nations Relief and
Works Agency (2018), Nahr El-Bared camp is divided in two
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camps, the old camp with an average apartment area of 78m2
and total built residential area of 360000m2 and the new camp
with an average household area of 150m2 and total built area of
300000m2. Several studies evaluated the solar energy potential
in different locations using the NASA database [24, 25].

Fig. 1.

 






(1)

Energy demand (ED):


 (2)

Solar PV Energy Required (SPVER):
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Moreover, the NASA database showed good agreement with
the measured data of global solar irradiation of previous studies
[25-27]. Therefore, the monthly NASA database is utilized in
the current study to investigate the potential of solar energy in
the selected region.

The flowchart of the analysis steps of the current study.

B. Design of the PV Power System
For the proposed small-scale grid-connected PV system,
mono-Si-CS6X-300M and poly-Si - CS6X-310P were selected
which are manufactured by Canadian Solar. Table I
summarizes the specifications of the selected modules. The
total number of modules and the area required for the proposed
system are 17 modules and 33m2. The description method of
designing a solar PV system is available in [10, 13, 25].
Power generating factor (PGF):
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PV Module Sizing:
 



(4)

 



(5)





Inverter Sizing (IS:)
      (6)
where SI is solar irradiance, SH is the sunshine hours, STCI is
standard test condition irradiance, ECAL is the energy
consumption of all loads, TWPR is total Watt peak rating, PGF
is panel generation factor, PVMS is PV module size, PVOPR is
PV output power rating, FS is the factor of safety, PER is peak
energy requirements, ELS is energy lost in the system and the
factor of safety is 1.3. Moreover, one inverter with 6kW
capacity and 97.9% efficiency is used to convert the DC into
AC and feed it directly to the grid (Table II).
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TABLE I.

Model
Nominal power [W]
Open-circuit voltage [V]
Short-circuit current [A]
Voltage at point of maximum power
[V]
Current at point of maximum power
[A]
Module area [m2]
Efficiency [%]
Warranty [year]
Cost [USD/Wdc]
TABLE II.

Specification
Mono-Si
Poly-Si
Canadian Solar
mono-Si poly-Si CS6X-300M
CS6X-310P
300
310
45
44.9
8.74
9.08
36.5

36.4

8.22

8.52

1.919
15.63
25
0.83

1.918
16.16
25
0.8

Value
850V-1425V/1275V
778V/878V
1500V
3000A / 2700A
4300A
Value
2500kVA/2350kVA/2250kVA
2000kW/1880kW/1800kW
2624A

Net Present Value (NPV):
!
  ∑'
()* "#$%& ! (7)

Levelized Cost Of Energy (LCOE):
,-. 01 20,3 045% 671537.5

, 01 56523%72738 95(5%:35; 045% 3<5 671537.5

(8)

Internal Rate of Return (IRR):
!
+  ∑'
()* "#$& ! (9)

Simple Payback (SP):
 

=
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(10)

(11)

(

Annual Life Cycle Savings (ALCS):
   O
@

'

O
S
"OQ@&R

P#=

(12)

GHG Reduction Cost (GRC):
 

TU 

∆FGF

(13)

Benefit-Cost ratio (B-C):
W−



'$"#=1Y &
"#=1Y&Z

(14)

Capacity Factor (CF)):


IM[
  \]^*

(15)

where 0-3 is the energy generated per year,  is the installed
capacity, N is the project life in years, ( is the after-tax cash
flow in year n, r is the discount rate, C is the total initial cost of
the project, _; is the debt ratio, B is the total benefit of the
project,  is the incentives and grants, 5(35% is the annual
energy savings or income, :``: is the annual capacity savings
or income,  is the annual Renewable Energy (RE)
production credit income,  is the GHG reduction income,
0&a is the yearly operation and maintenance costs incurred by
the clean energy project, %-56 is the annual cost of fuel, which
is zero for renewable projects, and ∆ is the annual GHG
emission reduction.
III.

C. Economic Analysis
Software like RETScreen and HOMER are used to estimate
the economic indicators for financial analysis. Several
researchers have utilized RETScreen to investigate the
feasibility of a grid-connected PV system [8, 10]. In the present
study, 6 economic indicators, namely NPV, LCOE, IRR, SP,
EP, and ALCS are estimated using RETScreen. Also, the GHG
emission reduction, energy production, and the Capacity Factor
(CF) for the proposed systems are determined using
RETScreen.

 + 

  ∑'
()*

SPECIFICATIONS OF THE SELECTED INVERTOR

Input DC parameters
MPP voltage range VDC (at 25°C / at
50°C)
Min. input voltage V DC, min / start
voltage V DC,Start
Max. input voltage V DC, max
Max. input current I DC, max (at 25°C / at
50°C)
Max. short-circuit current rating
Output DC parameters
Nominal AC power at cosφ =1 (at
25°C / at 40°C / at 50°C)
Nominal AC power at cosφ =0.8 (at
25°C / at 40°C / at 50°C)
Nominal AC IAC, nom = Max. output
current I AC, max

6959

Equity Payback (EP):

PV MODULE SPECIFICATION

Item
Module technology
Manufacturer
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RESULTS AND DISCUSSION

A. Monthly Solar Radiation
It is well known that the performance of PV modules is
influenced by several climate parameters including the
meteorological factors of the specific location, and solar
irradiance is one of the most essential among them. Several
studies utilized various simulation tools to assess the
performance simulation of small-scale grid-connected rooftop
PV systems. Authors in [28] assessed the feasibility of a 6.4kW
grid-connected rooftop PV system in Ujjain, India by using 4
simulation tools. The results indicated that PV*SOL is an easy,
fast, and reliable software tool for the simulation of the solar
PV system in the selected region. Authors in [29] investigated
the performance of a 1MW grid-connected rooftop PV system
in an educational institute in India using 3 simulation tools and
the actual data and the PVGIS has the lowest average mean
bias error and average normalized mean bias error compared to
the other two tools (PVSyst and PVWatt). In this paper, the
performance of the developed PV systems is estimated by 2
simulation tools, PVGIS and RETScreen. With the PVGIS
(Figure 2), the highest solar radiation was recorded in July with
a value of 246.892kWh/m2 while the minimum was obtained in
December with a value of 76.211kWh/m2. In the RETScreen
simulation tool, the highest value of solar radiation was
recorded in July (250.48kWh/m2) as shown in Figure 2.
Moreover, it was found the annual solar radiation is 1941
kWh/m2 and 2010kWh/m2, given by PVGIS and RETScreen
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respectively. It is noticed that the PVGIS and RETScreen
almost give the same annual value of solar radiation. Authors
in [25] found that the estimated values of solar radiation,
obtained from PVGIS and RETScreen, are close to the actual
data. Based on the value of solar radiation at the selected
location, it was found that the solar source of Nahr El-Bared is
categorized as excellent (class 5) according to [23]. Therefore,
this region is suitable for installing a PV system.

Fig. 2.

Average monthly solar radiation at the studied location.

B. Electricity Generation and Capacity Factor
The optimum slope angle and azimuth angle for the fixedtilt system are estimated with the Photovoltaic Geographical
Information System (PVGIS) simulation tool. Several scientific
studies have used PVGIS to find the slope angle and azimuth
angle for PV systems [30, 31]. Generally, the PVGIS provides
the optimum slop and azimuth angles that give the maximum
annual global solar radiation for a specific location. The slop
and azimuth angles for the selected study were estimated to be
30 ° and -3 ° respectively. The economic feasibility of the
developed system is investigated with RETScreen. According
to [32, 33], solar radiation and the number of clear sunny days
are important factors that affect the annual energy exported to
the grid by the panel and the Capacity Factor (CF). Table III
shows the monthly and annual Electricity Generation (EG) and
CF of the proposed systems. For the fixed-tilt system, it is
found that the total annual value of EG is 8564.47kWh for
mono-Si and 8776.81kWh for poly-Si. The total annual EG for
the two-axis tracking system is within the range of
11511.67kWh (mono-SI) to 12100.92kWh (poly-Si). The
maximum value of EG is recorded in July for all the proposed
systems. It can be concluded that the amount of output power
could be increased from 34% to 37% by a two-axis tracking
system. Furthermore, it is found that the CF values of both
systems vary from 19.01% to 26.43% for the fixed-tilt and twoaxis sun-tracking systems. These observations can be supported
by the findings of other researchers who analyzed the
feasibility of grid-connected PV systems. For instance, authors
in [34] found that the CF of the proposed PV system in Oman
was within the range of 16-23%. Authors in [35] found that the
value of CF of grid-connected PV systems with different suntracking modes was within the range of 17.54-27.42%. Authors
in [35, 36] concluded that the use of the two-axis instead of the
fixed-tilt option significantly increases the generated electricity.
Therefore, it can be concluded that the value gotten from the
present study for the selected location is compatible with the
acceptable values. Consequently, it is technically sustainable to
build a grid-connected rooftop PV system in Nahr El-Bared.
www.etasr.com
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TABLE III.

Month
Jan.
Feb.
Mar.
Apr.
May
Jun.
Jul.
Aug.
Sep.
Oct.
Nov.
Dec.
Annual [kWh]
CF [%]

6960

ELECTRICITY GENERATION IN KWH AND CAPACITY
FACTOR FOR THE DEVELOPED SYSTEMS

Fixed-tilt axis
Mono-Si Poly-Si
514.14
526.89
549.70
563.33
726.28
744.29
778.32
797.61
861.40
882.76
853.38
874.54
864.42
885.85
852.87
874.02
805.77
825.75
718.62
736.43
562.21
576.15
477.36
489.19
8564.47
8776.81
19.17
19.01

Two-axis
Mono-Si
Poly-Si
663.81
680.27
663.81
700.90
663.81
963.47
1015.02
1040.19
1261.22
1292.49
1293.29
1325.35
1296.47
1328.61
1246.95
1277.86
1083.05
1109.90
970.07
994.12
730.92
749.05
623.25
638.70
11511.67
12100.92
26.43
26.21

C. Performance of the Proposed Systems
The performance of the aforementioned sun-tracking
systems was evaluated by the estimation of the economic and
environmental factors for each system. In this study, the
financial parameters (Table IV) inflation rate, discount rate,
reinvestment rate, debt ratio, debt interest rate, were considered
as input variables for the estimated economic indicators
assumed based on [10, 13, 25, 35, 37-40]. In the present study,
the system cost is around $5261 and $5243 for mono-Si and
poly-Si fixed-tilt and $7365 and $7347 for mono-Si and polySi two-axis tracking systems which are estimated based on
recent market data in the country and are consistent with the
cost prices available in the literature. In general, the net present
value of any investment project can be defined as the difference
between the present value of cash inflows and outflows of the
project [41]. Therefore, it is clear that in order to calculate the
net present value, there must be a discount rate based on which
the cash flows associated with the investment are deducted [42,
43]. Therefore, it can be concluded that the difficulty in
determining the discount rate that is used as a basis for
calculating the net present value has an impact on the
investment decision. Additionally, the average credit interest
rate can be used as the discount rate, or the interest rate on
project loans can be considered as the discount rate [44]. There
is an inverse relationship between the discount rate and the
current value of the project, which means that choosing a
discount rate is very important [45]. The debt ratio is the
financial ratio used to assess and measure the leverage of an
entity over the relationship between total debt (long-term debt
and short-term debt) and total assets [46]. If the ratio is higher
than 1, this means that the total liabilities are higher than the
total assets, which means that the facility's leverage is high and
it faces more financial risks. If the ratio is less than 1, then this
means that the total liabilities are less than the assets, which
means that the facility is financially sound. Besides, highinterest rates lead to an increase in the future value of the
project as the period of investment leads to a future value
increase. The results regarding the economic performance of
the 5kW grid-connected rooftop PV system for all the
developed PV systems are summarized in Table V. The
obtained results show that the value of NPV for the proposed
systems is positive and makes the project to be financially and
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economically feasible [24, 35]. Also, it is found that the
proposed projects in the selected location are economically
acceptable based on the internal rate of return, which is a
measure of a project’s profitability [24, 47]. It is observed that
the developed PV project has the longest value of EP of 3.2
years for mono-Si and the lowest one for poly-Si system with a
value of 3.1 years. For the fixed-tilt system, the SP values are
6.14 years and 5.97 years for mono-Si and poly-Si respectively.
For the two-axis tracking modes, the SP values are 6.24 and
6.07 years respectively for mono-Si and poly-Si. The results
indicate that the PV projects in the region make financial sense.
TABLE IV.

FINANCIAL PARAMETERS

Factor
Inflation rate
Discount rate
Reinvestment rate
Project life
Debt ratio
Debt interest rate
Debt term
Electricity export escalation rate
TABLE V.

Value
2.5
0
9
25
50
0
20
5

ECONOMIC PERFORMANCE – CURRENT STUDY

Fixed-tilt axis
Mono-Si Poly-Si
15.99
16.14
6.14
5.97
3.21
3.12
37658.51 38740.63
1506.34
1549.63
-248.79
-249.75
0.0246
0.0239
82.63
81.90

Parameters
IRR [%]
SP [year]
EP [year]
NPV [$]
ALCS p$/year]
NPV [$]
LCOE [$/kWh]
Performance [%]
TABLE VI.
Ref.

Unit
%
%
%
year
%
%
year
%

Two-axis
Mono-Si
15.92
6.24
3.26
51809.73
2072.39
-248.26
0.0249
91.62

Poly-Si
16.05
6.07
3.17
53294.87
2131.79
-249.20
0.0243
93.16

ECONOMIC PERFORMANCE COMPARISON

Size/ load

Tracking mode

LCOE [$/kWh]

6.4kW

Fixed Tilt

0.0194-0.0199

[10]a
[38]a

Country
Northern
Cyprus
Libya
Norway

5kW
2.07kW

0.0307-0.0270
0.149-11.632
2.944

[48]b

India

6kW

[49]c

Nigeria

1kW

[50]a

Jordan

7.98kW

[51]b

India

5.19
kWh/d

[52]a

Spain

1kW

Fixed Tilt
Fixed Tilt
Fixed Tilt
Two-axis adjustment
tracking
Two-axis continuous
tracking
Fixed Tilt
Two-axis continuous
tracking
Fixed Tilt
Two-axis continuous
tracking
Fixed Tilt
Two-axis continuous
tracking
Fixed Tilt
Fixed Tilt
Fixed Tilt
Fixed Tilt
Fixed Tilt
Two-axis continuous
tracking

[8]a

[53]c
Iraq
[54]a Europe
[55]a Indonesia
[56]a
Iraq
CS

Lebanon

4kW
4kW
3kWp
5kW
5kW

3.165
0.299
0.097
0.122
0.226-0.287
0.523-0.732
0.075
0.109
0.09
0.120-0.390
0.09
0.078
0.0239-0.0246
0.0243-0.0246

CS: Current Study, a: grid-connected PV system, b: stand-alone PV with micro WT hybrid
power system, c: Stand-alone PV system
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The lowest value of LCOE is found for poly-Si systems as
shown in Table V. The LCOE value of the proposed projects is
compared with the existing value of small-scale PV systems in
the literature. Table VI summarizes the economic analysis of
solar projects with various tracking modes in different
countries. It is found that the LCOE values of the proposed
systems are within the range of the maximum (3.165$/kWh)
and minimum (0.0199$/kWh) of LCOE values obtained from
the literature. It is noticed that the value of LCOE is slightly
increased by 4.23% when the two-axis system is used. This
increment of LCOE is primarily due to the high cost of the twoaxis system. The developed systems provide a very good
insight into the economic viability of the project for all regions.
Additionally, the obtained results demonstrated that the
development of the proposed 5kW PV power system is
economically acceptable due to the obtained favorable
economic results.
D. The Case of a Solar PV System for Household Electricity
Generation
This section aims to evaluate the techno-economic
performance of 5kW grid-connected PV systems for rooftop
PV systems. Designing the electrical load is an essential part of
this section. The energy demand ( 60:; ) of the considering
household can be estimated by [57]:
60:;

'

AB[?eI@f
 ∑c)#
c dc c

(16)

where c is the rated power of the j-th kind of household
appliance (kW), nj is the number of the j-th kind of household
appliances, c is the used hours per day of the j-th kind of
household appliance (h/day) and Ncategory is the category
number of household appliances.
According to [58, 59], lighting, TV, air conditioning,
refrigerator, electric cooker, washing machine, water heater,
and small power appliances are the most important energyconsuming household devices. In this case, the chosen house is
equipped with efficient appliances. The characteristics of this
house are:
• Room number: three rooms.
• Lighting: rooms, kitchen, toilet, bathroom, courtyard, and
corridor.
• Appliances: refrigerator, TV, water heater, computer,
laptop, washing machine, air conditioner, and fan.
The total energy consumption for the chosen house is
estimated as 20kWh/day. As mentioned previously, the total
annual energy generating from both PV systems is varied from
8564.47kWh to 8776.81kWh and 11511.67kWh to
12100.92kWh for fixed-tilt and two-axis tracking systems,
respectively.
Figure 3 shows the energy consumption covered by the
proposed PV systems and grid for each month. It is observed
that around 13% out of the total energy consumption is covered
by the grid and the remaining is supplied by a fixed-tilt PV
system, which is about 87% for the winter season. This is due
to a heavy electrical load connected in the system like a water
heater. For the rest of the year, the PV systems could cover all
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the energy consumption. Also, due to the length of the day that
depends on sun altitude, the geographical latitude of the
location, declination angle of the sun, and hour angle, the
amount of energy production from the PV system will be
increased.

(a)
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of this work. First, the financial parameters were assumed
based on historical values in the literature. Second, the
influence of various parameters such as dust, irradiation
intensity, air temperature, and relative humidity were neglected
due to limitations of the RETScreen software. Third, the cost of
the proposed projects was estimated based on the existing costs
in the literature. The findings from the present study showed
that the annual value of solar radiation for the selected region is
2010kWh/m2. Based on annual global solar irradiation, the
analysis indicates that the selected region in Lebanon has a
potential for the distribution of PV power systems in residential
applications. Moreover, the annual energy output showed that
the 5kW grid-connected PV system in Nahr El-Bared was
within the range of 8564.47-8776.81kWh and 11511.6712100.92kWh respectively when fixed tilt and two-tracking
systems have been used. Based on this analysis, it was found
that the highest energy consumption that can be covered by PV
systems is recorded in spring and summer seasons.
The average energy production cost ranged in 0.02390.0249$/kWh for all the proposed systems. The electricity price
depends on the amount of energy consumption, i.e. the energy
cost calculation starts from 0.025$/kWh for energy
consumption of 0-100kWh, 0.04$/kWh for 100-300kWh,
0.0584$/kWh for 300-400kWh, 0.0875$/kWh for 400500kWh, and 0.146$/kWh over 500kWh. Therefore, the energy
production cost of the proposed systems is competitive with the
electricity tariffs. Furthermore, it was found that the difference
between the energy production cost from a fixed-tilt system
and from a two-axis tracking system is lower than 2%. It can be
concluded that a 5kW grid-connected PV tracking system is
economically justifiable.

(b)

The results of this paper demonstrate that a small-scale
grid-connected rooftop PV system in the Nahr El-Bared has
the potential to solve the electricity issue in the area, reduce
the consumption of fossil fuels and environmental pollution by
minimizing the emissions of CO2. The present study tried to
increase the awareness about utilizing PV sun-tracking
systems and the feasibility of small-scale grid-connected
rooftop PV systems in the studied region. The results of this
research can help the investors in the energy and building
sectors and accelerate an informed transition towards a more
sustainable future.

(c)

(d)
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Monthly variation of energy generation and energy consumption.

IV. LIMITATIONS AND CONCLUSIONS
Due to rising electricity tariff rates and the potential
reduction of the dependency on domestic power generators in
Lebanon, installing PV systems has become increasingly
attractive for residential consumers, a trend that is supported by
the reviewed studies. Before starting the main conclusions in
the present study, it is essential to acknowledge the limitations
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Abstract-Digital images have become an essential working tool in
several areas such as the medical field, the satellite and
astronomical field, film production, etc. The efficiency of a
transmission system to exchange digital images is crucial to allow
better and accurate reception. Generally, transmitted images are
infected with noise. In the medical field, this noise makes the
process of diagnosing difficult. To eliminate the transmission
errors, an Error Correcting Code (ECC) can be used with the
aim to guarantee excellent reception of the images and allowing a
good diagnosis. In this paper, source and channel encoding/
decoding functions are studied during medical image
transmission (LUNG). At first, the Turbo-Code (TC) is used as
ECC and subsequently the Turbo-Trellis Coded Modulation
(TTCM). The simulation results represent the curves giving the
Bit Error Rate (BER) as a function of the signal to noise ratio
(Eb/N 0). In order to compare these two systems properly, the
MSSIM (Mean Structural Similarity) parameter was used. The
obtained results showed the effect and importance of ECC on the
transmission of medical images using TTCM which gave better
results compared to TC with regard to increasing the
performance of the transmission system by eliminating
transmission noise.
Keywords-channel coding; turbo-codes; TTCM; MSSIM;
medical image

I.

INTRODUCTION

Given their importance and their massive use, digital
images have become an essential mean of communication.

Medical images are widely used as a diagnostic tool and in
biomedical research [1]. Sometimes it is necessary to transmit
such images to distant doctors to have their opinions/diagnosis.
The transmitted images are very sensitive to transmission
errors, so it is very important to protect them against
transmission noise in order to have on reception a sharp and
clear image identical to the original one, allowing doctors to
make a good diagnosis. As a solution to the noise problem,
Error Correcting Code (ECC) can be added to the medical
image transmission chain in order to eliminate the effect of
noise during transmission. Such codes are: block codes,
convolutional codes, LDPC codes [2], Turbo-Code (TC) and
Turbo-Trellis Coded Modulation (TTCM). TC and ECC allow
approaching the theoretical limit of correction predicted by
Shannon more than 60 years ago [3-5]. More recently, a new
family of ECCs, the TTCM [6, 7], was introduced.
In this article, we first explain the basic principles of TC
and TTCM, then we will propose the model of our digital
image transmission chain, in which we will transmit a medical
image of a lung, using TC and TTCM in order to make a
comparison between the two systems and propose the best
solution for noisy transmissions. To evaluate our simulation
results, additively to BER and signal to noise ratio (Eb/N0)
parameters, we will use the MSSIM (Mean Structural
Similarity) parameter to see and analyze the results in a
subjective and objective way. The image [8] used in this article
shows infected lungs with the Corona virus.
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II.

TURBO-CODE

The TC corrects error produced by transmission noise. This
code, invented and presented by Claude-Berrou [4], is obtained
by concatenation of two or more ECCs of low complexity [5],
allowing to approach the theoretical limit of correction. Their
decoding uses an iterative (or turbo) process. In the principal
plan of TC [9] the input binary message of length k is encoded
in its natural order and in a permuted order, by two coders
called C1 and C2. The two elementary coders are identical, but
this is not necessary. In our example, the performance of the
natural encoding, without punching is 1/3, for each source bit
(dk) three bits (x, y1, y2) are sent on the channel [7]. Turbodecoding is carried out according to the principle of iterative
decoding [10], based on the use of SISO (Soft-Input, SoftOutput) decoders which exchange information from each
other's reliability Zk [11]. These are called extrinsic
information, through a feedback, to improve the correction over
the iterations. The circuit of a turbo-decoder is constituted by
cascading P modules, corresponding to the P identical
decoding iterations and its structure is perfectly modular [9].
The input of the Pth module consists of the properly received
delayed sequences {xk' }P −1 , { yk' }P −1 and the sequence {Z k' }P −1 of
the feedback generated by the (P-1)th module.
III.
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The results are obtained by evaluating the signal to noise
ratio (Eb/N0) for a number of iterations. In each case the (BER)
and the Structural Similarity Index (SSIM) are calculated. Two
ways are generally used to measure the quality of degraded
images, the subjective methods and the objective methods. In
this paper, besides the evaluation criteria, we will use a new
criterion, which is the SSIM. This criterion presents the
similarity and compares the luminosity, the contrast, and the
structure between each pair of vectors of the two images
(original and received). The SSIM between two signals x and y
is given by [9]:
SSIM(x,y) = L(x,y), C(x,y) and S(x,y) (3)
where L(x,y) represents the comparison of the brightness
between the original and the received image, C(x,y) represents
the comparison of the contrast between the original and the
received image, and S(x,y) represents the comparison of the
structure between the original image and the received image.
The proposed simulation algorithm for the image
transmission chain coded with TC and TTCM is presented in
Figure 1.

TURBO-TRELLIS CODED MODULATION

TTCM is an ECC introduced by Robertson and Wörz in
1995 [12, 13]. This code is based on the concatenation of two
Trellis Coded Modulations (TCM). The TCM was introduced
in the early '80s [14] and is based on the joint optimization of
error correcting coding and modulation. Coding is done
directly in the signal space, so the ECC and the binary signal
code of the modulation can be represented all along using a
single trellis. The optimization criterion for a TCM consists in
maximizing the minimum Euclidean distance between two
coded sequences. In the TTCM scheme each MCT coder
consists of a recursive systematic convolutional coder, or CSR
coder, of efficiency q/(q+1) and of a modulation without order
memory Q = 2 q+1 [15]. Binary symbols from the source are
grouped by q-bit symbols. These symbols are coded by the first
MCT in the order they are issued by the source and by the
second after interleaving.
IV.

S IMULATION RESULTS

To eliminate the noise introduced by the channel and to
improve the reception quality of a given communication
system, an error correction coder must be used [9, 16-20]. The
aim of the conducted simulation is to show the effect of the TC
and TTCM on a medical image transmission chain in a
Gaussian canal and to make a comparison between the
performance of these two codes. In all simulations we use code
of 1/2 return and MAQ16 modulation to have the same spectral
efficiency in the two transmission chains. The spectral
efficiency of a transmission is given by [9, 16]:
ŋ = R log2 M

(bit/s/Hz) (1)

Fig. 1.

Block diagram of the image transmission chain.

Figure 2 shows the effect of TC in the transmission chain of
the image. The obtained simulation results represent the
evaluation of the BER function of the signal-to-noise ratio in a
image transmission in a Gaussian channel using TC with rate
R=1/2 and MAQ16 modulation.
Figure 3 shows the effect of TTCM in the transmission
chain. The obtained simulation results represent the evaluation
of the BER function of the signal-to-noise ratio in a medical
image transmission in a Gaussian Channel using TTCM with
rate R=1/2 and MAQ16 modulation.
Figure 4 shows the performance comparison between the
TC whit ŋ= 2 and TTCM whit ŋ= 2 in the transmission chain.

So in both cases of our transmission chain, spectral
efficiency is given by:
ŋ = 1/2 log2 16 = 2bit/s/Hz (2)
www.etasr.com
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images. For this reason and to have more details on our system
the SSIM will be used as indicated above. Figures 5 and 6
show the effect of TC and TTCM in the transmission chain of a
medical image. The obtained simulation results represent the
evaluation of the SSIM function of the signal-to-noise ratio in a
medical image transmission in a Gaussian channel using TC
and TTCM with R=1/2 rate and MAQ16 modulation. Figure 7
shows the comparison between the performance of the TC and
TTCM. The results are represented in detail in Tables I and II
and the histograms in Figures 8 and 9.

Fig. 2.
The influence of TC on the transmission of a medical image in a
Gaussian channel with ŋ= 2bit/s/Hz.

Fig. 5.
The obtained SSIM using TC on the transmission of a medical
image in a Gaussian channel with ŋ= 2bit/s/Hz.

Fig. 3.
The influence of TTCM on the transmission of a medical image in
a Gaussian channel with ŋ= 2bit/s/Hz.

Fig. 6.
The obtained SSIM using TTCM on the transmission of a medical
image in a Gaussian channel with ŋ= 2bit/s/Hz.

Fig. 4.
Comparison between the TC and TTCM on the transmission of a
medical image in a Gaussian channel with ŋ= 2bit/s/Hz.

The BER measurement gives a numerical value on the
damage, but it does not describe its type, it does not quite
represent the quality perceived by human observers. For
medical imaging applications, where the degraded images must
eventually be examined by experts, traditional evaluation
remains insufficient. For this reason, objective approaches are
needed to assess the medical imaging quality [21]. A new
paradigm is evaluated to estimate the quality of medical
www.etasr.com

Fig. 7.
Comparison of the SSIM between the TC and the TTCM on the
transmission of a medical image in the Gaussian channel with ŋ= 2bit/s/Hz.
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TABLE I.

OBTAINED RESULTS OF BER AS A FUNCTION OF THE
SIGNAL TO NOISE RATIO AND THE NUMBER OF ITERATIONS

BER
Eb/N0
Iteration No.
(dB)
TC
TTCM
1
0.150801
0.0196
2
0.1494215
0.0046
4
3
0.14854397
0.0020
4
0.148309
0.0011
1
0.11651121
0.00797721609113564
2
0.10195265
0.000585083659665361
4.5
3
0.0946173
0.000145781416874333
4
0.08811321
6.62157351370595 e-05
1
0.07558384
0.002655927376290500
2
0.03763973
6.20327518689925 e-05
5
3
0.01492702
1.19971520113920 e-05
4
0.006852973
5.00177999288003 e-06
1
0.038408685 0.000749875400498398
2
0.002993948
6.63937344250623 e-06
5.5
3
0.000058739766 1.03239587041652 e-06
4
0.
4.22997508009968 e-07
1
0.013770025 0.000176913492346031
2
0.000014239943 2.13599145603418 e-07
6
3
0.
0.
4
0.
0.
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TABLE II.

OBTAINED RESULTS OF SSIM AS A FUNCTION OF THE
SIGNAL TO NOISE RATIO AND THE NUMBER OF ITERATIONS

Eb/N0
Iteration No.
(dB)
3
4
4
3
4.5
4
3
5
4
3
5.5
4
3
6
4

Fig. 9.

Fig. 8.

V.

Graphical representation of the data in Table I.

COMMENTS AND INTERPRETATION OF THE OBTAINED
RESULTS

From the simulation results, it can be noticed that the role
of the ECCs is very important in the transmission of images.
The simulation results show that by using transmission systems
with TTCM, there is a coding gain compared to transmission
systems that use TC. With TTCM, the BER and SSIM results
as functions of SNR are quite satisfactory. In the case of TTCM
it is more adequate to remain at the 3rd iteration, allowing the
receiver to have an easy structure to put in. The decoding will
be simpler and the time shorter leading to optimal results. To
see the importance of our work and in order to justify the
reliability of our system, we have compared the obtained
results with the ones obtained in [21, 22]. In these articles, the
authors chose joint encoding with TCM with a spectral
efficiency of ŋ= 2bit/s/Hz. It can be said that the obtained
results of the current study have a significant coding gain and
also we arrived at SSIM = 1 (100%) which is not the case in
the cited articles.

www.etasr.com
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SSIM
TC
0.132
13.2%
0.133
13.3%
0.227
22.7%
0.247
24.7%
0.681
68.1%
0.852
85.2%
0.995
99.5%
1
100%
1
100%
1
100%

TTCM
0.947
94.7%
0.973
97.3%
0.989
98.9%
0.999
99.9%
0.996
99.6%
1
100%
1
100%
1
100%
1
100%
1
100%

Graphical representation of the data in Table II.

VI. CONCLUSION
The main objective of our work is to study the performance
of TC and TTCM when transmitting medical images over a
Gauss channel. The simulation results obviously depict that our
proposed transmission scheme performs better for the
transmission of digital images and BER is significantly
decreased (BER=0). This efficiency leads to the best reception
quality of the digital images, 100% close to the transmitted
ones (SSIM=1). Moreover, we demonstrated that the TTCM
implementation outperforms the TC. By using TTCM, it is
suggested to stop the process at the 3rd iteration. This allows
having a simple architecture of the decoder and optimizes the
decoding process in terms of time and complexity. The
obtained results make the proposed transmission scheme a
strong candidate when transmitting medical images, allowing
medical staff to have best quality at the reception and facilitate
the diagnosis process. The obtained results are better than the
results found in [21].
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Abstract—Electricity generation from the sea has many
advantages in comparison with other renewable energy
resources. Power can be generated from new or existing
barrages. Based on previous location research, a suitable system
to produce tidal range energy from a potential site was developed
in this paper. The main objective of this research is to calculate
the energy output of the Kuching Barrage of Sarawak State of
Malaysia. The daily flushing process of Kuching Barrage is
conducted during the low tide period and therefore to put up the
ebb generation process is appropriate. The calculated period of
power generation is determined to about 6 hours. The annual
energy output is calculated based on a theoretical method, with
the average daily potential energy calculated to be 5.8MW and
approximately 10.23GWh/year could be harnessed. This research
can be beneficial for energy generation with the use of a double
basin scheme for the construction of new barrages in East
Malaysia.
Keywords-generation; Kuching
potential energy; Malaysia

Barrage;

energy

output;

I.
INTRODUCTION
The oceans possess a huge potential of generating electrical
power [1]. The generation of electricity from oceans offers
many advantages when compared with other renewable energy
sources [2]. Oceans are now globally established as mainstream
renewable sources of energy [3]. It is calculated that the
theoretical ocean energy resources are over 30,000TWh/year
and the net potential power is larger than wind and solar power
combined [4]. Malaysia is a big producer of solar Photovoltaic

(PV) panels and is ranked as the world’s third-largest producer
of solar PV energy [5]. Although Malaysia is located at the
equatorial zone and surrounded by sea, the ocean potential
power has not been given full attention by the Malaysian
government [6]. The country’s total coastline is 4,675km with
West and East Malaysia having 2,068km and 2,607 km of
coastline respectively [7]. The vast area of Malaysia’s coastline
is a huge advantage making tidal range energy a reliable
alternative energy source [8]. Tidal range energy is convertible
and can be used at a big scale for sustainable electrical power
generation [9]. Tidal range power is produced due to the
consistent rise and fall of seawater [10, 11]. Tidal range power
can be generated where the tidal range flow is available which
means that it cannot be generated inland [12]. In Malaysia, the
overall renewable energy creation is 32% of the yearly target.
Malaysia has to restore its responsibility regarding
accomplishing the target of electricity generation from
renewable sources.
Worldwide, there are a few barrage plants in operation. The
Sihwa dam in Korea and La Rance in France have mounting
energy capability of 254MW and 240MW respectively [14,
15]. The described project supports the government’s
endeavors of electricity production from renewable energy
resources and promotes tidal range energy. Unlike other known
renewable energy resources, tidal range is an expectable
phenomenon. Energy productions from a tidal range power can
be assessed appropriately [13].
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LITERATURE REVIEW AND METHODOLOGY

A. Methods of Calculating Potential Energy and Annual
Energy Output
The theoretical calculation method is based upon derived
equations. For tidal barrage, basin size and mean tidal range
have important influence on power generation. Equation (1)
shows the correlation of potential energy in mean tidal range
enclosed in a basin [16]:
EP = 0.5 ρ gAb ∆hb2

(1)

where Ep is the potential energy over a tide cycle (GJ), ρ is the
density of sea water (1025kg/m3), g is the acceleration of
gravity (9.81m/s2), Ab is the horizontal area of the basin (km2),
and ∆h b is the monthly or annually mean tidal range in the
basin (m). The factor 0.5 is its average value. The total basin
area bounded by Kuching Barrage is 1430km2. However, this
may not be valid when used for power generation therefore
Google maps was used to calculate the area.
For coastal areas where tidal range power generation is
economically attractive, the tidal regime generally consists of
two flood and two ebb tides, with a semi-diurnal period of
12.42h at the low tide when the potential energy is zero.
Therefore, the total potential energy per day from the barrage
approximates to 24/12.42 Ep, and the corresponding mean
potential power can be written as:
P = 24 / 12.42 E p / 86400

where P is the power in (GW), and E p is the potential energy
over a tide cycle (GJ) and time (s) [14].
Authors in [14] worked on the calculation of annual energy
output from a tidal barrage. At the Severn Barrage, UK,
researchers used a method for approximating the annual tidal
energy output from a barrage. The total annual energy output
from a barrage was calculated from the theoretical energy of
tidal dynamics in the map of the Bristol Channel and Severn
estuary with the site of the Severn Barrage [14]. It was
suggested that the energy available from a barrage depends on
the area of the water surface seized by the barrage and the
mean tidal range h. Thus, the potential annual tidal energy
output from a barrage can be considered as [17]:

E yr = 0.987 Ab ∆hb2η

(3)

where E yr is the potential annual tidal power output
(GWh/year), Ab is the horizontal area of the basin (km2), ∆ h b
is the tidal range in the basin (m), and η is the efficiency. The
constant value 0.987 as mentioned in (3) is the converted value
of tidal cycles per year [17]. The per cycle value is 1397 and
the world mean period for tides is 12 hours and 24 minutes,
hence, there are 706 tidal cycles per year, and therefore the
converted value is 0.987kWh [17].
To sum up, the power output over a tide cycle can be
calculated by using (1). Total potential energy per day can be
calculated by (2). The relationship of (1) and (3) is that (1) can
be used to calculate the daily potential energy and (3) can be
used to calculate the annually power output. Authors in [18]
www.etasr.com

researched the potential energy generation on total 34 sites at
Sabah and Sarawak, Malaysia and identified 18 sites as suitable
for the construction of a barrage to generate energy. Moreover,
these suitable sites were supposed as preliminary, as the final
sites should be supposed after conducting a feasibility study.
Among the 18 sites, 2 sites were selected as having the
maximum potential. The maximum potential power calculated
sites were at the Tanjung Manis and at the Pending. The
maximum energy potential was calculated to come from
Tanjung Manis and was measured between 50.7kW and
39.2kW, while the second highest power was calculated for
Pending, between 33.1kW and 25.1kW.
In continuity of the above research, the calculation of
potential energy and annual energy of a tidal range energy
extraction barrage at the Kuching is calculated in the current
research.
B. Calculation of Potential Energy and Annual Energy
Output:
To calculate the potential energy over a tide cycle, (1) will
be used to calculate the mean potential energy in a day. The
calculation is completed by using (2) whereas (3) is used to
calculate the annual energy output. The annual calculation
power output was calculated with the theoretical method. The
annual output power is calculated with the lower power
conversion efficiency.
III.

(2)
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RESULTS AND DISCUSSION

A. Calculated Basin Area of Kuching Barrage
The basin area of Pending site at Kuching Barrage is
calculated to get the potential energy and annual power output.
The total basin area bounded by Kuching Barrage is 1430km2,
however, this may not be valid when used for power
generation. Hence, it is assumed that the total bounded area
may not be the effective area contributing to power generation.
The effective basin area has been assumed as 2.94km2.
B. Daily Power Output Calculation
Based on (1) and with a mean tidal range of 4.2m, Kuching
Barrage potential energy value is 260GJ over a tide cycle. The
daily potential energy is about 520GJ with nil potential energy
during the low tide. In demand to get daily power output, the
potential energy is distributed with the tidal period. The tidal
period of semidiurnal tidal form is 12.42h or 44712s. The daily
potential energy is 24/12.42. Equation (2) is used to calculate
the daily potential energy. Thus, Kuching Barrage expected
mean daily potential energy is 0.0058GW or 5.8MW.
However, the energy output may not be continuous during the
12h cycle (ebb tides occur twice a day) operation due to the
changing sea level. The Kuching Barrage energy plant is
calculated to produce energy output power for 6h. However,
generation duration could accept dependency on tide pattern.
Due to this reason the mean tidal range reduces as the
downstream water increases. As the mean tidal range decreases
in height the power generation also reduces.
Figure 1 shows a simple cycle of power generation during
the operation of Kuching Barrage gate. Phases I, II, and III are
respectively for filling, holding and generating. There is a 12h
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operation during the ebb tide, a 6h generation and a 6h filing of
the basin. The schedule of opening the Kuching Barrage gates
to flush out the water to the sea depends on the tide level. The
average schedule of opening the gates is 4-5h and sometimes 67h, depending on the tide level. Flush out water to downstream
is possible when there is a low tide. The main aim of Kuching
Barrage is to flush out river water before upstream got flooded
during rainy season. The flush out of the upstream water to the
downstream is possible twice a day as of low and high tides.

TABLE I.

Country

COMPARISON OF THEORETICAL AND ACTUAL POWER
OUTPUT OF TIDAL POWER PLANTS

Site

France
Canada
China
Korea
UK
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La Lance
Annapoils
Jiangxia
Shiwa
Severn
*Kuching
Malaysia
Barrage

Installed
Ab
capacity
(km2)
(MW)

∆hb
(m)

240
20
3.9
254
8640

22.5
6.0
1.37
43
570

8.5
6.4
5.1
5.6
7.5

-

2.94

4.2

Actual or
Eyr range
expected
at η = 20%
output
(GWh/yr)
(GWh/yr)
320.90
533
48.51
50
8.88
6-7
266.19
553
6329.14
15600
10.23

10.23

*Kuching Barrage at Pending site is our proposal for a tidal power plant scheme

TABLE II.

CALCULATED POWER OUTPUT OF KUCHING BARRAGE
TIDAL RAN GE ENERGY PLANT SCHEME

Power estimation
Mean daily potential energy, P
Potential annual power, Eyr

Fig. 1.

A simple cycle of power generation.

C. Annual Power Output Calculation
Annual energy output is calculated by (3). At a minimum,
10.23GWh/year ( η P = 20%) of power can be harnessed with
the lowest efficiency. Table I summarizes the power output
value of Kuching Barrage tidal energy plant system. In Table I,
the actual and theoretical annual energy output from different
tidal power plants [14] are listed. Table I documents the
technical conditions of the tidal power plants, with the actual
output and theoretical calculation range of the annual energy
output from each plant. Table I also depicts the installed
capacity, basin area, and mean tidal range of 5 main tidal power
plants. Tidal range energy schemes were measured by low
standards of power conversion efficiency, frequently reaching
from 20% to 40%, (with an average of 33%). However,
minimum power conversation efficiency (20%) is used to
calculate the power output for this project. The mean tidal
range is the monthly or yearly average. In Table I, the
theoretical standards are tabulated and are related to a present
tidal energy plant to confirm the calculation methods.
Summarizing, Kuching Barrage is an additional proposed
tidal power plant. The calculated basin area of Kuching
Barrage is 2.94km2 with calculated mean tidal range is 4.2m.
The annual power output is calculated based on the lowest
power conversion efficiency of 20%. The expected power
output for Kuching Barrage tidal energy plant Malaysia is
calculated as 10.23GWh/year.
Table II shows the power output of the Kuching Barrage
tidal energy plant. The mean daily potential energy is
calculated by (2). The potential annual power output is
calculated by (3) at the lower efficiency of 20%.
www.etasr.com

Value
2.8MW
5TWh/year (η= 20%)

IV. CONCLUSION
Tthe potential energy and annual power output of the
Pending site at the Kuching Barrage basin area were calculated
in this paper. The basin area of Kuching Barrage has been
considered as 2.94km2. The daily flushing process of Kuching
Barrage is for the period of low tides and therefore is
appropriate to put up the ebb generation process. The
calculated period of power generation is determined to about
6h. Thus, the expected mean daily potential energy of Kuching
Barrage is 5.8MW. The minimum annual energy output is
calculated to be 10.23GWh/year.
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Abstract-Worldwide, concrete is the most preferred construction
material. The steam curing method is favored when there is a
need for accelerating strength. This paper presents the study of
the compressive and flexural tensile strength of concrete
subjected to eight different steam cures. In addition, the stressstrain curve and the modulus of elasticity were determined at the
age of 28 days. The compressive strength test results show that
after treatment, strength increases with concrete maturity. A
cycle with a pre-heating period gives better results than a cycle
without a pre-heating period. The longer the duration of the
maximum temperature period, the lower the strength drop
compared to the control concrete. The best results were obtained
for concrete treated according to the following cycle: a 3-hour
pre-heating period at 20 oC, a 2-hour increase of temperature
from 20 to 70oC, and a 3 hour of maximum temperature of 70 oC.
Keywords-steam curing; compressive strength; flexural tensile
strength; modulus of elasticity; maturity

I.
INTRODUCTION
Concrete is extensively used as a construction material and,
globally, it is the second highest consumed material [1].
Ordinary Portland Cement (OPC) is usually used as the
primary binder to make concrete and is one of the most energyintensive construction materials. The primary reason for using
steam in the curing of concrete is to produce high early
strength, which is very desirable to the manufacturers of
precast and pre-stressed concrete units [2]. There are many
advantages in steam curing such as the production of concrete
with high early strength, short production cycle, and superior
economic benefits [3, 4]. The steam curing process includes the
following four phases: the delay period, the isothermal period,
the heating period, and the cooling period [5]. Heat treatment
has been used to accelerate the development of the strength of
concrete products, such as bricks and small concrete elements.
By increasing temperature and duration, the strength of
concrete is increased [6]. Authors in [7] showed that 85°C is

the optimum temperature in order to obtain high early strength.
Authors in [8] demonstrated the improved early-age strength of
high performance concrete through steam curing. Authors in
[9] showed that as the temperature increases, the compressive
and flexural strength of concrete at early age increase. Authors
in [5] reported that 65% of the strength of the control concrete
at 28 days was obtained by thermal treatment within 24h after
mixing. Similar results have also been reported in [6,10, 11].
The same results have been obtained for concrete with
superplasticizers [12] and slag [5]. In order to obtain good final
strength, it is not advisable to immediately heat the concrete.
The faster the speed of temperature rising, the more the final
strength of the treated concrete is weakened. Authors in [9]
showed that the increase in temperature has significant impact
on the compressive and flexural tensile strength of concrete.
However, there is no effect on strength when hard concrete is
exposed to 6-hour fire at 1000°C [13]. Authors in [5, 14]
reported that the effect of heat treatment on the modulus of
elasticity is the same as that on strength. Authors in [14]
reported that the optimum rate of heating and preset period
should be selected based on the maximum chamber
temperature in use in order to secure the desired results. There
was enhancement in the early compressive strength due to the
effect of steam curing, however the delay period before steam
curing is very essential for the early strength gain [2, 15].
Authors in [5] showed that the reduction in shrinkage of steamcured concrete when compared to normal cured concrete is
about 10%. Finally, steaming leads to a reduction of 20 to 30%
of the creep compared to the same concrete, cured at room
temperature and loaded with equal stress/strength ratio [16].
This reduction in creep has been confirmed by [5, 12].
II. MATERIALS AND EXPERIMENTAL DETAILS
Nine concrete mixtures were tested in this program. The
concrete had an OPC content of 350kg/m3. The total aggregate/
cement ratio was 5.41, the gravel/sand ratio was 1.61, and the
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water/cement ratio was 0.57. For all the mixtures, the coarse
and fine aggregates were weighed in dry room conditions. The
control OPC concrete was designed to develop a 28-day cube
compressive strength of 35MPa. All the concrete mixtures were
mixed for 2min in a laboratory mixer. All molded specimens
were cured for 24h under wet hessian, then were demolded and
cured in water at 20±2oC for 28 days. For each mixture, twelve
100mm cubes were made to determine the compressive
strength and two 300×150mm diameter cylindrical specimens
were used to determine the static modulus of elasticity. The
flexure tensile strength was measured on 100×100×500mm
prisms (Figure 1). The compressive strength was measured
after 1, 3, 7, and 28 days (Figure 2). The flexural tensile
strength, the stress-strain curve and the modulus of elasticity
were determined at the age of 28 days.

Vol. 11, No. 2, 2021, 6974-6978

The molds were placed into the steam chamber, the latter
being at the processing temperature. This steam chamber is
equipped with a fan allowing the circulation of ambient air. A
thermocouple was placed in the concrete in the middle of the
central specimen of the cubic mold. After demolding, the
concrete specimens were stored in water at 20 oC
TABLE I.

Fig. 2.

DIFFERENT TYPES OF CURING CYCLES

Preheating Heating Max. Tem.
Initial
Max.
Maturity
Cycle
period (h) period (h) period (h) Tem. (oC) Tem. (oC) (oC.h)
A
0
2
3
20
70
350
B
1.5
2
3
20
70
395
C
3
2
3
20
70
440
D
3
2
1.5
20
70
320
E
3
2
0
20
70
200
F
1.5
2
3
20
50
315
G
1.5
2
3
24
70
405
H
1.5
2.5
3
24
70
433

III.

Fig. 1.
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RESULTS AND DISCUSSION

A. Influence of the Duration of the Pre-Heating Period on
Compressive Strength
Figure 3 shows that the strength at the end of the treatment
(0 days) and after 28 days of curing is minimal for zero
preheating period. The decrease in final strength (28 days)
compared to control concrete kept at 20oC is around 33%. For
the cycles B and C, the fall is 26% and 15% respectively. So it
is not advisable to heat the concrete immediately after pouring,
which is in agreement with the results in [10]. The heating of
fresh concrete causes the appearance of physical and chemical
phenomena [17]. The physical order phenomena are essentially
linked to the expansion of the various constituents of concrete
under the effect of the rise in temperature. However, these
various constituents have very different linear expansion
coefficients. The rise in temperature causes the material to
expand, which ultimately results in the appearance of pores.
These pores indeed remain after the consolidation of the
concrete structure. It is well known that the strength of concrete
is inversely proportional to the number of pores in it. Chemical
phenomena are linked to the appearance of insoluble, compact
hydrate films, which oppose the subsequent penetration of
water and somehow isolate the grains of cement [17].

The concrete specimens.

The cube compessive strength test.

The studied types of concrete were: A control concrete
stored in water at an ambient temperature (20 oC) and concretes
subjected to 8 different steam curing cycles (Table I). The
curing cycles necessarily include four distinct phases:
• Preheating period
• Heating period
• Maximum temperature period
• Cooling period
www.etasr.com

Fig. 3.

The effect of the delay period on concrete strength.
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B. Influence of the Speed of Temperature Rise on
Compressive Strength
In order to study the influence of the speed of temperature
rising, the evolution of the compressive strength for heating at
70 oC with rise speeds of 18 oC/h and 24.8oC/h are compared in
Figure 4. It is observed that the best strength at 28 days is
obtained for slowly heated concrete (18oC/h). However, the
quality of treated concrete remains lower than that of control
concrete. The drop in strength compared to control concrete is
13% and 15% for concrete heated to 18 oC/h and 24 oC/h
respectively. This confirms the results of [5]. The physical
cause of this alteration is known: it is the very significant
expansion of the constituents of fresh concrete, water and air. A
high rate of temperature rise causes disorders in the structure of
concrete which can go as far as the appearance of micro-cracks.

Vol. 11, No. 2, 2021, 6974-6978

strength compared to control concrete at 28 days, which is in
agreement with the results in [19].

Fig. 5.

Fig. 4.
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The effect of maximum temperature on concrete strength.

The effect of heating period on concrete strength.

C. Influence of Maximum Temperature
When the temperature rises the compressive strength
increases more rapidly at 0 days, whereas at 28 days, the
strength of concrete treated at 50oC is greater than that of the
concrete treated at 70oC (Figure 5). Authors in [7] found that
the optimum maximum temperature of steam curing was near
60ºC. However, higher temperatures of 70ºC and 80ºC show a
distinct reduction in strength after 28 days [7]. A significant
increase of compressive strength for fly ash mortars has been
found at the early age of 3 days when curing temperature was
raised [18].
D. Influence of the Maximum Temperature Period Time
In order to study this phenomenon, three cycles of heat
treatments (C, D and E) were considered, so the maximum
temperature period varied from 0 to 3h. The three cycles had
the same preheating period (3h), heating period (2h), and
maximum temperature (70oC), however the maximum
temperature period was 3, 1.5, and 0h respectively. It should be
noted that the longer the maximum temperature period time,
the higher the compressive strength in the short and long term
is (Figure 6). Concrete maintained at a 3hour level presents, at
28 days, a reduction in strength around 15% compared to
control. For 1.5h and 0h concrete, the strength drop is around
24% and 28%, respectively. Therefore, the greater the duration
of the maximum temperature period, the smaller the drop in

Fig. 6.

E. Maturity Factor
We can see that the compressive strength after treatment
increases with maturity (Figure 7). The latter is the sum of the
product of temperature and time:
Maturity = ∑ (T + 10o C ) × ∆t

(1)

where T is the temperature in oC and ∆t is the time interval (h).

Fig. 7.

www.etasr.com

Effect of maximum temperature holding time on concrete strength.

Relationship between maturity and cube compressive strength.
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F. Tensile Strength
The values of tensile strength are given in Table II. It can
be seen that the maximum tensile strength (4.27MPa) is
obtained by the control concrete. The tensile strength of all
concrete mixtures was determined by the flexure test and is
presented as a function of cube compressive strength in Figure
8. The European Concrete Committee (CEB) suggests that the
axial tensile strength (ft) can be related to the characteristic
compressive strength (fc) by:
f t = 0.3 f c 2/ 3

(2)

The flexural tensile strength of all the concrete mixtures
ranged between 2.9 and 4.27MPa. For a given compressive
strength, the values for flexural tensile strength for all concretes
are slightly higher than to the curve proposed by the CEB in
(2). The ratio of the flexural tensile strength to the compressive
strength was about 0.13. The results of [21] showed that the
steam-curing provides better performance at 3 days for flexural
strength and the ratio of the flexural tensile strength to the
compressive strength was about 0.10.

Fig. 9.

Stress-strain curves for concretes in compression.

TABLE III.
Age (days)
28

SECANT MODULUS OF ELASTICITY ( GPA)

Control
26.5

B
22.8

C
24.4

IV. CONCLUSION
For the materials and test conditions reported in this study,
it was found that:
• A decrease in the final strength of about 33% compared to
that of the control concrete was observed for the cycle
without pre-heating (Cycle A). However, for the cycles B
and C (with pre-heating 1.5 and 3 hours), the decrease was
26% and 15% respectively.
Fig. 8.

Relationship between tensile and cube compressive strength.
TABLE II.

FLEXURAL TENSILE STRENGTH

Cycle
Control A
B
C
D
E
F
G
H
Tensile
4.27
3.45 3.75 3.64 3.72 3.86 4.01 2.90 4.14
strength (MPa)

G. Stress-Strain Curve
The stress-strain curves in compression of the control and
both B and C concretes are shown in Figure 9. It is clear that
the shape of the curves is similar for all concretes. Moreover, it
is worth mentioning that before failure, it is difficult to assess
any value for limiting axial strain. However, comparison can be
made on the basis of 95% of failure stress. The limiting axial
strain for control concrete is about 1880 microstrains.
However, for concretes B and C, these values are 1420 and
1596 microstrains respectively. These values are 24% and 15%
lower than the control concrete's. The secant modulus of
elasticity, as measured at a stress-strength ratio of 0.3 is shown
in Table III. Compared with normal concrete, the values of
concrete B and C are less by approximately 14% and 8%
respectively. On the other hand, the value proposed by ACI
[14] is 24.3GPa. This result is in agreement with the results in
[20] for steam-cured slag concrete.
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• The greater the maximum temperature period time, the
smaller the drop in compressive strength at 28 days
compared to the control.
• The best result for the treated concrete is obtained
according to the following cycle:
o A 3-hour of pre-heating period at 20 oC,
o A 2-hour increase of temperature from 20oC to 70oC,
and
o A 3-hour heating at the maximum temperature of 70 o C.
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Abstract-A Vehicular Ad-hoc Network (VANET) is a subclass of
wireless ad-hoc networks, widely used in on-road vehicles and
roadside equipment, having applications in various areas
including passenger safety, smart traffic solutions, and
connectivity on vehicles The VANET is the backbone of the
Intelligent Transport System (ITS) that establishes connectivity
between vehicles through a wireless medium. When it comes to
the communication between high-speed vehicles there is the
challenge of dynamic mobility. In order to provide a higher
Packet Delivery Ratio (PDR) and increase the throughput, a new
routing protocol called Dynamic Trilateral Enrolment (DyTE) is
introduced which chooses a dynamic trilateral zone to find the
destination vehicle by allowing only relevant nodes to participate
in the communication process using the location coordinates of
the source and destination nodes. The proposed routing protocol
is compared with Ad-hoc On-demand Distance Vector (AODV),
Ad-hoc On-demand Multipath Distance Vector (AOMDV), and
Dynamic Source Routing (DSR), and the results show a
remarkable improvement in reducing the Network Routing Load
(NRL) and in increasing the PDR and throughput of the network.
DyTE has performed more efficiently in terms of PDR (23%
approximately), throughput (26% approximately) and drastically
minimized the NRL by a factor of almost 3.

position-based, broadcast-based, and geocast-based routing.
Position-based routing protocols use geographical coordinates
from the Global Positioning System (GPS). They also use
digital maps to obtain road information. Low overhead and its
effectiveness for rapidly moving nodes are the key advantages
of location-based routing protocols. Geocast-based routing
protocols basically limit the area of transmission in a specific
portion by identifying the next hop using the node's position.
Information related to the position and speed of the node help
to decrease overhead packets and to increase PDR [5].

Keywords-vehicular ad-hoc networks; location aided routing;
trilateral zone; broadcast storm

I.
INTRODUCTION
Vehicular Ad-hoc Networks (VANETs) are becoming quite
popular because nowadays fast moving vehicles are able to
communicate with each other and on-road equipment [1]. The
network topology in a VANET changes rapidly as it consists of
fast moving nodes. A VANET is considered to be an opposite
option for the development of ITS [2]. A VANET is a
specialized type of Mobile Ad-hoc Network (MANET),
through which vehicular communication can take place in
urban and highway scenarios. Many applications such as
security, information services, accident alarm, road safety and
traffic managements are associated with VANETs. The speed
of the vehicle is the major factor which affects the
communication process due to which rapid changes in network
topology occur, so the selection of the intermediate vehicle is
very crucial. A typical VANET scenario is depicted in Figure 1
where communication can take place between vehicle-tovehicle (V-2-V), vehicle-to-infrastructure (V-2-I) and hybrid
(either V-2-V or V-2-I) [3]. In a VANET, routing protocols are
generalized in five categories [4]: Ad-hoc based, cluster-based,

Fig. 1.

A VANET scenario.

Location Aided Routing (LAR) is based on the exact GPS
location of the destination node [6, 7]. In [8], an advancement
of LAR that works on the principle of choosing next-hop with
minimum angle difference to the straight line between source
and destination node to reduce the packet overhead is reported.
In [9], two strategies are opted for the transmission of packets
while selecting the next-hop, greedy forwarding strategy
chooses the closest node with respect to the destination and
perimeter forwarding strategy is opted whenever the distance
between the forwarding and the target node is closer than the
distance to the destination of its neighbors. In [10], the lifespan
of the node is calculated using the speed and position in order
to get the time for the node’s availability within the
transmission range. Greedy Perimeter Coordinator Routing
(GPCR) is also a position-based routing protocol which differs
from the GPSR because it does not rely on the static global
map [11].
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In DSR [12], a complete list of nodes in sequence is
attached in the packet header therefore network overhead is
increased. AODV [13] is a reactive and loop-free routing
protocol which is still considered relevant [14-16]. An
optimization in AODV is proposed in [17] by formulating route
weight. The Improved AODV (IAODV) is proposed in [18] for
dense networks and focuses on forwarding timely and accurate
information to nodes by keeping a list of all one hop nodes as a
backup route. Multiple routing path is accumulated during the
route discovery phase by AOMDV [19] from source to
destination node to get an uninterrupted communication in case
of failure of the primary path. A variant of the AOMDV
protocol is the Speed Direction AODV (SD-AODV) [20], in
which the parameters of speed and direction are included in the
hop count field during the process of route establishment. In
[21], data transfer rate is optimized using Signal-to-Noise Ratio
(SNR), improving link quality and minimizing energy
consumption. A reactive routing protocol is proposed in [22]
that minimizes the routing load by selecting reliable routes
during the route discovery phase. An upgraded version of
TORA was introduced in [23] where only highly reliable
discovered links are used. In ERRRP [24], the disconnection of
routes is minimized by the Reliability Factor (RF) which is
based on Route Expiration Time (RET) and hop count. Higher
RF value routes are selected as reliable paths. Roadside Service
Discovery Protocol (RSDP) [25] proposed an application layer
beaconing-based protocol to address the problem of service
discovery upon request. Velocity-aided routing protocol [26]
works on the principle of predicting the moving behavior of
mobile nodes. The possible trajectory of the destination node is
predicted on the basis of its position and velocity information
and determines the packet forwarding region. The
incorporation of mobility characteristics in the routing
enhances its performance and makes it more adaptive.
Ant Colony Optimization (ACO) algorithms [27, 28]
extract the optimal routing information by selecting the best
available path among the available routes or by finding an
alternate route in case of route failure. ACO algorithms
successfully reduce link failures by applying the above
strategies. An Improved Genetic Algorithm-based Route
Optimization Technique (IGAROT) [29] is implemented by
considering road anomalies resulting in prompt notification by
road maintenance agencies of persistent road conditions
through V2I communication. Using an iterative K-Means
algorithm, IGAROT generates clusters into two nonoverlapping groups and then updates the size of the successful
cluster using likelihood metric in the initial population size.
Overhead reduction was achieved in [30] by forwarding the
location of the destination to every generated RREQ packet.
Efficient Routing Protocol (ERP) [31] minimizes the
unnecessary broadcast in the network by finding the minimum
set of vehicles for backbone communication that act as
forwarders and only those nodes will be having the
responsibility to broadcast. Using the GPS system, the selection
process of the next forwarding node is based on the lesser
distance to destination node in GeOpps [32]. Due to network
topology dependence, not every node is needed to calculate the
optimal path.
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A large number of RREQs leads to frequent change in
topology, and thus impede the transmission of information
packets. Also excessive requests might cause congestion and
ultimately packet loss. In [33], efficiency is achieved by
selecting a carrier group of vehicles to relay the data packet to
the destination. This group maintains the vehicle information
only in those streets that are indispensable in reaching the
destination.
It is observed that the problem of broadcast storm during
the route finding phase still needs to be addressed. Therefore,
in order to address that issue a routing protocol is proposed in
this paper which not only minimizes the routing overhead but
also increases the efficiency of the overall network. The
proposed routing protocol is influenced by the above
mentioned protocols. It uses the vehicles' positions and limits
the transmission in a specific zone. Extensive simulations have
been carried out in the NS2 simulator. Node mobility has been
generated by the Simulation of Urban MObility (SUMO)
whereas real environment of the traffic was generated by
OpenStreetMap.
II.

THE PROPOSED ROUTING PROTOCOL

Much research has been being carried out to improve the
efficiency of routing protocols in VANETs. Densely populated
networks with excessive number of nodes and their scalability
issue have drawn much attention. A novel approach is
proposed in this work to increase throughput and PDR and to
decrease the overhead packet count. The route discovery is
initiated from the source by sending route request packets to all
neighbors. The neighbor nodes subsequently forward the route
request to their respective neighbors. The process continues
until the packet reaches its destination. The route reply packet
confirms the route establishment. In the proposed protocol,
initially the source node generates a trilateral zone using the
destination vehicle's last known position where the destination
vehicle could reside and makes a list of nodes which lie inside
that zone. Information about the list of nodes is added to the
RREQ packet header which is sent to the neighbors. Each
neighbor who receives the RREQ packet checks the list of
nodes. If its information related to the trilateral membership is
present in that list, then it can participate, otherwise the packet
will be dropped. The receiving node checks whether the packet
targets its own vehicle. If not, it then calculates a new trilateral
zone using the updated position of the destination vehicle and
adds that information in its new RREQ packet. The process
continues until the destination node is reached. The proposed
protocol avoids unnecessary RREQs, thus efficient usage of
bandwidth is achieved during route discovery.
A. DyTE – The Algorithm
The proposed protocol (DyTE) combines the power of
position-based routing and Geocast-based routing protocol
because it uses the coordinates of the vehicles and limits the
packet request in a limited trilateral zone. In Figure 2, an area is
shown where the trilateral zone is extracted as a zone of
interest and the remaining area (red colored) is excluded.
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A trilateral zone example.

The sequence of steps to be taken is (Figure 3):
• Get source and destination location through GPS.
• Calculate the trilateral zone where the broadcast of packets
is going to be accepted.
• Add the list of nodes to the RREQ packet.
• Each node that receives the RREQ packet will examine the
list to identify its trilateral zone’s membership.
• Only if the receiving vehicle (destination/intermediate) lies
within the trilateral zone, it can process it further. Else, the
packet will be dropped.
• If the request received by a vehicle lies within the trilateral
zone, it checks whether that packet was destined to it. If it
does not, it will create a new list of trilateral zone’s
membership to forward the packet but with a newly
calculated list of members.
• The above steps are repeated until the destination node is
reached.
B. Creation of Trilateral Zone
When an intermediate node receives the request, it checks
whether the packet is generated by its own vehicle in order to
avoid looping. The request can be seen initially by every
neighbor node that lies within the wireless transmission range
but the RREQ packet header contains the special array field
that consists of a list of nodes which are allowed to take part in
the RREQ process. To create a trilateral zone, we used source
and destination vehicle’s GPS coordinates to find the slope (1)
of the straight line between the source (Sx, S y) and destination
(Dx, Dy) vehicle.
m=

∆y D y -Sy
=
∆x D x -Sx

(1)

dist= (D x -S x ) +(D y -S y )

2
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C. Trilateral Enrolment Identification Process
The next step is to identify whether the receiving node
exists within the trilateral zone. To find out that a given node
can participate in RREQ flooding, consider the trilateral zone,
as shown in Figure 4, where the coordinates of A, B, C and an
arbitrary node P are given as (Ax , Ay), (Bx , By), (Cx , Cy) and
(Px , P y) respectively. In order to allow the node to get the
enrolment for the RREQ forwarding process, DyTE goes
through calculating the area and sub areas for each node.

Areatotal =

(2)

After calculating the slope and distance, the perpendicular
slope is calculated by (3):
1
m perpendicular = m

| A x × (By -C y )+Bx × (C y –A y )+C x × (A y -B y )|
2

(4)

The sub area #1 of the trilateral zone (triangle PAB) is
calculated by:
Sub Area1 =

(3)

Flowchart of the lgorithm.

The area of the trilateral zone (Triangle ABC) as shown in
Figure 4 is calculated by:

The distance between source and destination nodes is
calculated by (2):
2

Fig. 3.

| A x × (B y - Py ) + B x × (Py – A y ) + Px × (A y - B y ) | (5)
2
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The sub area #2 of the trilateral zone (triangle PBC) is
calculated by:
Sub Area 2 =

| Px × (B y - C y ) + B x × (C y – Py ) + C x × (Py - B y ) | (6)
2

The sub area #3 of the trilateral zone (triangle PAC) is
calculated by:
Sub Area 3 =

| A x × (Py - C y ) + Px × (C y – A y ) + C x × (A y - Py ) | (7)
2

Vol. 11, No. 2, 2021, 6979-6985

destination, the receiving node increases the value in the hop
count by one and also associates this entry with the lifetime.
The associated lifetime gets updated whenever the route is used
and is deleted when the route is not used within the specified
time limit. An RREP can be received from multiple neighbors
for a similar destination. In that case the RREP which is
received first will be considered and the alternative RREPs are
only used if they contain information with smaller hop count or
if the destination sequence number is greater to ensure quick
and updated routing. In other words, after receiving the first
RREP, the source node will begin the data transmission process
and if it discovers, at a later stage, a better route, then the
routing information will be updated and a different path will be
taken for data transmission.
III.

Fig. 4.

Coordinates of a trilateral zone of an arbitrary point P.

D. Forwarding Path and Request / Reply Process in DyTE
Each participating node during the phase of RREQ
discovery sets up a special entry called reverse route which
contains the IP address of the source node, a sequence number
along with hop counts to the source node, and the IP address of
the neighbor from which the RREQ was obtained. Since no
information should be kept in forever in the routing table, a
timer variable called lifetime is associated with the reverse
route so that if the route entry is not used for the specified
allocated time, then the information will be wiped off from the
table to minimize the routing overhead. Routing loops are
handled by the sequence numbers with source node
information in order to check the freshness of the RREQs of
the unicasted response of the RREP back to the node.
Broadcasting of a route request within a trilateral zone is
permitted again only when an intermediate node gets out of
contact, because disconnection of the intermediate node will
make the destination node inaccessible. The RREP packet
contains the information of the source and the IP address of the
destination. If the destination node is able to reply, then it resets
the hop count information and the sequence number and
lifetime are also updated in the RREP packet. In case the
intermediate node is able to reply, then the hop count will be
updated as per the intermediate node's distance to the
destination node along with the destination sequence number
information and the time validity of routes is calculated within
the routing table.
A forwarding path is stored in the routing table when the
RREP packet is received by an intermediate node. This path
entrance contains the neighbor's IP address from which the
RREP is received, the IP address of the destination and the hop
counts to the destination. To obtain the distance of the
www.etasr.com
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S IMULATION AND RESULTS

Network simulation was performed on NS-2 simulator [34].
For mobility simulation within urban environment, SUMO [35]
was used. Figure 5(a) shows the simulation plot which is an
original image containing a map portion of Karachi extracted
from OpenStreetMap [36] whereas Figure 5(b) is the network
animation within the NS-2 simulator and Figure 5(c) is the
converted map using SUMO. The performance of the proposed
protocol is compared with the performance of other popular
routing protocols (AODV, AOMDV, and DSR). The metrics
considered for comparison are PDR, network routing load
(overhead), and throughput. To avoid the possibility of
fluctuations in simulations, the presented results are the
average of multiple simulations. The network is considered
from moderate to highly-dense and random distribution of
nodes was incorporated. The simulation parameters are given
in Table I.
TABLE I.
Parameter
Mobility
Channel type
Antenna
Model
No. of vehicles
Simulation area
Simulation time
Routing protocols
Speed range
Transmission zone
Connection type
Traffic type
Packet rate

SIMULATION PARAMETERS

Value
Manhattan
Wireless
Omni directional
Two ray ground
50, 100, 150, 200, 250
2500×2000m2
100s
AODV, AOMDV, DSR, DyTE
50–100Km/h
250m
UDP
CBR
4 per second

In Figure 6, the NRL is depicted which can be defined as
the proportion between the number of packets generated by
each node and the number of packets successfully transmitted
to the destination nodes. Since only relevant packets are
allowed to get transmitted over the network, improvement is
achieved by the proposed DyTE protocol. Figure 7 represents
the PDR which is defined as the ratio of data packets that are
successfully received at the destination with the number of data
packets generated at the source node. The nodes enrolled in the
trilateral zone are the most favorable to transmit the request to
the destination, therefore the results are improved. Figure 8
depicts the throughput of the network which is the cumulative
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number of packets transmitted successfully to the destination
over the entire simulation. The comparison shows a direct
relation between the number of nodes and the number of
delivered packets to the destination node, reflecting a higher
throughput.

(a)
Fig. 7.

PDR against node density.

(b)

Fig. 8.

Throughput against node density.

(c)

Fig. 5.
(a) The map of a part of Karachi, (b) Network animation in NS-2,
(c) SUMO map conversion.

Fig. 9.

Dropped packet ratio against node density.

Figure 9 shows the dropped packet ratio which is a
reciprocal of PDR, since PDR is increased therefore it is quite
understandable that the dropped packet ratio is decreased. The
request packets are controlled before sending the actual data to
minimize the unnecessary overhead. It is conclusive that
minimizing the unnecessary route request within the network
actually lowers the burden on the overall network. Since only
expected and reachable nodes can participate in the route
request phase, NRL is minimized, the chance of reaching the
packet to the destination is increased, and therefore PDR is
increased.
IV.
Fig. 6.
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NRL against node density.

CONCLUSION

A novel way of limiting the request zone for the effective
communication is presented in this paper with focus given in
"Kazi & Khan: DyTE: An Effective Routing Protocol for VANET in Urban Scenarios"
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essential parameters such as NRL, throughput, and PDR. The
main challenge in VANETs is designing routing protocols for
dynamic topology along with the consideration of mobility.
The proposed routing protocol DyTE uses the location of the
vehicles and limits the area of communication. The results have
shown that DyTE is not only efficient in increasing the PDR
and throughput but also greatly minimized the NRL. DyTE has
been found to have better performance than AODV, AOMDV,
and DSR in VANETs.
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Abstract-This paper proposes a lip reading method based on
convolutional neural networks applied to Concatenated Three
Sequence Keyframe Image (C3-SKI), consisting of (a) the StartLip Image (SLI), (b) the Middle-Lip Image (MLI), and (c) the
End-Lip Image (ELI) which is the end of the pronunciation of
that syllable. The lip area’s image dimensions were reduced to
32×32 pixels per image frame and three keyframes concatenate
together were used to represent one syllable with a dimension of
96×32 pixels for visual speech recognition. Every three
concatenated keyframes representing any syllable are selected
based on the relative maximum and relative minimum related to
the open lip’s width and height. The evaluation results of the
model’s effectiveness, showed accuracy, validation accuracy, loss,
and validation loss values at 95.06%, 86.03%, 4.61%, and 9.04%
respectively, for the THDigits dataset. The C3-SKI technique was
also applied to the AVDigits dataset, showing 85.62% accuracy.
In conclusion, the C3-SKI technique could be applied to perform
lip reading recognition.
Keywords-concatenated frame images; convolutional neural
network; keyframe reduction; keyframe sequence; lip reading

I.

INTRODUCTION

Deep learning applications, especially Convolutional
Neural Network (CNN) applications, have recently achieved
impressive success in diverse object detection and recognition
tasks [1], However, CNNs face some challenges, in particular
in video recognition. A video may be incomplete and sound
may be lacking during certain parts. If the audio at the crucial
moment is missing, it may result in the video’s contents being
misunderstood [2]. These videos will be more useful if they
were edited and the missing words or messages could be found.
Most of the proposed solutions rely on the lip reading
technique to help transcription by reading and observing the
moving lips, including tongue and face to get the right words.

Moreover, the process of transcribing or translating the speech
obtained by lip reading is a skill that requires learning and
practice until becoming proficient at recognizing the lip
movement or lip pattern related to the pronunciation of each
syllable.
In general, there are two popular multimodals or methods
of supervised learning for lip reading: Visual Speech
Recognition (VSR) and Audio-Visual Speech Recognition
(AVSR). VSR uses a method to teach the machine with visualonly information from a video without using speech or audio
for training [3]. On the other hand, AVSR trains the machine
by applied images combined with audio data from a video to
achieve greater accuracy [4]. Authors in [5] found that the use
of Visual-Only (VO) data has better classification accuracy
than that of Audio Visual (AV) and Audio Only (AO) data.
There are currently two groups of research studies on lip
reading recognition, the first group uses images in VO [2, 3, 514] while the other group uses both audio and video together
[4, 15-25]. Both these groups have a model for extracting the
features with a technique used in combination. Nevertheless,
the latter group differs in that they have to combine audio
feature data with visual features when it comes to machine
learning. AV speech recognition is used commercially on
various software or systems, but the recognition quality is
reduced by environmental noise. This situation is not the same
as using data from a quiet image, making lip reading a pivotal
role in Automatic Speech Recognition (ASR) in harsh audio
environments [6].
Neural networks are commonly used to help extract
features and recognize lip reading patterns in machine learning,
such as in CNNs [6, 11, 24], Long Short-Term Memory
(LSTM) [3, 10, 21], or a combination of CNN with LSTM [2,
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12, 13]. As mentioned above, in machine learning for lip
reading recognition, visual training is required. The images of
the face or lips are an essential factor as the primary input. This
makes the number of images arranged for use as a large input.
In order to sort the images of the video frame, the lip
movement is determined by the number of frames, for example,
40 frames per word [7], or the number of frames in seconds
such as 0.2 seconds [8, 16] or 1 second, or maybe determined
using every frame in the video wherein one video will have
only one word and a short duration. The methods mentioned
above also use multiple frames in machine learning processing,
which consumes more resources and processing time. There are
also real world problems, e.g. where a speaker speaks at a
slowly speaking speed, resulting in a longer video file length
while the words are spread out. Therefore, limitations on the
number of frames or the duration may differ from the words or
messages conveyed. However, if there is a representation of the
images or keyframes, it will reduce the number of images and
cost used in machine learning.
Most lip reading studies are applied to English datasets of
digits, alphabets, words, phrases, and sentences. The AVDigits
[26] is a popular dataset for testing and improving the
performance of a model. There is a total of 540 videos with a
resolution of 1920×1080 pixels (px). It consists of six speakers
who speak numbers from 0 to 9 in English and each repeats the
numbers 9 times. Greek [12], Myanmar [14], Spanish [27], and
Czech [28] have been also studied, but there are no Thai
language datasets created for lip reading. It is difficult for the
Thai language to be in some words with similar lip patterns but
with different meanings. Since the vowels are pronounced
similarly, the patterns of lip movements are similar. There is a
pattern of intonation in Thai language resulting from a
combination of tones, resulting in intonation in five tonal
sounds. Therefore, this research aims to create a dataset in the
Thai language and reduce the image dimensions and the
number of frames by finding keyframes to replace syllables or
words for Thai lip reading recognition using CNNs.
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individual frames, ordered from the first to the last frame. After
that, the face was detected in each frame using the Viola-Jones
[29, 30] technique based on the Haar-like feature. The
hypothesis T represents any distinguishing characteristic, h is
the distinguishing characteristic, and β represents the
percentage of error classification. The characteristic C(x) is
given as (1) [29]:
1 T
T

α h ( x) ≥ ∑ t =1α t
1,
C ( x ) =  ∑ t =1 t t
2
 0, otherwise
where α t = log

B. Face Detection and Lip Localization
Before processing face detection and lip locating, each
video prepared in the Thai digit dataset was separated into

www.etasr.com

1

βt

(1)

.

The difference of pixel sums or features on an image is
compared using the Haar-like feature with the black and white
filter that assigned I and P values to represent N by N images as
in (2) [30]:

∑ ∑

I (i, j )1P (i , j ) = white −

1≤ i ≤ N 1≤ j ≤ N

∑ ∑

I (i, j )1P ( i , j )=black

(2)

1≤ i ≤ N 1≤ j ≤ N

After face detection comes the lip positioning based on 68
facial landmarks [31]. Lip localization determines the lip area
or Region Of Interest (ROI) to leave only the desired feature
area by cropping in each frame to the lip area only, illustrated
in Figure 1.
TABLE I.

THAI NUMBER PRONUNCIATION IN THDIGITS DATASET

Numbers
0
1
2
3
4
5
6
7
8
9

II. RESEARCH METHODOLOGY
The research methodology for the improving performance
recognition of lip reading using C3-SKI consists of 1) dataset
preparation, 2) face detection and lip localization, 3) C3-SKI
creation, 4) model development, and 5) model effectiveness
evaluation.
A. Dataset Preparation
The Thai digit dataset is called THDigits. It was created as
a Thai video file containing numbers from 0 to 9, which are
repeated three times with three different speaking speeds (slow,
regular, and fast) by using 100 mixed-gender speakers. A total
of 3,000 video files with length between 1 and 4 seconds were
constructed. These videos have four different resolutions:
1920×1080, 1280×720, 960×540, and 720×404 px and were
recorded with smartphones, regardless of model and brand. The
Thai numbering is shown in Table I.
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Fig. 1.

Thai pronunciation
Ṣ̄ūny̒
H̄nụ̀ng
S̄xng
S̄ām
S̄ī̀
H̄̂ā
H̄k
Cĕd
Pæd
Kêā

Meaning
Zero
One
Two
Three
Four
Five
Six
Seven
Eight
Nine

Face detection and lip localization on each image frame.

C. The Concatenated Three Sequence Keyframe Image
Recent research favorably replaces any word or syllable by
concatenating frames as a single image before training. For
example, some research uses frames together as a single image
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in 5 rows with 5 frames per row, in a total of 25 frames per
image [6]. As mentioned above, if the speaker speaks slowly or
extensively, the number of frames will be increased, but only
one word or syllable will be conveyed. In this study, only the
keyframes with pronounced lip movement were selected,
relying on measuring the outer lip dimensional from the
mouth’s height (h) and width (w) for each frame x as shown in
Figure 2.

Fig. 2.
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pronounce a syllable. This is the SLI. The second keyframe
(MLI) is the frame where the mouth is at the maximum
opening limit or movement of the syllable. The last keyframe
(ELI) is at the end of the pronunciation of that syllable. For
example, the word ‘one’ in English is pronounced as ‘nueng’
(H̄nụ̀ng) in Thai language. Fifty one frames were split from a
video in the dataset and the area of the lip was cropped as
shown in Figure 3. The frame sequence numbers 9, 18, and 32
are representing the three keyframes based on relative
maximum and relative minimum, and are shown in Figure 4.

Lip width (w) and lip height (h) for the current and the next frame.

Lip dimensions were calculated by (3) on each frame. With
the help of the increasing function, decreasing function, relative
maximum, and relative minimum of a graph related to lip
dimensions, all keyframes were extracted and selected. The
relative maximum and relative minimum are lying on the slope
at the x interval. If the c is some x in a graph, where c is the
relative maximum or relative minimum, then the slope at c
would be zero, represented in (4).
f ( x ) = w x + h x (3)
f ′( c ) = 0 (4)
f´(c) is the function that has a relative maximum or minimum
at c, f(x)≤ f(c) for the relative maximum, and f(x)≥ f(c) for the
relative minimum.
Fig. 4.

Fig. 5.

The three keyframes representing a single syllable.

The image dimensions for training in the current study.

After the three keyframes were selected, each keyframe
image was scaled down to 32×32 pixels and merged into a
single RGB color image with a dimension of 96×32 pixels, as
shown in Figure 5, while other studies use image dimensions of
80×60 or 224×224 pixels ([7] and [6] respectively). Thus, each
input color image frame as the dataset for building the model
has a pixel density ratio of 3,072 pixels, which is less than the
one used in other studies [6, 7].

Fig. 3.

Image frame sequence from a sample video of the dataset.

Each video is possible to produce several relative maxima
and relative minima as keyframes. In this experiment, there are
three keyframes assigned as a single syllable. The first
keyframe will represent the frame where the mouth starts to
www.etasr.com

D. Model Development
The model was designed based on the CNNs with a total of
13 layers. It consists of 1 normalization layer, 6 convolutional
(Conv) layers with or Rectified Linear Unit (ReLU) activation
function for each convolutional layer, 3 max-pooling layers,
and 3 Fully-Connected (FC) layers, which include a flatten
layer and two dense layers. There are a total of 846,890
parameters for training. The model architecture is shown in
Figure 6.
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sample i belongs to the class j, pi,j refers to the probability
predicted by the sample model of i to belong to the class j.
The model will stop training automatically using the
‘EarlyStopping’ feature supported by Keras library with the
callback function. The patience value was 5, and monitoring to
the validation loss value. The model stopped training when
there was no improvement in the validation loss for 5
consecutive epochs. The minimum validation loss was reached
at 37 epochs of training.
III. RESULTS
According to the experiments on the developed model, the
accuracy and loss value were determined while building the
model. After the 37 epochs of training, the model gave 95.06%
accuracy and 4.61% loss value. The model stopped training
after 47 epochs. Considering the model’s validation, the model
gave validation accuracy value of 86.03% and validation loss
of 9.04%. The accuracy and loss for both training and
validation are shown in Figures 7-9.

Fig. 7.
The accuracy value of training and validation (left) and the loss
value of training and validation (right).
Fig. 6.

Model architecture for lip reading applied to C3-SKI.

All images of the Thai digit dataset were used in the
training and validation of the designed model. The training and
validation images were the 80% and 20% of the dataset
respectively. A total of 200 epochs of training was set with a
minibatch gradient descent size of 32. The model was built
using an Intel Core i7-7700HQ PC at 2.80GHz, 16GB of
memory, 512GB of Samsung Solid State Drive, and a 3GB
NVIDIA GeForce GTX 1060. This system was running
through Python version 3.8.3 on Windows 10 x64 architecture.

Fig. 8.
The training accuracy and loss (left), and the validation accuracy
and loss (right).

E. Model’s Effectiveness Evaluation
The developed model has validated by the accuracy rate
and loss value. The accuracy was calculated by (5), and the loss
value or loss function, also known as cross-entropy which is
the favorite function for classification is defined in (6) [32-38]:

C
(5)
N
where C refers to the total number of samples recognized
correctly, N refers to the total number of all samples.
Accuracy =

N

M

Cross − entropy = − ∑ ∑ y i , j log ( pi , j )

(6)

i =1 j =1

where N refers to the total number of all samples, M refers to
the total number of classes, yi,j refers to the true value when the
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Fig. 9.

The accuracy and loss of training and validation of the model.

Moreover, this experiment compares the accuracy of the
technique for input image reduction with other studies using
the AVDigits dataset. It was found that the lip reading models
built by MDBN [39], MDAE [40], RTMRBM [26], am-LSTM
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[41], and alm-GRU [20] gave accuracy of 55.00%, 66.74%,
71.77%, 85.23%, and 85.53%, respectively while this work
gave 85.62%. The model performances are shown in Table II
and Figure 10.
TABLE II.
Dataset
AVDigits
AVDigits
AVDigits
AVDigits
AVDigits
AVDigits
THDigits

THE MODEL’S EFFECTIVENESS EVALUATION

Method
MDBN [39]
MDAE [40]
RTMRBM [26]
am-LSTM [41]
alm-GRU [20]
C3-SKI
C3-SKI

Modality
Visual-only
Audiovisual
Audiovisual
Audiovisual
Visual-only
Visual-only
Visual-only

Accuracy (%)
55.00
66.74
71.77
85.23
85.53
85.62
86.03
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keyframes with relative maximum and relative minimum can
be applied in conjunction with CNN for lip reading. The results
of this study conform to the conclusions of [6, 7] in which the
CNN method with reduced concatenated frame images was
applied to lip reading with a high level of effectiveness. These
concatenated frame images have smaller dimension than the
traditional images which are usually used to image
classification in CNNs (224×224 px).
In future work, the researchers plan to create a dataset for
Thai sentences and test the C3-SKI technique. New keyframes
could be scaled down and compared to the number of
keyframes used to represent each syllable for continuous
speech or sentences, such as 5, 7, or 9 keyframe images
sequentially. This technique will develop a function or equation
to find the lip shift’s common point from one syllable to the
following syllable. Besides, word prediction methods from the
corpus would be used for prediction combined with image
processing to increase lip reading accuracy on deep learning in
real-time processing.
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Abstract-The adoption of e-learning technology has become a
major challenge for many academic institutions during the
Covid-19 pandemic. More and more institutions are questioning
the success of adopting this technology and are seeking to
understand their adoption process. The objective of the current
research work is to study the factors affecting the intent of Saudi
university students to adopt online technologies during the
Covid-19 pandemic. Based on the Information Technology
Adoption Model, UTAUT, a research model was designed and
validated by combining the factorial analysis method with simple
linear regression analysis. The study revealed four key factors
that had significant and positive effects on users' intent to use
online technology, including the perceived usefulness, perceived
ease of use, teacher influence, university management
commitment, and availability of student technical assistance.
Keywords-Covid-19; UTAUT; e-learning

I.
INTRODUCTION
The Covid-19 pandemic has disrupted education in a
unprecedented scale. As of March 16, 2020, 777 million pupils
and students had been forced to leave their school or university
in a total of 100 countries, with 85 governments closing
schools nationally and 15 others imposing school closures at
local levels [1]. In Saudi Arabia, the decision to close schools
and universities was taken early, on March 9, 2020 almost a
week after the appearance of the first case of COVID-19 in the
kingdom. The Saudi government, through its Ministry of
Education (MoE), ensured that educational activities were not
interrupted, adopting the concept of distant learning very
effectively. In fact, the MoE provides a 5-way integrated
system (ranging from electronic portals to YouTube channels)
that takes into account the contrasting technical capabilities of
the students and which can be adapted to their daily schedule.
Universities have also adopted distant learning with their
students, with each university using its respective
channel/portal, which has resulted in undisrupted teaching
cycle and final exam schedules. Thus, the use of new
technologies has become essential to mitigate the impact of
closure of academic institutions. To this end, distance learning

is offered as an alternative that guarantees pedagogical
continuity.
Education and classroom teaching have changed radically
with the rise of e-learning. The crisis of Covid-19 pushed
educational institutions to make greater use of online
technology or start using e-learning systems for course
continuity. Institutions use many technologies such as teaching
and learning programs or even social media. In Saudi Arabia,
most universities turn to online education through various
applications such as Zoom, Blackboard, LMS and Teams [2].
E-learning generally refers to the use of computer network
technology and electronic media to deliver and transfer
knowledge for educational purposes [3]. In addition, e-learning
assists students to get access to different online courses,
scientific databases, and learning tools [4]. E-learning is
generally considered as an important educational source for
improving the effectiveness and efficiency of learning services,
because of its availability, low cost, ease of use, and interactive
nature [5]. Furthermore, e-learning systems help to capitalize
knowledge and coach students. E-learning systems have
several functionalities that can be useful in the learning
process. They allow SMS sending and supporti the learning
activity on a laptop or mobile device. Students can easily
integrate the learning content into their mobile devices since
they can easily connect to mobile or Wi-Fi networks. Elearning is thus seen as the process of using electronic
technologies to access learning material in a non-traditional
way [3, 6]. In other words, e-learning refers to the provision,
organization and management of educational activities, such as
student registration, exams, assignments, course descriptions,
lesson plans, messages, syllabus, core course material, etc.
within a remote system. [7]. Since the success of the e-learning
system depends on the willingness and acceptance of students
to use it [3, 8], rejection of the use of this online technology
may hinder the realization of the expected benefits [9]. Nonacceptance makes the implementation or adoption of this
technology a failure and a waste of money for academic
institutions [10]. The research on this topic is still in its infancy,
as students' views are not well studied [11]. Exploring the
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adoption of e-learning technology can lead universities to
understand better the needs of their students and manage more
efficiently such educational systems that are widely diffused
due to Covid-19 crisis [12].
To date, little work has been attempted in analyzing the use
of e-learning systems during the Covid-19 pandemic. This
research aims to investigate the main factors affecting the use
of e-learning systems during the Covid-19 pandemic in Saudi
Arabia. The process of adopting online technology involves
two major activities that are carried out sequentially: initiation
and implementation [13]. During the initiation stage, the
academic institution becomes aware of the e-learning system,
forms an attitude towards it, and evaluates the innovation.
Initiation includes the activities of researching information,
conceptualizing, and planning for adoption of this technology
[14]. Initiation includes, the stages of awareness, consideration,
and intention. At the end of this stage, a decision on whether to
adopt or reject the technology is made. Authors in [15] adhere
to this two-stage vision by considering that the adoption
process includes adoption and implementation. An organization
adopts an innovation when it decides to allocate resources to it.
The implementation stage includes the development and
installation activities that take place when the organization
begins to use the innovation [16]. However, the process of
setting up the e-learning system begins without a real
awareness of the different stakeholders in the system: students,
teachers, and administration. In other words, the initiation stage
is only cursory. As a result, the question of acceptance of this
innovation arises, particularly for students. The UTAUT
technology acceptance model is, a framework for studying the
question under research.
II.

THEORETICAL FRAMEWORK

A. Theories of Technology Acceptance
Behavioral theories about people's intentions have provided
the theoretical basis for the development of models of
technology adoption and acceptance [17]. These include the
theory of reasoned action, the theory of planned behavior, and
the Technological Acceptance Model (TAM). The theory of
reasoned action [18] aims to predict and understand the
behavior of individuals. It claims that the behavior (adoption of
a technology) of any individual is reflected and directly
influenced by his or her intention to achieve it, the latter being
determined by two variables: attitudes and subjective norms.
These two determinants of behavioral intention are in turn
influenced respectively by beliefs about the consequences of
the behavior and normative beliefs about a given behavior. The
theory of planned behavior [19] is an extension of the theory of
reasoned action. This theory adds a third determinant to the two
determinants of the theory of reasoned action, namely the
perceived control of the behavior or what is also called the
perceived ability to carry out the behavior. It is based on the
idea that individuals make rational use of available information
to construct intention when faced with a behavioral decision
[19]. In addition, the concept of perceived control of behavior
stems from external and internal factors that facilitate the
achievement of a given behavior, as well as the individual's
perception of his or her personal effectiveness in achieving that
behavior. In addition, two other variables explain this concept.
www.etasr.com
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These are control beliefs and facilitating conditions, which
refer to an individual's assessment of the importance and
availability of resources or an environment conducive to the
achievement of the behavior. Built from the theories of social
psychology, particularly the theory of reasoned action, the
TAM is specifically concerned with the acceptability behavior
of ICT. The TAM offers a perspective for understanding
problems related not only to the adoption and use of
information systems, but also to the appropriation of
information systems by users. The main objective of this model
is to predict the acceptance of an information system and,
above all, to evaluate the impact of various external factors on
internal beliefs, attitudes, and intentions of its users. The AMT
postulates that the actual use of a technology depends on the
intention to use it and considers that this intention is influenced
by the perceived usefulness and ease of use. The perceived
usefulness is defined as the degree to which an individual
believes that the use of a particular system could improve job
performance [20]. It is therefore a function of the degree to
which a technology is seen as advantageous and beneficial by
its users. Perceived ease of use, on the other hand, refers to the
degree to which an individual believes that the use of a
particular system can reduce effort [20]. It refers to the degree
to which an individual believes that the use of a system will not
require "much" cognitive effort. The specificity of AMT in
relation to ICT, the accuracy of the determinants it proposes,
and the precision of the measures [21], make it the most widely
used model in the areas of ICT adoption and acceptance [17].
The listed models focus on individual ICT acceptance by
predicting usage intent for ICTs that are already implemented.
This study focuses on a context in which the technology is
already implemented and used by individuals. Thus, to answer
the research question, the Unified Model Theory of Individual
Technology Acceptance (UTAUT), which is considered to be
the most recent and unifying theory, will be adopted in this
study. UTAUT uses the essential elements of previously
established models [21]. It is tested and empirically validated
by longitudinal and cross-sectional studies on technology
adoption in different contexts [22-26]. The UTAUT model [21]
is a synthesized and comprehensive theory, which takes up the
theories of acceptance of technologies in use, the variables
whose validity and predictive power have been shown to be
significant. Compared to previously established acceptance
models, UTAUT is considered [24] the best account for
technology adoption, use, and acceptance. UTAUT postulates
that the actual use of a technology is a function of the intention
to use it, which in turn is influenced by determinants such as
the expected performance, expected effort, social influence,
and enabling conditions. Moreover, unlike previous models,
this model integrates new categories of moderating variables
that vary the influence of the determining variables on the
intention to use. These are: gender, age, experience of use, and
whether the use is compulsory or voluntary.
B. Research Model Design
The main objective of this work is to determine the factors
that influence the acceptance of e-learning technology in the
Saudi academic community. The selection of the determinants
of acceptance used in this research is heavily influenced by the
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UTAUT model [21, 27]. UTAUT has the advantages of (1)
being a general model belonging to the set of theoretical
models that have been developed to explain human adoption
behavior and (2) having a high number of constructs, which
gives it great explanatory power for the intention to use a
technology. Four independent variables define the model of
[21], namely the perceived ease of use, the perceived utility,
social influences, and facilitating conditions. Four moderating
variables (age, gender, experience, and mandatory or voluntary
use), moderate the influence of the explanatory variables in the
intention to adopt the technology. Some authors consider that
when the technology integrates with the individual's old tasks,
and is therefore compatible with existing values, it can be
recognized as useful and can influence the intention to use.
This is why we have also considered, in this modeling effort
the construct "compatibility with existing values" [28], also
called task-technology compatibility [26], as an (independent)
explanatory variable for the intention to adopt e-learning
technology. Finally, the variables explaining the intention to
use and actual use of the UTAUT were grouped into a single
variable called intention to adopt e-learning technology.
For the present study we will not retain the moderator
variables. Thus, we have: a (dependent) explanatory variable:
intention to adopt, and the (independent) explanatory variables:
perceived usefulness, ease of use, social influences and
facilitating conditions (Figure 1).
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H1: The perceived usefulness of e-learning technologies by
students in performing their tasks positively influences their
intention to adopt them.
2) Perceived Ease-of-Use
The perceived ease of use is seen as a direct determinant of
the intent to adopt [26]. This variable is defined as the intensity
with which an individual believes that the use of a particular
system will occur without difficulty or additional effort [21].
Thus, the likelihood that there is an intention to use the elearning technology is all the greater as long as the
appropriation and learning process is easy to understand and
use [26]. In other words, this variable explains the extent to
which an individual believes that the organizational and
technical infrastructure exists to support the use of the system
[30]. The following hypothesis is therefore adopted:
H2: The perceived ease of use of e-learning technologies by
students positively influences their intention to adopt them.
3) Social Influences
Social influences are defined as an individual's perception
that most people who are important to him or her think he or
she should or should not engage in the behavior in question
[18]. In other words, they include the role of people who are
important to the individual and who exert some influence on
his/her behavior [25]. Prior to UTAUT, several technology
acceptance [28, 31, 32] models showed that this "social
influence" variable - also called subjective norms or social
factors - exerted a significant influence on technology use. In
our study, this social influence variable is measured separately
by three constructs drawn from research using different models
such as the GAM [31], the GAM2 [3]: influence of colleagues,
influence of the hierarchical superior, and expected
professional valorization. Thus, we postulate that:
H3.1: Colleagues' use of e-learning technologies influences
students' adoption intentions.
H3.2: The commitment of the line manager (teacher) to the
use of e-learning technologies for teaching influences the
positively the students' adoption intention.

Fig. 1.

The research model.

1) Perceived Usefulness
Perceived usefulness is the degree to which an individual
believes that using a system would help him or her achieve
gains in job performance [21]. It has been shown by several
studies to be a very significant determinant in explaining the
intention to adopt a technology [21, 29]. Indeed, e-learning
technology can only be adopted if the students perceive gains
in terms of efficiency, speed, and performance in the execution
of tasks. The variable "perceived usefulness" is therefore
understood as the perception of the usefulness of e-learning
technology. Theoretical models of technology adoption (TAM,
UTAUT) and the work of several researchers have confirmed
that the perceived usefulness of a technology promotes its
adoption and use. Based on the empirical research in [21, 29]
we assume that:
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4) Facilitating Conditions
Enabling conditions refer to the extent to which an
individual believes that an organizational and technical
infrastructure exists to support the use of the system [21]. This
variable is generally assessed through management
involvement and the availability of technical assistance [33].
Organizational support or the involvement of leaders, which
have been described as agents of change [34], is presented as a
determining factor in the process of adopting a technology
within an organization [21]. We suggest the following
hypotheses:
H4.1: The involvement of university management
positively influences students' intention to adopt online
technologies.
H4.2: The availability of technical assistance within the
university positively influences the intention of students to
adopt online technologies.
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III.

METHODOLOGICAL FRAMEWORK

A. Study Population
The data were collected through a distributed by email
questionnaire. Our study population consisted of students from
a Saudi Business School. Out of the 120 contacted students, 87
(55.3% male and 44.7% female) answered the questionnaire.
They were asked about the way they used to attend online
classes, which indicated that 95% of the students used cell
phones and 5% laptops.
B. Questionnaire Construction
The questionnaire consisted of two parts, demographic data
and a 20 item questionnaire on a 5-point Lickert scale ranging
from 1 for strongly disagree to 5 for strongly agree. SPSS
software was used to test the reliability and validity of the
scales and to apply multiple regression analysis on the
TABLE I.
Variables
Perceived
usefulness

Perceived
ease-of-use
Classmate
influence
Teacher
influence
Top
management
Technical
assistance
Intention to
adopt

IV.

PUSE1
PUSE2
PUSE3
PUSE4
PEAS1
PEAS2
PEAS3
PEAS4
CINF1
CINF2
TINF1
TINF2
TMAN1
TMAN2
TMAN3
TASS1
TASS2
TASS3
BINT1
BINT2
BINT3
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collected data. For its construction, the guidelines of [25, 3538] on the determinants of e-learning adoption and on the
determinants of pedagogical integration of ICT by university
teachers were followed. The items selected for each variable
are summarized in Table I.
C. Methods of Analysis
For the processing of the collected data during the survey,
two types of analysis were opted. At first, a principal
component factor analysis was performed to test the validity
and reliability of the measurement scales. Then simple linear
regression was used to test the research hypotheses. This
method is widely used to explain or predict a variable to be
explained based on one or more explanatory variables [39].
These analyses and statistical treatments were performed using
the SPSS version 25.0.

MEASURED ITEMS IN THE RESEARCH CONSTRUCTS

Items
The use of e-learning systems helps me to perform my learning tasks in a better way.
The use of online learning systems helps me to better follow my courses.
Using e-learning systems can improve my level of interaction with my teachers and classmates.
Using e-learning systems can improve the effectiveness of my learning.
It would be easy for me to learn how to use the e-learning system recommended by the university.
I find the e-learning system recommended by the university easy to use.
I may have difficulties in using the e-learning system recommended by the university.
It would be easy for me to become competent in the use of the learning system.
My classmates help me use the e-learning system.
I interact with my classmates on the use of e-learning systems.
My teacher explicitly supports my use of e-learning systems.
My professor is convinced of the advantages of the e-learning systems.
The university management is particularly interested in the use of the e-learning system.
The use of the e-learning system is strongly encouraged by the university management.
The management of the university is actively involved in the implementation of the e-learning system.
The members of the IT department are always available to help those who need to
The university has an IT department with technicians ready to help me in case of need.
The necessary instructions for a better use of the e-learning system are available for me.
I have decided to adopt the e-learning system recommended by the university.
I decided to attend the online course
During this pandemic, I think it is good to use the e-learning system in courses.

RESULT PRESENTATION AND DISCUSSION

A. Purification of Measurement Scales
There is a question of verifying the unidimensionality of the
constructs and the internal coherence of the different scales of
measurement. To do so, principal components factorial analysis
was performed and the coefficient of Cronbach's alpha was
calculated [40]. The analysis of the results of the onedimensionality test of the measurement scales shows that the
vast majority of our constructions present a Cronbach's alpha
greater than 0.8, which is widely acceptable in the literature.
These values show and attest to the existence of internal
consistency between the scale items. The constructs are
therefore reliable for testing the research hypotheses.
B. Testing the Validity of the Model Hypotheses
The obtained results, presented in Table II, show that the
perceived usefulness and the perceived ease of use positively
influence the intent to adopt. Thus the hypotheses H1 (β=0.93,
www.etasr.com

Vol. 11, No. 2, 2021, 6993-7000

p<0.01), H2 (β=0.95, p<0.01) are verified. In addition, the
hypothesis H3.1 (β=-0.06, p>0.1) is rejected while H3.2
(β=0.32, p<0.01) is accepted. Finally, the two constructs of the
facilitation condition variable, management involvement and
availability of technical assistance, both positively influence
the intention to adopt the technology. The hypotheses H4.1
(β=0.33, p<0.01) and H4.2 (β=0.59, p<0.01) are therefore
verified.
C. Discussion
1) The impact of Perceived Usefulness on the Intent to Adopt
Online Learning Technology
The results of the analysis show that perceived usefulness
has a significant influence on adoption intention. These results
are consistent with those of [20, 41]. The significance of this
perceived utility variable in our study shows that for students,
the online learning system supports the teacher-student
relationship and promotes the learning activity. Students appear
to believe that a learning system improves the effectiveness of
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their learning, allowing them to visualize and follow their
course and to interact more easily with teachers. Usefulness is
perceived by the fact that an e-learning system would be a real
platform for students to continue to attend their course and
complete their assignments without any constraints. The
TABLE II.
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students consider these platforms as real tools for
communication, content publication (knowledge sharing),
technology monitoring, etc. The respondents are therefore
aware of the contributions of e-learning systems to learning
activities.

VARIABLE PURIFICATION IN THE RESEARCH MODEL

Construits

Items Quality of representation Eigenvalues Explained variance Cumulative variance Cronbach's alpha
PUSE 1
0.788
PUSE 2
0.789
2.076
62.28%
62.28%
0.872
Perceived usefulness
PUSE 3
0.921
PUSE 4
0.834
PEAS 1
0.701
PEAS 2
0.698
3.150
65.11%
65.11%
0.801
Perceived ease-of-use
PEAS 3
0.744
PEAS 4
0.786
CINF 1
0.651
2.795
55.01%
55.01%
0.891
Classmate influence
CINF 2
0.569
TINF 1
0.734
1.918
71.11%
71.11%
0.863
Teacher influence
TINF 2
0.781
TMAN 1
0.901
2.823
74.16%
74.16%
0.857
TMAN 2
0.878
Top management
TMAN 3
0.865
TASS 1
0.689
0.707
2.350
59.19%
59.19%
0.901
Technical assistance TASS 2
TASS 3
0.819
BINT 1
0.780
BINT 2
0.865
2.090
70.35%
70.35%
0.874
Intention to adopt
BINT 3
0.897
TABLE III.
Construits
Perceived usefulness, intention to adopt
Perceived ease-of-use, intention to adopt
Classmate influences, intention to adopt
Teacher influence, intention to adopt
Top management, intention to adopt
Technical assistance, intention to adopt

TESTING THE VALIDITY OF THE HYPOTHESES

Items
PUSE, INTA
PEAS, BINT
CINF, BINT
TINF, BINT
TMAN, BINT
TASS, BINT

Hypotheses
H1
H2
H3.1
H3.2
H4.1
H4.2

R2
0.91
0.93
0.79
0.81
0.83
0.73

β
0.93,***
0.95,***
-0.06
0.32,***
0.33,***
0.59,***

F
4.125, ***
0.97, ***
-1.00
7.61, ***
0.59, ***
7.28, ***

*p<0.10, **p<0.05, ***p<0.01

2) The Impact of Perceived Ease of Use on the Intention to
Adopt an E-Learning System
The results showed that there was a significant and direct
relationship between these two variables. The influence of the
perceived ease of use on the intent to adopt e-learning systems
was found to be very significant and positive in this research.
These findings are consistent with the results in [20, 21, 41],
where authors assume that the more the student sees the use of
e-learning systems in the learning activity as effortless, the
greater the intention to adopt will be. Perceived ease of use, a
logical consequence of personal experience in using such a
technology, which itself has created a kind of attachment to elearning systems, favors the willingness to use it. Thus, the
results obtained can be explained by:
• The fact that, for respondents, this is not a new and
unknown technology, but rather a technology that they are
used to practice in a personal and sometimes playful way
(social media). Almost 80% of the respondents used social
media to communicate with each other. The majority of
them were fairly accustomed to these platforms.
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• The availability of training material on the use of online
learning systems and web 2.0 platforms at the university
and on the internet for free.
3) The Impact of Social Influences on the Intention to Adopt
the E-Learning System
In most studies of technology adoption in workplaces [21,
25], the influence of classmates and of the teacher has been
considered the as a "social influence". These studies have
shown that each of these constructs has a significant influence
on technology adoption. Our results showed that only one of
the starting constructs of the social influence variable exerts an
influence on the adoption of e-learning systems. Only the
teacher influence construct that emerged during the treatment
was found to significantly influence the intention to adopt elearning systems. These results call for several comments:
• We note the absence of a significant impact of peer
influence on the intention to adopt e-learning systems.
Based on the results, we conclude that in the context of our
survey, the students to whom our respondents belonged did
not have "early" adopters [41] who could encourage them
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to use e-learning systems for their learning practices. We
could also assume that in a period of confinement, contact
is virtually absent and the use of these platforms does not
require great skill or ability to motivate students to seek
help from their colleagues.
• Our study showed the presence of a causal link between the
variable influence of teachers and the intention to adopt elearning systems. This suggests that according to the
surveyed students, the adoption of e-learning systems is a
function of teacher encouragement. Teachers encourage
their students to adopt e-learning systems because they are
convinced of the benefits that the learning activity can
derive from their implementation. Teachers help students to
solve many technical problems and answer many of their
questions regarding the use of these platforms. Teachers
post all course material on these platforms and even
conduct online exams. They do not give students a choice
about whether or not to use these platforms.
4) The Impact of Facilitation Conditions on the Intention to
Adopt the E-Learning System
Both constructs of the facilitation condition variable of
management involvement and the availability of technical
assistance were found to significantly influence the intention of
adoption of e-learning systems by the sampled students. These
results are consistent with several previous studies [29, 33].
The involvement of university management is necessary to
improve student commitment and motivation to adopt such
systems. Senior management commitment refers to a concept
well identified, through work on information systems, as a
determinant of successful IT acceptance [42]. Under the
impetus of a policy of presence and support from management,
students are obliged to align themselves with management's
guidelines for distance education and to become more involved
in the use of these platforms. We can therefore consider that the
respondents are aware that despite the significant benefits of elearning systems, management support is necessary for the
successful adoption of these platforms. The meaning of the
availability of technical assistance is simply explained by the
fact that despite a certain willingness on the part of the
students, if there is no technical infrastructure, or if it is not
adequate and there is no high speed internet connection, there
can be no claim of adopting e-learning systems. Thus, the
presence of computer equipment, internet connection, and
technical assistance, as well as the establishment of a training
policy, if necessary, to accompany the adoption of e-learning
systems is essential for the respondents.
V. CONCLUSION
Within COVID-19 context, online education and e-learning
has emerged at many universities as a modern educational
model and changed radically the previous traditional learning
concept. To avoid the spread of the virus and enhance the
social distancing among students, many Saudi universities and
high schools implement and adopt different online educational
systems to ensure course continuity. This research focuses on
identifying the factors that determine e-learning system
adoption by students at a Saudi Business School. The study
adopts the UTAUT theory [21] to develop a conceptual model
www.etasr.com
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which was tested through a quantitative methodology by an
online survey (87 students). The most important outcome of
this research was the confirmation of the importance of factors
determining the acceptance and the adoption of an e-learning
system. The results show that the main determining factors are:
the perceived usefulness, the perceived ease of use, teacher
influence, involvement of university management, and the
availability of technical assistance. This research demonstrates
that if students perceive the usefulness of e-learning systems
with their learning tasks, they will be more inclined to adopt
such a system. This result can be useful to higher education
managers that focus on enhancing awareness-raising actions
regarding the benefits and opportunities that e-learning systems
can provide. Such policies would encourage the e-learning
system adoption by students and would enhance the success of
the online educational transition. This awareness can be done,
for example, through offers of continuing education and/or
short awareness meetings.
Moreover, the results suggest that early awareness rising
among students by the School management is vital for the
adoption of e-learning systems. The use of e-learning systems
is relatively new at many higher educational institutions.
Therefore, like any technological innovation, it faces
difficulties in its launching. The e-learning system makes
learners struggle with their habits, which sometimes leads to a
reaction of rejection or at best, mistrust. This is apparent both
in the appreciation of the usefulness of the system and its ease
of use. This feeling could be also increased by the anxiety
expressed by many students due to the general negative
atmosphere that exists due to the lockdown. The role of
management is essential in this case to facilitate the
development of a positive attitude towards e-learning systems.
Furthermore, the role of the academic staff is crucial to
enhance the adoption and the creation of an attractive
atmosphere that encourages students to not only virtually assist
but also to interact during the online courses’ sessions. The
availability of technical assistance was also found to be a very
significant influence on the intent to adopt e-learning systems.
Since a technology can only be used if the technological
infrastructure is available, it is essential to strengthen the IT
infrastructure in general and the broadband internet connection.
Many students have the importance of being technically
assisted, especially when they encounter a technical problem
during the course’s online session.
The insights obtained by this study could be helpful for
both academics and practitioners interested on e-learning
adoption at the educational sector. Thus, this research helps
educational managers to establish effective policies towards elearning system use that may ensure the education continuity
during the Covid-19 pandemic and would enhance the
knowledge transfer quality [3, 43]. However, this research has
some limitations. Although the results are valid, the tested
sample is limited to only one Saudi Business School. It would
be interesting in a future study to consider other higher
institutions specialized in different fields with a larger number
of students. Also, the sampling method could be enriched by
taking consideration of the field’ differences that exist between
students coming from different backgrounds. A future study
could also compare the performances of the public and the
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private educational sector. Moreover, the current study did not
consider the emotional situation, stress, and anxiety caused by
the Covid-19 atmosphere that was expressed by many students
during the survey and that could possibly impact the adoption
of the e-learning system. In addition, the current study is
limited to the students' point of view that could be different
from the academic staff's. These different additional studies
and data could be very valuable for exploring and
understanding some causal relationships in the conceptual
model and to enhance the results interpretation.
This study attempts to offer a positive and optimistic
perspective regarding the online educational student experience
in the context of Saudi higher education system. The digital
transformation of the higher education sector will continue to
change educational practices and learning methods. Future
studies could be conducted in this sense and explore the impact
of e-learning systems on knowledge sharing and capitalization.
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Abstract-Social media and easy internet access have allowed the
instant sharing of news, ideas, and information on a global scale.
However, rapid spread and instant access to information/news
can also enable rumors or fake news to spread very easily and
rapidly. In order to monitor and minimize the spread of fake
news in the digital community, fake news detection using Natural
Language Processing (NLP) has attracted significant attention. In
NLP, different text feature extractors and word embeddings are
used to process the text data. The aim of this paper is to analyze
the performance of a fake news detection model based on neural
networks using 3 feature extractors: TD-IDF vectorizer, Glove
embeddings, and BERT embeddings. For the evaluation, multiple
metrics, namely accuracy, precision, F1, recall, AUC ROC, and
AUC PR were computed for each feature extractor. All the
transformation techniques were fed to the deep learning model. It
was found that BERT embeddings for text transformation
delivered the best performance. TD-IDF has been performed far
better than Glove and competed the BERT as well at some stages.
Keywords-fake news; natural language processing; feature
extractors; deep learning

I.
INTRODUCTION
Due to the easy and excessive use of the internet and the
incremented use of social media, the probability of fake news
circulation is increased. This has impacted the trust on news
from the media nowadays specially since the 2016 US
elections. Authors in [1] conducted a survey in which they
found that global trust on the news from the media of different
countries ranged from 23% to 62%. The big challenge for the

researchers is to encounter this problem and provide a feasible
solution. The main aspects of this problem are the fact that the
same sources may provide both fake and real news, the
language used can be deceiving, and biasness of the dataset and
machine learning models may occur. Also, due to advancement
of Artificial Intelligence applications in natural language
generation has brought considerable negative impact when
used in generating fake news.
In [2], news sources were under consideration instead of
single articles. The idea is based on the frequency of the news
sources providing fake news. The more the frequency of fake
news from a source, the more the chances are that that source
will provide more fake news in the future. The motive of the
authors was to build an algorithm that can identify the fake
news in its source before it spread. In their paper they targeted
multiple sources such as URLs, twitter accounts, Wikipedia
pages and articles, and found articles to be more real than the
other kind of sources. Automatic text generation using
Artificial Intelligence is also a popular way to spread fake news
at a fast pace [3].
Fake news is one of the most difficult and sensitive topics
in the field of NLP. When dealing with fake news one must
keep tricky things in mind like the source of the news, the
language of the news, and its pattern. Different types of text
transformation techniques, machine learning algorithms and
state-of-the-art methods have been introduced and applied to
address this problem. TD-IDF is one of the simplest text
transformation techniques which transforms each word to a
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float number as its weight according to the frequency of words
in documents. This simple technique is very useful when
working on a simple task. But when encountering a tricky topic
like fake news detection, TD-IDF can be less effective. To
encounter the complexity of text-based data in machine
learning, text transformation techniques, also called as
embeddings, are developed which deal with the phenomenon of
the relation of words with respect to their meanings. However,
TD-IDF was used before the contextual embeddings came out
and became common. Authors in [4] used TD-IDF vectorizer
to extract features from news articles. Authors in [5] proposed
a tool for fake news detection in which they used bag of words,
bigram frequency, and TD-IDF vectorizer to extract features
from news articles which were tested with probabilistic
classification and linear classification. Authors in [6] analyzed
different machine learning models including Naïve Bayes,
Support Vector Machine (SVM), Logistic Regression and
Recurrent Neural Networks (RNN) on a fake news dataset from
Twitter. They concluded that the Naïve Bayes and SVM are the
classifiers with the best performance. Ensemble or combination
of machine learning models is a technique used by researchers
to deal with complex machine learning tasks. Authors in [7]
analyzed different ensembles of different machine learning
models and finally came with the an ensemble of Decision
Tree, Logistic Regression, Bagging Classifier used with hardvoting ensemble technique which gave accuracy of 88%. For
other NLP tasks, ensemble techniques give nice results.
Authors in [8] used the ensemble technique to improve the
translation quality from English to Hindi and used 6 different
machine translation engines.
For NLP problems, neural networks provide a great range
of algorithms to process and learn on sequence-based or textual
data. Dense, RNN, LSTM, 1D-Convolutional (Conv1d) and
GRU layers are being used in processing of textual or
sequence-based data. Authors in [9] used convolutional neural
networks to build a model that can classify the Arabic text.
Authors in [10] used convolutional layers and bidirectional
RNNs on large movie review and sentiment treebank datasets.
Embeddings do not consist a feasible solution for every textbased problem, as there are two kinds of texts, static and
context-based and so there should be two kinds of embeddings.
Thus, the contextual embedding has been developed which
works well on the text data having context with respect to
every word. This paper discusses and analyzes different word
transformation algorithms on fake news datasets using deep
learning for each word transformation technique. It covers
some well-known word transformation techniques such as
BERT [11], Glove [12] and TD-IDF [13]. The main objective
of this paper is to analyze whether contextual embeddings
outperform the static word transformation techniques or not.
II. THE DATASETS
Two balanced datasets openly available on Kaggle were
used. Both datasets contain both true and false news about
western politics and international issues. The first dataset [14]
contains 6335 articles about different topics mostly on politics
and has 3164 fake and 3171 true articles and the second [15]
contains 20,800 articles of the same nature with 10,387 fake
articles and 10,413 valid articles (Figure 1). In both datasets,
www.etasr.com
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article text was only analyzed and the other columns were
dropped to avoid probability of false pattern learning and to
reduce computational cost while training the model. For both
datasets, train/test ratio was 80/20 and from the train data, 10%
was kept for validation to monitor the model behavior during
training.

Fig. 1.

Pictorial presentation of the used datasets

III. METHODOLOGY AND FEATURE EXTRACTORS
The objective of this study is to analyze the performance of
3 feature extractors, BERT embedddings, Glove embeddings
and TD-IDF vectorizer using ANNs on two fake news datasets.
The ANN model contains two dense hidden layers and an
output layer with 8, 16 and 1 neuron(s) respectively. The
feature extractors were chosen because they cover all broader
classes of text feature extractors. The old fashioned TD-IDF
vectorizer computes the word count (frequency) of a word,
Glove is a static embedding context-independent method which
works on the principle of computing the similarity between
words according to their semantics, and BERT is a contextual
embedding model which does not just compute the similarity
between words but takes care of the context in which a specific
word is used, since the word's meaning may be varied
according to the context. ANNs were used as classifiers due to
their ability to handle efficiently large datasets in comparison
with other machine learning models. Other ANN types (LSTM,
RNN, etc.) were not used, since, in this paper, the analysis of
feature extractor has not been conducted on the basis of
different ANN models. Also, a simple ANN requires less
computational time. The BERT model was itself quite heavy.
For extracting features of our dataset from Glove and TD-IDF,
a personal I7 laptop with 8GB RAM was used. Feature
extraction and model training took hardly 2-3 minutes for TDIDF and 4-5 minutes for Glove. However, for BERT the
required computational power surpassed the available
resources, as feature extraction requires very high
computational power. For BERT, the cloud-based Kaggle
platform was utilized, which offers free GPU and TPU usage
for higher computational tasks. For this task 15 GB GPU and
16 GB RAM were used to extract the features and pass to the
ANN classification model which took about 28 minutes in total
for each dataset.
This study was carried out using Python language and its
available tools. The datasets were loaded from Kaggle, then
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they were split into train and test groups with 80/20 ratio. The
feature extractors were applied on each dataset and the output
was fed to the ANN model. We used Sklearn library to
implement the TD-IDF vectorizer and Keras for the
implementation of the ANN model having TensorFlow at the
backend. We used built-in functions in Sklearn for the
evaluation of the models trained on each feature extractor for
both datasets. Accuracy, precision, recall, F1, AUC ROC and
AUC PR score were computed for both datasets using all three
feature extractors to compare their performances. The
flowchart of the process from dataset loading to the final
evaluation is given in Figure 2.
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which relies on local contextual (surrounding) word
information. Glove embeddings has been used in many text
problems [18, 19]. Embedding comes in some versions with
respect to the size of tokens used. We have used a pre-trained
Glove model with 6 billion tokens, each of 300-dimensional
vector size.
C. BERT Embeddings
Contextual embeddings [20, 21] differ from static
embeddings like Word2Vec [22] and Glove. These embeddings
do not just compute the similarity between words which
similarity in their semantics, but also they compare the context
as well in which the words are used. They are more efficient on
contextual problems like sentiment analysis, sentence
classification, text summarization, etc.. An interesting thing
about BERT is that it does not just compute words or token
embeddings, but also sentence embeddings to differentiate the
sentences and positional embedding of the word in a given
sequence. These combined embeddings can clearly help
context each word in a given corpus. Another interesting thing
in the development of the BERT model is the use of the
concept of masked language modeling. This means that they
hid 15% of words and used their positional embeddings to
address or infer them to make the learning more effective. As a
result, the BERT model outperformed all state-of-the-art
existing language models even before its convergence. Authors
in [23] used a BERT model with Bayesian Network to classify
text data of people’s livelihood governance. The BERT model
comes in various versions with respect to the number of layers,
heads, hidden units, cased, uncased and for languages other
than English. We used the BERT Base Uncased model with 12
layers with 768 hidden units, 12 attention heads which has 110
million learning parameters.
IV.

Fig. 2.

Flowchart of ANN model analysis for 3 feature extractors.

A. TD-IDF Vectorizer
TD-IDF vectorizer is one of the simplest techniques to
transform text into numerical values which can be fed to a
machine learning model for processing. It statistically
computes and finds the relevancy of a word from a document
in other documents. It is computed by multiplication of two
metrics: how often a word appears in a document and how rare
it appears in other documents. TD-IDF vectorizer has nothing
to do with the similarity between words because it is not an
embedding. It is very commonly used as feature extractor for
various NLP tasks [16, 17].
B. Glove Embeddings
Glove embedding is an unsupervised model for word
representation in the form of vectors. These embeddings are
achieved by mapping words to a meaningful space in which the
distance between words is related to their semantic meaning.
Cosine similarity and Euclidean distance are used in Glove
embeddings to compute the distance between words. Glove
comes with the advantage that it does not just depend on local
context (surrounding) information of words but on the global
co-occurrence of words in a given corpus by creating a cooccurrence matrix of words in a given corpus unlike Word2Vec
www.etasr.com
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CLASSIFICATION MODEL AND EXPERIMENTS

Features from the split data into train and test sets were fed
to a simple classifier 2-layer feed forward ANN model which
evaluated each feature extractor (TD-IDF, Glove and BERT).
The same ANN model was used for all 3 feature extractors’
outputs to balance and rationalize the experimental results.
A. The Artificial Neural Network
A simple ANN was selected to classify the news in two
classes (fake and real) after getting the features from all 3
feature extractors. The ANN contains two hidden dense layers
having 8 and 16 neurons respectively with a final output layer
with a single neuron as this is a binary classification problem.
Relu activation function was used in hidden layers and sigmoid
in the output layer with Adam optimizer to update the leaning
weights while training.
B. Experimental Results
In this section, the results obtained from the 3 feature
extractors are analyzed and compared. Accuracy is commonly
used as an evaluation metric to analyze performance [24].
Figures 3, 4 illustrate the obtained results including accuracy,
precision, and AUC ROC for both datasets. Outperforming the
TD-IDF and Glove, BERT achieved 96% accuracy on the first
dataset and 99% accuracy on the second dataset. TD-IDF
achieved 93% on the first dataset and 96% on the second.
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In the first dataset, BERT outperformed Glove and TD-IDF
by 12% and 3% in accuracy. The precisions of BERT and TDIDF do not differ much but achieved better by 13% than Glove.
The AUC ROC scores of TD-IDF and BERT are similar and
better than Glove. In the second dataset, Glove performed
better. This time BERT outperformed TD-IDF by 3% as was in
first dataset and Glove by 7% in accuracy. In precision, BERT
outperformed Glove and TD-IDF by 7% and 3% respectively,
and on the AUC ROC score, both BERT and TD-IDF achieved
3% higher than Glove. The reason because Glove performed a
bit better in the second dataset (but not better than BERT and
TD-IDF), is that the second dataset is 3 times the size of the
first dataset as we implemented an ANN which requires large
datasets to perform better. All feature extractors’ performances
are better on the second dataset. The detailed comparisons of
all discussed evaluation metrics are given in Tables II and II.

Fig. 3.

In both datasets, BERT performed better than the other
feature extractors. TD-IDF also performed well, but Glove
embeddings did not because the problem at hand is a
contextual one and Glove computes static embeddings.
Surprisingly, TD-IDF performed far better than Glove and
reached BERT's performance at some stage in the first dataset.
There are 3 explanations for this. The first reason for this
surprise performance of TD-IDF is that the word length of the
document for Glove and BERT was fixed. TD-IDF uses all
words in given documents and normally we do not fix the size
of TD-IDF word length in its implementation, but for
embeddings a size must be defined. The second reason is that
Glove and BERT might have over fit the data as their
vocabulary size is too large. The third reason may be that signal
from embeddings is noisy as they have complex architecture in
their implementation which can cause the model to learn false
information from the given data during training.

TABLE I.
Feature extractor
BERT
TD-IDF
Glove

Accuracy
96.37
93.68
84.21
TABLE II.

Feature extractor
BERT
TD-IDF
Glove

Accuracy
99.23
96.61
92.95

Analysis of feature extractors' performance on the first dataset.

Analysis of feature extractors' performance on the second dataset.

PERFORMANCE EVALUATION OF FEATURE EXTRACTORS ON DATASET 1

Precision
94.71
94.85
81.80

Recall
98.27
92.47
87.31

F1 Score
96.46
93.65
84.47

AUC ROC score
99.08
98.70
84.26

AUC PR score
98.71
98.77
87.67

PERFORMANCE EVALUATION OF FEATURE EXTRACTORS ON DATASET 2

Precision
99.14
96.71
92.99

Recall
99.33
96.57
92.94

V. CONCLUSION
The easy access of social media to everyone has obvious
advantages but also it has some disadvantages, such as the
rapid quick spread of fake news. It is a very tedious job to
check every news item manually, so, in order to overcome this
problem, researchers are developing algorithms to detect fake
news automatically. Fake news identification is a contextual
problem in which the meaning of the same words may be
different depending on the context. Various feature extractors
have been built to efficiently solve this problem. In this paper,
we analyzed two publicly available fake news datasets using
www.etasr.com
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F1 Score
99.24
96.64
92.97

AUC ROC score
99.97
99.46
92.95

AUC PR score
99.98
99.48
94.73

three different feature extractors: TD-IDF vectorizer, Glove
static embeddings, and BERT contextual embeddings on the
fake news datasets and the outputs were fed to an ANN model
for classification. It was found experimentally that the BERT
model outperformed the TD-IDF and Glove in both datasets.
TD-IDF outperformed Glove for both datasets and competed
well with BERT.
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Abstract-In today's out-breaking Covid-19 circumstance,
treatments are preferred to be contactless. Social distancing has
become a mandate in order to prevent disease spreading. In such
a scenario, checking the body temperature is preferable to be
made contactless because it helps the doctors and social workers
to stay away from the symptomatic patients. Infrared (IR)
contactless thermometers are employed in measuring the
temperature while preventing direct contact with the body.
Improved functionalities in the contactless thermometer can
provide accurate precision in measurements and calculations.
Technological advancement in pharmacy has cohesively
improved over time. Coupling Machine Learning (CML) will
revolutionize the process of testing. The demand for automated
temperature test equipment is likely to grow at a significant pace,
with the continuous advancements in technology and the
adoption of ATE (Automated Test Equipment). The Global
Positioning System (GPS) easy tracking and navigation can be
used for easy tracking. Population density can be used to
calculate the amount of population in a particular area. The
proposed automatic contact-less thermometer system has the
potential to replace the traditional temperature measuring
techniques and safeguard from human-to-human transmission
diseases.
Keywords-Covid-19; IR technology; ATE; GPS; population
density

I.

INTRODUCTION

The Global Positioning System (GPS) is used to determine
locations using a satellite navigation process. It is well suited
for different kinds of tracking applications [1] and is used for
safety and security purposes. The main components of the GPS
system are the space segment, control segment, and user
segment. These segments collaborate with each other and

process the signals received from the satellites and use them for
further information processing like tracking, security in
banking applications, automatic toll services, location
identification, and navigation [2]. In our example, the idea is to
develop an automatic contactless thermometer system based on
GPS location (latitude-longitude) and population density.
Population density is used to calculate the amount of
population in a particular area. It is calculated as [3]:
Pd =

Pn
Ln

(1)

where Pd is the population density, Pn is the total population,
and Ln the total land area covered by the population. The
calculation of population density varies depending on
environmental (climate, resources) and human (economic and
societal) factors [4]. Globally, millions of Covid-19 and
temperature tests are conducted every day. Testing temperature
for every person is very crucial: most enterprises, governments,
and organizations are following very strict protocols in order to
minimize the impact. Educational organizations are struggling
to reopen schools, colleges, and research centers, mainly due to
the lack of testing centers. Testing is time-consuming, and is
conducted with low accuracy. The automatic contactless
thermometer provides a solution. The contactless process is
efficient and provides easy scalability among large groups.
Automatic temperature test-centers will be the future regarding
this matter. Public places, and the transportation sector need
such technology during these hours.
In Figure 1, the details of the product development stages
are presented. The first and second stages of the project are
already completed, with stage three being our future plan. The
increased adoption of smartphones brings a great opportunity to
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locate people affected with covid-19. Smartphones enable the
governments to track and locate affected people and virtually
fencing people is now possible. Technological advancement in
pharmacy has improved with times. Coupling Machine
Learning (CML) will revolutionize the way we test. The
demand for automated temperature test equipment is likely to
grow at a significant pace along with the continuous
advancement in technology and the adoption of ATE
(Automated Test Equipment). The increased adoption of
smartphones brings great opportunity to locate Covid-19
affected people. Focusing on minimizing error in detection is a
very important task. Using an automated contact-less
thermometer and geolocation feature from a smartphone will
help monitoring on a large scale. However, technology
nowadays has become more sophisticated. For example, the
number of available infrared (IR) detectors has highly
increased, and thanks to their selective filtering capabilities,
these detectors can promise more efficiency and speed.

Fig. 1.
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thermometer system to work in such an environment where the
system can be deployed in identifying critically ill people. The
proposed work is automated to initiate the functioning of the
thermometer system by gathering the location identification of
the densely populated area with the help of the GPS tracking
system, and the IR signals of the contactless thermometer that
provide an accurate measurement of the body temperature. As
an outcome, the proposed system will help in identifying red
alert areas, in which the population is affected with fever in
order to isolate and prevent the general public from entering.

Fig. 2.

The hardware circuit diagram of the non-contact IR thermometer.

Fig. 3.

The timing diagram of the IR temperature measurement module.

Design and development steps of the complete product.

Minimizing error in detecting is a very important task.
Public transportation is highly dynamic, testing the public in a
fast phase and with high accuracy is essential. Non-contact
temperature measurement is the preferred technique for
monitoring [5]. During the Covid-19 pandemic, the bolometer
IR sensor is commonly used, since it provides an IR based
solution to measure the temperature and it is efficient with ~4%
error rate. GPS provides satellite tracking that is very useful in
many ways. The main objective of this research work is to
develop and deploy an automatic alert system based on the IR
thermometer. The two main parameters that are taken into
consideration to fully automate the body temperature
measurements are the population density and its accurate
location identification. The hardware circuit diagram of the
traditional non-contact IR thermometer is presented in Figure
2. In the proposed work, focus is given on developing the
contact-less thermometer to work in a situation where there is a
necessity to calculate the body temperature in mass gathering
places.
The GPS tracking system in collaboration with the
population density helps in identifying and locating densely
populated areas. The aim is to develop an automatic contactless
www.etasr.com

II. LITERATURE REVIEW
Globally, health centers have uploaded Covid-19 strains
long ago and researchers and scientists are reverse-engineering
the strains to find the solution [6]. Research institutions collect
data regarding temperature, location, test results, and personal
details to predict the future consequences using Machine
Learning algorithms.
A. Smart IR Thermometers
Companies are focused on developing smart IoT
thermometers. Real-time trackability is very crucial. To
provide
compliance
with
non-contact
temperature
measurements, it is necessary to calculate the effective
efficiency of the black body and the difference in temperature
between the workplace and the point or object in which the
contact temperature is set [7]. Effective recreation can be
calculated by applying the theory of evolution or by adjusting
the temperature. The latter method seems to be difficult to use,
as long as the black hole is cleaned.

Al-Shammari et al.: Development of an Automatic Contactless Thermometer Alert System Based on …

Engineering, Technology & Applied Science Research

B. Health-Internet of Things (H-IoT)
Considering the impact of the 2019 pandemic, it is natural
that many contact tracing and self-assessment mobile
applications have already been developed, such as the Aarogya

Fig. 4.
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Setu App1 of the Indian Government. Health organizations like
Apollo have developed chatbots for analyzing the symptoms.
Health IoT devices typically belong to two broad types,
personal H-IoT devices and clinical H-IoT devices [8, 9].

Flow chart of the automatic test equipment.

temperature is displayed on the display unit. Switching
between the possible modes is only made based on the format
of the data received from the sensor and the acceptable range of
the received data. The circuit diagram is presented in Figure 5
with complete details.

Fig. 5.

The voice broadcast circuit.

III. METHODOLOGY
In Figure 4, the data flow between the modules of the
proposed technique is presented. In the first step, the noncontact mode of operation is selected. In step two, we get the
information from the source using sensors. If the reading
received from the sensor is within the acceptable range, then
the reading temperature is processed for future decision
making. Else, the system is switched to contact mode to get the
temperature, thus always making sure that acceptable accurate
www.etasr.com

IV. EXPERIMENTAL SETUP AND RESULTS
The circuit unit is simulated on the Proteus platform, where
the PCB board is designed and built after simulation. The MCU
download system and other components are mounted on the
PCB board [9]. The temperature of the object is usually
simultaneously measured by a mercury thermometer and with a
non-contact IR thermometer, time is measured by the length of
the clock, temperature is set at 250C to 480C. The results of the
measurements are: Temperature error is less than 0.10C,
measurement time is about 5s with an IR contact thermometer.
The measurements are accompanied with a voice message
transmission, and LCD display of temperature and time. In
general, the measured data are very accurate. A screenshot of
the experimental work is presented in Figure 6. The display
unit IR with the VBC is presented in Figure 7. When a
temperature of an object below 250C is detected with the IR
contact thermometer, a buzzer alarm and a voice transmission
take place. Object temperature at 25 0C ~ 480C is accompanied
with voice transmission and LCD display of the temperature
and time. Temperature above 480C is accompanied with a
buzzer alarm, and a voice transmission. The data from the
sensors are fed into the circuit and the outcome is obtained
from the display component shown in Figure 7. To estimate the
performance of the experimental setup, the collected data
(temperature, GPS attributes) from the sensors are stored in an
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Excel sheet. The corresponding output label (message to be
displayed) for each input is included to establish the train data
with the help of human radiologists for diagnosis. In order to
test the experimental setup, new data instances are used (test
data) and the output is stored in the same sheet. The Decision
Tree model is constructed using the trained dataset [10]. The
evaluation parameters used to estimate the performance of the
model constructed are shown in Table I.

Fig. 6.
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In Figure 8, the x-axis represents the evaluation metric used
in estimating the performance of the experiment carried and in
the y-axis the performance of the experiment is shown on a
scale of 0 to 1. The experiment carried out in the present
research work is reliable and proved to be robust with
classification accuracy A=0.96. The present experimental setup
and its performance are compared with the results of the similar
research carried out in [12], in which, the recorded temperature
is ±0.2°C accurate. The reason for achieving such accuracy is
because of the metal cap attached to the thermopile sensor. The
present circuit is designed to have ±0.5 trueness (P), which is
better than the design of [11]. The provision of switching
between contactless and contact modes allows much better
precision in the current design. The GPS and population
density values are used in identifying the crowded areas. The
aim of the proposed work is to keep the average temperature
36.5-37.5°C in the tested locations. The latitude and longitude
of the locations help to give alert messages to people in
problematic areas in order to maintain their social distance.

Matlab experimental setup.

Fig. 8.

V.
Fig. 7.

Display unit interface.

TABLE I.

EVALUATION PARAMETERS

Parameters
Accuracy (A)
Misclassification Rate
(MCR)
Recall (R)

Precision (P)
Prevalence (PV)
F Score (FS)

7009

Formula

TP+TN
Total
FP+FN
MCR=
Total
TP
R=
Actual True
A=

P=

TP
Predicted True
Actual True
Total
R×P
FS=2×
R+P

PV=

Accuracy plot of the experimental work.

CONLCUSIONS AND FUTURE WORK

Advancement in technology and infrastructure will give us
the cure to Covid-19 and its fellow strains. Automated testing
and GPS-based geofencing will provide trackability on large
scale. The GPS tracking system in collaboration with the
population density help in identifying and locating the densely
populated areas. The proposed system is aimed to develop an
automatic contact-less thermometer system to work in such an
environment where the system can be deployed in identifying
critically ill people. The advantage of the proposed model is
that it uses GPS coordinates and population density values
towards identifying the most crowded areas. The aim of the
proposed work is to keep the average temperature between 36.5
and 37.5°C in the tested locations. The latitude and longitude
details of the locations allow sending alert messages in order to
maintain social distance. The limitation of the product designed
in the present research work is that its contactless mode has not
been implemented yet. Regarding future work, we would like
to extend our work in adding a metal cap to the thermopile
sensor towards achieving better accuracy.

TP: true positive, TN: true negative, FP: false positive, FN: false negative
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TABLE II.
Name of the
area (India)
Coimbatore
Coimbatore
Bangalore
Bangalore
Coimbatore
Coimbatore
Coimbatore
Bangalore

Latitude

Longitude

11.0168
11.0168
12.9716
12.9716
11.0168
11.0168
11.0168
12.9716

76.9558
76.9558
77.5946
77.5946
76.9558
76.9558
76.9558
77.5946

Density
level
Low
Low
Low
Low
High
High
High
High

Vol. 11, No. 2, 2021, 7006-7010
CHARACTERISTICS OF THE DATASET

Population

Area (m2)

Density value

190
239
670
189
165
208
260
259

7516
13,200
32,666
90,100
5501
6890
9634
6890

0.0252
0.10176
0.0205
0.0012
0.03
0.0303
0.0304
0.0303
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Average temperature
of the area (°C)
36.6
36.6
36.7
37.4
37.4
37.9
38.2
38.3

Alert message (text)
Temperature is normal
Temperature is normal
Temperature is normal
Temperature is normal
Temperature is unusually high
Temperature is unusually high
Temperature is unusually high
Temperature is unusually high
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Abstract-In this study, Fuzzy Logic (FL) and Interval Type-2 FL
(IT-2FL) controllers were applied to a mobile robot in order to
determine which method facilitates navigation and enables the
robot to overcome real-world uncertainties and track an optimal
trajectory in a very short time. The robot under consideration is
a non-holonomic unicycle mobile robot, represented by a
kinematic model, evolving in two different environments. The
first environment is barrier-free, and moving the robot from an
initial to a target position requires the introduction of a single
action module. Subsequently, the same problem was approached
in an environment closer to reality, with objects hindering the
robot's movement. This case requires another controller, called
obstacle avoidance. This system allows the robot to reach
autonomously a well-defined target by avoiding collision with
obstacles. The robustness of the structures of the defined
controllers is tested in Matlab simulations of the studied
controllers. The results show that the IT-2FL controller performs
better than the FL controller.
Keywords-Interval Type-2 Fuzzy Logic (IT2-FL); Fuzzy Logic
(FL); mobile robot; non-holonomic; obstacle avoidance; trajectory
planning

I.
INTRODUCTION
A mobile robot is generally equipped with perception and
decision-making capabilities and actions that allow it to
navigate safely and successfully in a given environment and to
follow a desired trajectory. This objective is achieved without
or with a reduced human intervention [1]. Today, independent
mobile robots are increasingly used in many applications, such
as service tasks, agriculture, handling of nuclear waste, and in
space industry [2]. The developments of sensors,
microprocessors, and control technology have enabled mobile
robots to perform very complex tasks. Today, the main
challenge regarding mobile robots is the development of
intelligent navigation systems [3]. Navigation is of great
importance, since virtually every task requires the robot to
travel between different positions by tracking a desired
trajectory while being able to localize itself and plan its future
movements without human assistance [4] in order to
accomplish the defined task [5]. Therefore, once the trajectory

of the robot in a complex environment is determined, it must be
capable of following it [6]. The generated trajectory must take
into account the environmental and kinematic constraints of the
moving object [7-8]. To tackle these difficulties and to enable a
large number of parameters to be managed, a new control
strategy is proposed, which is broken down into weakly
coupled units whose interactions are limited and perfectly
controlled in a distributed manner. The purpose is to develop
robots that can move safely in unstructured environments,
despite any unforeseen changes.
The main problem of navigation of mobile robots can be
broken down into three sub-problems: reaching the target,
avoiding obstacles, and tracking an optimal trajectory in a very
short time. To reach the target, we can indicate the trajectory to
the robot by employing stable techniques based on the search
for optimal trajectories. However, since the environments are
rarely predictable, it makes little sense to provide the robot
with a planned trajectory. Obstacle avoidance has often been
solved by using local information, perceived by the robot via
its sensors. Initially, research has focused on solving the
obstacle avoidance problem by presenting it as a high-level
control component of hierarchical robotic systems. Thus, the
problem arose as a trajectory planning where the controller at
the low level leads the robot towards its final destination while
avoiding the surrounding obstacles using the trajectory found at
the high level.
The main objective of this paper is the tracking of an
optimal trajectory in a very short time, which is the third subproblem. A comparative study of Fuzzy Logic (FL) and
Interval Type-2 FL (IT-2FL) controllers was conducted in
order to assess their performance. The robot under
consideration is a non-holonomic unicycle mobile robot,
represented by a kinematic model.
II. MODELING OF A MOBILE ROBOT
The differential mobile robot is a platform with two
motorized wheels (Figure 1), mounted on the same axis and
controlled independently while having in addition a free front
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wheel [7]. The simplified hypotheses considered for modeling
are:

 r
v  2
ω  =  r
  
 2b

• The ground wheel contact is a contact point.
• The rolling of each wheel is done without slipping.
The generalized coordinates of the system are given by
q = [ x , y , θ , ϕ r , ϕ l ]T where [x, y] are the Cartesian
coordinates of the mobile robot, θ is its orientation measured
from the x-axis and ϕ r , ϕl are the angular positions of the right
and left wheel respectively [2, 3].

7012
r 
2  ϕ& r 
 
r ϕ&
−  l 
2b 

(3)

where v and ω are respectively the linear and angular velocities
of the mobile robot and 2b and r represent respectively the
radius of the wheels and the distance between them.
The non-holonomic constraint is represented in a simple
mathematical form [3]:
x& cos(θ ) − y& sin(θ ) = 0

(4)

Equation (4) implies that a perfect tracking is achievable
only if the reference trajectories are feasible for the physical
platform.
IV.

LOCALIZATION OF A MOBILE ROBOT

One of the fundamental problems of autonomous mobile
robotics is the locationing of the robot during its movement. In
fact, to locate a mobile robot is to determine, in a given work
reference, its position and its orientation, in order to
accomplish the control structure that is based on these data.
A. Presentation of the Odometry
The odometry allows determining the position and the
orientation of a mobile robot navigating on a plane ground,
with respect to the reference mark, which is the robot’s mark in
its initial configuration. This technique is based on the
integration of the elementary motions of the wheels measured
by means of incremental encoders.
Fig. 1.

The unicycle-type mobile robot under study.

III. KINEMATIC MODEL OF THE MOBILE ROBOT
The kinematic model of the mobile robot can be written as
[3]:
 r cos(θ )

 x&   2
 y&   r sin(θ )
  
2
q& = θ&  = 
   r
ϕ&r   2b
ϕ&  
 l  1
 0

r cos(θ ) 
2 

r sin(θ ) 
2  ϕ&r 
=
− r  ϕ&l 
2b 
0 

1 

By introducing the following control inputs:

ϕ& r  b 1 1   v 
& = 
 
ϕl  r 1 −1 ω 
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∆D =

∆d r + ∆d l
2

(5)

∆θ =

∆d r − ∆d l
2b

(6)

(1)

where ( xk , yk ,θ k ) is the configuration of the robot at the
instant k, and ( ∆Dk , ∆θ k ) the components of the elementary
displacement measured between instants k and k+1. The
elementary rotation at time k+1 is:

θ k +1 = θ k + ∆θ k

(7)

These very simple formulas are obtained by considering
that the robot moves in a straight line ∆Dk in the direction
defined by θ k , and then makes a rotation on site of ∆θk :

Equation (1) may be written as:

 x&   cos(θ ) 
0
  

 
 y&  =  sin(θ )  v +  0  ω
θ&   0

1 
  

B. The Odometry for the Localization of a Mobile Robot
This locomotion system is very popular for indoor robots
because of its maneuverability and ease of operation. In this
case, the displacement ∆D and the elementary rotation ∆θ of
the robot model in the plane can be expressed as a function of
the elementary displacements of the right and left wheels
respectively ∆d r and ∆dl , by [13, 14]:

(2)

xk +1 = xk + ∆Dk cos(θ k +

∆θ k
)
2

(8)
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y k +1 = yk + ∆Dk sin(θ k +

∆θ k
)
2
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(9)

This robot control was applied in both FL and IT-2FL
strategies.

Fig. 4.

Structure of the proposed navigation system.

Fig. 5.
Fig. 2.

The odometry applied to the mobile robot.

V. S TRUCTURE OF THE FL CONTROLLER
A classic fuzzy controller consists of a fuzzification
interface, a rule base, an inference system, and a
defuzzification interface [15-21]. The structure of an FL system
is illustrated in Figure 3.

Fig. 3.

1) Input Variables
For the robot-target distance d (m), we have chosen 4
membership functions (Figure 6): very near (VN), near (NR),
far (F), and very far (VF) distributed over the discourse
universe [0, 30]. For the entry θ (rad), the robot-target angle
has 7 membership functions that are associated (Figure 7):
negative big (NB), negative medium (NM), negative small
(NS), zero (Z), positive small (PS), positive medium (PM), and
positive big (PB) distributed over the discourse universe [-3, 3].

Structure of an FL system.

In our work, the fuzzy controller (FL and IT-2FL) has 4
triangular-shaped membership functions for the robot-target
distance, 7 membership functions for the variation of the robottarget angle and an interval-type of fuzzy sets for the linear
velocity and angular velocity output for IT-2FLC. The output
variables for FLC are 4 triangular-shaped membership
functions for linear velocity and 7 triangular-shaped
membership functions for the angular velocity.
VI. THE PROPOSED NAVIGATION SYSTEM
The movement of the unicycle robot is carried out on a flat
ground and the position of the robot can be expressed at every
moment according to its kinematic model (x, y, θ ). When
meeting obstacles or walls, the relevant decision is made by
two controllers. Figure 4 shows the structure of the system,
consisting of a free navigation controller and an obstacle
avoidance controller [8-10].
A. Implementation of the Free Navigation Controller
If we take a mobile robot operating in a non-binding
environment, then the optimal path from an initial
configuration to a final situation would naturally be a straight
line joining the two situations (Figure 5) [8, 11, 12].
www.etasr.com

The mobile robot in a free environment.

Fig. 6.

Fig. 7.

The membership functions of the input variable distance d.

The membership functions of the input variable θ.

2) Output Variables
For the linear velocity v (m/s), 4 intervals were chosen:
very slow (VS), slow (S), fast (F), and very fast (VF)
distributed over the discourse universe [0, 0.2].
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The angular velocity ω (rad) has seven (7) intervals:
negative big (NB), negative medium (NM), negative small
(NS), zero (Z), positive small (PS), positive medium (PM) and
positive big (PB), distributed over the discourse universe [-0.8,
0.8].
3) Representation of Input Variables
The membership functions of the triangular input variables
are shown in Figures 8, 9.
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Rule 28: IF d is VF AND θ is PB
THEN v is S AND

ω

is NM

We applied these rules of the free navigation controller in
both FL and IT-2FL strategies.
B. Implementation of the Obstacle Avoidance Controller
In the case where the robot moves close to an obstacle,
another fuzzy controller is used to avoid the obstacle and steer
the robot away from d ob using the navigation controller. Figure
10 shows the configuration of the robot in the obstacle area [12,
14, 20].

Fig. 8.
The membership functions of the input variable d in Matlab
Toolbox.

Fig. 10.

The mobile robot in an environment with an obstacle.

The obstacle avoidance controller that we used has two
input variables: robot-obstacle distance and robot-obstacle
angle ( d ob and φ) respectively and two output variables: robot
linear velocity v and angular velocity ω.
1) The Membership Functions of the Input Variables for FLC
Fig. 9.
The membership functions of the input variable θ in Matlab
Toolbox.

4) The Rule of the Free Navigation Controller
TABLE I.
Orientation θ
NB
NM
NS
Z
PS
PM
PB

THE RULE BASE OF THE FREE NAVIGATION CONTROLLER

VN
VS, PB
VS, PM
VS, S
VS, Z
VS, NS
VS, NM
VS, NB

Distance d
N
F
VS, PB
S, PB
VS, PS
S, PS
S, PS
F, PS
S, Z
F, Z
S, NS
F, NS
VS, NM
F, NM
VS, NB
S, NB

VF
S, PM
F, PS
F,PS
V, FZ
VF, NS
F, NS
S, NB

Fig. 11.

The membership functions of the input variable dob.

Fig. 12.

The membership functions of the input variable φ.

The rule base of the free navigation controller is the
following:
Rule 1: IF d is VN AND θ is NB
THEN v is VS AND

ω

is PB

Rule 2: IF d is VN AND θ is NM
THEN v is VS AND

ω

is PM

……………………………………………….
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2) The Membership Functions of the Input Variables for IT2FLC

Fig. 13. The membership functions of the input variable dob in Matlab
Toolbox.
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VII. S IMULATION RESULTS
To compare the control and planning performances of FL
and IT2-FL controllers, simulations were conducted and
analyzed with MATLAB Fuzzy Logic Toolbox R2014a.
A. Trajectory without Obstacles
From Figure 15, we notice that from its initial position,
( x i =2.5 and yi =4.5, θ =45°) the mobile robot could reach the
target whose coordinates are (xf =7, yf =−1). In Figures 16 and
17 we can see the velocity and the angular velocity of the
mobile robot. From the obtained results, we notice that the
mobile robot adopts the following behavior: when the robottarget angle is large, the angular velocity is high, whereas the
linear velocity is small. Once the robot-target angle becomes
zero, the linear velocity reaches its maximum. The latter
gradually decreases by canceling once the target is reached.
8
7
6
5

Y( m)

4

Fig. 14. The membership functions of the input variable φ in Matlab
Toolbox.

3

IT2-FLC
2
1

FLC
0

3) The Rule Base of the Obstacle avoidance controller

Orientation φ
NB
NM
NS
Z
PS
PM
PB

The obstacle distance dob
VN
N
F
VF
VS, PM
VS, PM
S, PM
S, PM
VS, PM
VS, PS
S, PS
F, PS
VS, PS
S, PS
F, PS
F,PS
VS, PM
S, NS
F, PS
VF, PS
VS, NM
S, NS
F, NS
VF, NS
VS, NM
VS, NM
F, NS
F, NS
VS, NB
VS, NB
S, NB
S, NB

The rule base of the obstacle avoidance controller is the
following:
Rule 1: IF d ob is VN AND ϕ is NB
THEN v is VS AND

ω

THEN v is VS AND

ω

is PM

4

6

8

Fig. 15.

Attraction to the target: barrier-free environment.
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Rule 28: IF d ob is VF AND ϕ is PB

ω

2
X( m)

0. 02

……………………………………………….

THEN v is S AND

0

0. 03

Rule 2: IF d ob is VN AND ϕ is NM

is NB

We applied these rules of the obstacle avoidance controller
in both the FL and IT-2FL strategies.
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-2
-2

THE RULE BASE OF THE OBSTACLE AVOIDANCE
CONTROLLER

The velocity(m/s)

TABLE II.

-1

Fig. 16.

The velocity of the mobile robot.

B. Obstacle Avoidance
From Figure 18 we can see how the mobile robot reached
the target (xf =6, yf =7) from its initial position ( x i =3 and

yi =8, θ =−45°).
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have designed the FL and IT-2FL controllers and simulated the
mobile robot movement from an initial to a desired position in
different environment configurations, with and without
obstacles. The proposed fuzzy control exploits the interactive
variables between the mobile robot and the unknown
environment to generate the robot’s velocity and steering,
which makes it possible to bring the mobile robot towards the
target while avoiding any obstacles present in this environment.
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IT -2FLC
1

0.5

0

-0.5

1.5
-1

1
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0.5
0

100

200

3 00
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500
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The angular velcity (rad/s)
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Fig. 17.

The angular velocity of the mobile robot.
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Fig. 20.

The velocity of the mobile robot in the presence of obstacles.
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Fig. 18. Convergence towards the target by FLC in the presence of
obstacles.
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Fig. 21. The angular velocity of the mobile robot in the presence of
obstacles.
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Fig. 19. Convergence towards the target by IT-2FLC in the presence of
obstacles.

We can highlight from the above results that the IT-2FL
sets can be quite useful when considering the control of a
mobile robot. It was shown in depth that the proposed IT2-FL
controller is more efficient in terms of saving time, smooth
trajectory, and optimal distance than its FL counterpart.
VIII. CONCLUSION
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Abstract-Drones are widely known for their mobility and ease of
use and represent a significant technological breakthrough with
various applications. In this paper, a novel inexpensive Search
and Rescue (SAR)-based approach for application in indoor
environments is presented. The usage of Bluetooth Low Energy
(BLE) has been evaluated with respect to other technologies and
a conceptual view of the complete setup has been presented.
Besides the cost of the drone and the locator devices, the other
hardware is relatively inexpensive costing only a fraction of a US
dollar. The system is believed to cover a wide area in a small-time
frame ranging a few minutes, for instance, a 3600m2 surface area
could be scanned in less than 5 minutes. The system is tested by
attaching a BLE device in the payload to evaluate the presence of
target beacons. Potential upgrades in the system are also
proposed, including design modifications for outdoor use and the
application in locating missing objects. This system can
confidently replace search parties dealing with missing children
in public places or venues, with minimal human interaction while
bearing the potential for complete automation.
Keywords-BLE; wearable electronics; UAVs; localization

I.

INTRODUCTION

During the last decade, the usage of Unmanned Aerial
Vehicles (UAVs) has risen exponentially [1]. It is estimated
that the global market share of multi-rotor drones is expected to
reach $36.9 billion by 2022 from $6.8 billion in 2016 [2].
Drones are directly or indirectly used as an effective tool in
agriculture, industrial maintenance, logistics, military,
entertainment, and traffic control [3, 4]. In most of the
aforementioned applications, drones have proven to be an
effective replacement of the existing technologies, mainly in
terms of cost maintenance, time, training, and automation. One
of the most significant applications of UAVs lies in the domain
of Search and Rescue (SAR)-based missions. Usually, such
operations are performed in conventional matters, which are
time consuming and costly [5]. For example, a successful 19day rescue operation in July 2020 to locate two hikers lost in
New Zealand cost the New Zealand authorities over 80k NZD
($57.8k) [6]. Using an autonomous UAV would potentially cut
the cost and time of a SAR operation by 70% in comparison
with classic operations [7]. Typically, drone-based SAR
operations are carried out manually by continuously monitoring
live transmitted broadcast imagery through technologies, such

as the First-Person View (FPV). Some advances in the
automation of the search process have been implemented
which involve AI-based protocols to identify pre-trained
objects or shapes, or face recognition. In confined places, such
as events held at parks, theatres, or concerts, parents or
guardians that lose their children usually seek the assistance of
a dedicated lost child office to locate them. The proposed UAV
system can potentially help in such cases or in similar cases
regarding elder patients (e.g. patients with Alzheimer’s or
autism). The search process in these cases can often be costly
and time consuming or may involve the risk of a child/patient
leaving the dedicated event area [8].
This paper discusses a novel inexpensive approach of
utilizing multirotor drones as a SAR tool whereby it scans
passive pre-defined passive receivers. This device overcomes
the characteristic challenges of events being held in large
venues, allowing object/person finding applications. Potential
future upgrades for transforming the system to form a
completely autonomous decision support system tool for event
management may even be possible. Moreover, these
developments may be uploaded to upgrade the system for open
space usage with certain limitations.
II. EXISTING TECHNOLOGY
There are various existing drone-based SAR applications
and these attempts have been featured to be utilized in various
types of technologies as described in the existing literature.
Table I enlists some common technologies used in a typical
SAR operation.
As shown in Table I, most of the technologies are focused
on searching wireless radio activities emitted by target mobile
phones. However, usually minors and individuals with special
needs are not expected to carry mobile phones, therefore
technology dependent on mobile phones may be difficult to
implement in such cases. Other technologies achieve this task
by different means which include live streaming footage, QR
codes, or audio signals. Cellular network-based systems
received enormous attention when it comes to SAR application
due to the increased network coverage and enhanced
communication capabilities, including the rapid expansion of
5G networks [16, 17].
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SELECTED EXISTING SAR DRONE-BASED APPLICATIONS

Product

Technology

AltiGator

IR thermal imaging

Intelligent drone navigation
for SAR operations

Computer vision

SARDO

Mobile network and IR cameras

SLAM

3D map generation from
stitching still images

MOBNET

Mobile phones

GuideLoc

Wireless signals from mobile
phones

Audio-based SAR with a
drone

Drone-embedded sound source
localization

Drawbacks
Ref.
Manual inspction requires additional
Manual inspection of live footage.
human power, thermal cameras can be
[9]
expensive.
QR codes are used for indoor
Uses GPS for localization, difficult to
[10]
localization.
operate indoors
Locates a mobile phone in 3 minutes in Mobile network-based solution, requires
[11]
an open field.
a phone carried by the target
Compares movement between two
Images are difficult to be evaluated in
[12]
frames of the images.
crowded environemnts
Searches for mobile phones, signal of Mobile network-based solution, requires
[13]
trapped people.
a phone carried by the target
Localization system uses target guiding Mobile network-based solution, requires
[14]
technology based on region division.
a phone carried by the target
Estimates the Time Difference Of
Difficult to operate in crowded
Arrival (TDOA) of sound waves in a
environments due to various sources of [15]
microphone pair in addition to the
sound
angle of arrival.

The possibility of utilizing electronic ID tags, such as
Bluetooth Low Energy (BLE) devices has been explored. We
believe that featuring such inexpensive tags will make the task
less complex and more achievable comparing to the methods
proposed in Table I.
III. CONCEPT AND METHODOLOGY
The concept of the design is to re-design the drone payload
in order to be able to carry the required electronics and means
of communication for accurate identification of the ID tags. In
order to design the system appropriately, various elements of
the design have been investigated.
A. ID Tags
The ID tags are an important element of the process of
development since they act as the primary point of
communication. Tags should communicate with the host once
close proximity is detected, and may be operated actively or
passively. They should feature reliable operation, rapid
response, inexpensive price tag, reasonable energy
consumption, lightweight arrangement, and acceptable
communication range. If the total weight of those tags is low,
they can be manufactured as wearable electronics. The recent
advances in the development of short to medium range wireless
technologies provided multiple options for the UAV designed
in this study. There are various communication protocols
meeting the aforementioned criteria, which are enlisted in
Table II [18, 19]. Referring to Table II, it can be seen that the
BLE technology features have low cost, low weight, moderate
communication range, and relatively low energy consumption.
Conventional Bluetooth has stable connection, reasonable
price, and moderate IPv6 communication energy overhead with
a slow data transfer rate. As the name suggests, BLE is
designed to optimize power consumption compared to the
classic Bluetooth, while maintaining a similar protocol stack
profile. Usually BLE devices are powered by a single coin
battery that lasts up to two years. It was found that BLE
consumes very little energy compared to competing low-energy
communication technology, such as ZigBee [20]. It uses a
2.4GHz ISM Band with 2MHz channel spacing, and is
governed by IEEE 802.11 and IEEE 802.15 standard protocols
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Features

[21]. The low energy operation of BLE is achieved by the
potential trade off of the following features:
• Communication channels: Instead of using multiple
channels for discovery or connections, only 3 broadcasting
channels would be used.
• Memory: Only a few bytes are featured with BLE, while
additional memory would require additional hardware,
increasing the chances of current leakage.
• Data packets: BLE sends shorter data packets which results
in fewer calibration iterations drawing less leakage current.
• Sleep time: Classic Bluetooth takes over 100ms for waking
from sleep, transmitting a data packet, and then going to
sleep mode, while BLE performs this process 15 times
faster. This will reduce scanning time for BLE saving more
battery, especially if small data segments are broadcast.
TABLE II.
Technology

Cost

Radio Frequency
Identification
Very low
(RFID)
Near Field
Communication Very low
(NFC)

EXISTING SAR DRONE-BASED TECHNOLOGIES

Weight

Range

Energy
consumption

Low

Read range of
100m,
unidirectional

Passive

Low

10cm,
bidirectional

Very low or
passive

Bluetooth

Medium

Low

BLE

Low

Low

Wifi
ZigBee

High
Moderate

High
Low

100m (class
dependent),
bidirectional
10-50m,
bidirectional
100m
10-20m

Medium
(class dependent)
Very low
High
Low

BLE operates in star network topology where the nodes can
be configured as slaves connected to a single master, or a
master connected to multiple slaves. The master scans the
designated channels to search for slave devices. Once a device
is discovered, synchronous connection is established between
them resulting in the change of state of activity mode from
‘sleep’ to ‘wake up’. Another option would be to set the slave
devices to sleep mode by default to save energy [22].
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B. Data Transmission and Positioning
Data are transmitted in BLE using two service profiles,
namely Find Me Profile (FMP) and Proximity Profile (PXP),
which take into consideration the slave/master (target/locator)
positions. As the name suggests, FMP makes the localization of
devices a significantly straightforward process. The target
seeks the search command broadcast by the locator. Once the
message is delivered, the target device is triggered, usually in
the form of an audio signal or other alert mechanisms. On the
other hand, PXP detects any drop in the connection with the
target or initiates a connection with a different locator. This
profile is effective only if a connection is initiated. Other
available protocols found in the domain of consumer-based
electronics include the iBeacon which operates between preprogrammed manufacturer’s devices.
In terms of internal hardware arrangements in BLE devices,
one point to consider is the directionality of their chip antennas,
which are characterized by non-isotropic radiation. This is
significantly challenging to mitigate due to the size of the
additional antenna. There are various fundamental concepts
when considering the positioning of BLE devices. The simplest
approach of positioning is determining if both the target and the
locator are within the radio coverage range, while providing a
binary decision about their presence within that range [23]. In
order to determine the distance between devices in free space,
the following equation that relates distance (d) and the
Received Signal Strength Indicator (RSSI) was utilized.
  20RSSI

7020

addition, when the intervals are set just below 1000ms the
battery may last up to 3 years [23].
BLE devices continuously broadcast their data packets with
a unique identifier known as the Universally Unique Identifier
(UUID). This UUID acts as a network MAC address for the
manufactured chipset and consists of 128-bits, with a 48-bit
mandatory advertiser address. For BLE target finder, an opensource program, Raspberry Pi 3 BLE sniffer was used [24].
This code allows the detection of various compatible devices
from different manufacturers, with all data being analyzed in a
dedicated dashboard. While initiating the software, a signal
search interval of 200ms was set. The advertising signal
interval was set to 500ms, so that the target could operate
confidently using a coin cell battery for one full year. In Figure
1, we see the Raspberry Pi (locator) attached to a drone payload
for locating advertising channels.

(1)

where is an offset based on the maximum RSSI of the
locator. The equation could also be used to determine the
lateration based on multiple locators. Unlike outdoors, the
indoor environment usually exhibits multipath effect due to the
presence of obstacles that may vary in form and arrangement.
This significantly worsens the approximation taken into
consideration in (1). However, the utilization of the Time-ofFlight (ToF) approach has proven to produce more accurate
results in indoor locations. Unfortunately, ToF estimation
requires additional electronics (e.g. oscillators) which increase
power consumption and cost. It is also important to note that
since the locator is fixed in a moving station (i.e. drone), the
angulation process may be ignored. In the same context, it is
highly challenging to utilize fingerprinting which identifies the
pre-recorded target RSSI values of both the target and locator,
since they tend to exhibit continuous change in their locations.
C. Locator Movement and Beacon Analysis
One of the most challenging issues when attempting to
locate the target in indoor environments is the multipath
propagation effect. This issue can worsen if several devices are
available in a confined space and moving objects are present.
Usually, no accurate RSSI model in case of indoor
environments is available and a rather simplistic way of
estimation involves the use of ToF values. Therefore, a worstcase scenario should be taken into consideration when planning
such a system. In some commercial applications, such as the
iBeacon, it is recommended that the advertising signal intervals
should be set below 100ms, when the tag is operated by a coin
cell battery for maximizing the battery life to a few months. In
www.etasr.com
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Fig. 1.
Basic arrangement of target localization
synchonization with the advertising beacons.

with

scan

and

IV. EXPERIMENTAL SETUP AND ROUTE PLANNER
For route estimation purposes, the maximum Bluetooth
coverage radius was assumed to be 10m. To ensure that all
targets in the designated search zone are discoverable and that
their discoverability is enhanced, the detection range was
reduced to 5m. Moreover, the drone should fly in intervals
whereby the movement was paused for 1000ms for each 5m
flown. This interval of inactivity ensures that the locator
exhibited at least 4 iterations of advertising signals broadcast
by the target. For doubling the chances of discovery, each
drone’s vertical/horizontal straight parallel route should have a
separation of <5m. Raw experimental data are shown in Table
III.
TABLE III.

RAW EXPERIMENTAL DATA

Flight duration
AGL

5m

Route length
Vertical movement:
12×55m = 660m
Horizontal lines:
11×5m = 55m
Total route: 715m

Stop mode
1000ms
every 5m
flown

Wind
speed
0m/s
(indoor)

For demonstration purposes, the exhibition hall Dhahran
Expo, located in Dhahran, Saudi Arabia and covering a surface
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area of 3600m2 (60m×60m), was chosen [25]. To estimate the
planned route, an open-source code named Reinforcement
Learning for Autonomous navigation for UAVs [26] was used.
This code was designed to implement reinforcement learning
algorithms for autonomous navigation of drones in indoor
environments. Figure 2 shows the exhibition hall and the
planned route using predefined hall edges. The total horizontal
route of the drone was 60m×12m=720m2, with an additional
5m×11m=55m2 surface area of horizontal connecting lines,
which makes the total route approximately around 775m2.
Considering the average speed of the drone to be 6.7ms-1
(15mph), the total area can be covered in around 115s, with an
additional 1s per 5m taken into consideration. It would take a
total of 227s to completely evaluate the whole area of 3600m2.

Vol. 11, No. 2, 2021, 7018-7022
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B. Potential Applications
The technological development reported in this study may
be used in applications involved in locating objects or persons
in halls or exhibitions. This development is easy to implement,
since the BLE target devices require inexpensive hardware.
BLE devices could come in different forms, such as
wristbands, keychains, tags, pins, each costing less than one US
dollar. Therefore, the tool shows promising potential for
commercialization. One potential upgrade of this application
would be its outdoors potential use. In that case, uploading a
suggested route plan with details of streets or landmarks may
be pertinent. A swarm drone technology may be applied to
cover a wider area.
V. CONCLUSIONS
A BLE-based SAR system with indoor applications was
proposed which potentially could be applied to locate lost
individuals. The proposed BLE-based, cell-battery powered
device has a year-long operational durability, and bears
relatively inexpensive electronic tags in convenient packaging
such as a wristband or a keychain. The drone is able to scan an
indoor area of 3600m2 with high accuracy in just below 5
minutes. This time can be further minimized with tradeoff with
battery lifetime. This system can be used for additional
purposes such as event management and enhanced localization
capability based on beacons from target or high-density spots
based on attendees’ mobile signals. Dedicated AI-based
software was utilized in order to estimate the UAV route. This
system could be upgraded for outdoor operations using swarm
technology.
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Abstract-The Molten Salt Reactor (MSR) is the most important
system suggested by Generation IV for the future direction in the
nuclear reactor field. For more development of the MSR reactor,
the core system inside the tube is proposed by naturally
circulating molten fuel salt. The nonlinear kinetic equations form
a linearized function and are obtained in state-space form.
Reactivity feedback and delayed neutrons are extremely
important for reactor control. In this paper, a thermal-hydraulic
system for the commercial computation dynamic model is
proposed. Currently, there is no commercial software to simulate
the natural circulation flow. The proposed method can be easily
employed to detect faults and can provide a feasible overall
system performance.
Keywords-molten salt reactor; thermal-hydraulic; state-space
equation; delayed neutron precursor

I.
INTRODUCTION
There are six reactors in Generation-IV. Among them,
Molten Salt Reactor (MSR) has a unique concept that
distinguishes it from the other reactor types such as light water
reactors, pressure water reactors, boiling water reactors, etc.
The Generation-IV reactors do not have solid nature but utilize
a homogenous liquid. The benefits of the MSR and its excellent
characteristics and sustainability eliminate the fuel element
fabrication accurately. Therefore, high-temperature and high
power density are reached in the MSR core. In the present
MSR method, the circulated fuel itself is mixed with the fuel
salt. Correspondingly, the reactor control mechanism or trip
primary circuit may allow or produce fuel salt in the primary
circuit, and circulation of the delayed-neutron precursor is
generated in the core. Hence, the decay core is less important
than the outer of the core [1]. The MSR is normally operated in
the liquid phase because its composition tasks are affiliated
with dynamic reactors. Furthermore, in the MSR operation in

steady-state, resultantly the loss of delayed neutrons affects the
reactor.
In terms of modeling, MSRs are associated with solid fuel
which is used in traditional reactors. Nuclear Power Plants
(NPPs) are widely sophisticated systems regarding the transit
and duration of modeling time. The fuel salt is always held on
the outer side of the MSR core. The multiplier term for the
neutron kinetics equations is added with the delayed neutron
precursor [2, 3]. The MSRs are completely different from
thermal-hydraulic reactor systems. In the processes of the
liquid fuel failure stability of materials can be easily resolved
[3]. However, a graphite zone and a thermal-hydraulic system
are developed in the core [4]. In [5, 6], the fuel region is
modeled as a double lasting region, which is very important in
order to improve the state space equation for the outlet core
temperature. In previous studies, one or two lumped parameters
were applied for the thermal-hydraulic system with two lumped
regions. Resultantly, the outlet core temperature is measured
more accurately. The core outlet temperature is the same as the
average temperature of the upper lumped region [7]. The stateaction space equation is used for the reactor, thermal-hydraulic
modeling, energy balance, and controls all the volume of the
core and the heat exchanger (HX) unit [8]. In MSRs, when the
core temperature increases, the measurement of the core outlet
temperature will be inaccurate [8].
In this paper, we explore and propose a novel thermalhydraulic method which give us more accurate and confident
results without the ambiguity of the previous models.
II. THE THERMAL-HYDRAULIC METHOD
A novel thermal-hydraulic method is proposed in which a
new approach has been taken to detect and resolve the
problems and faults from the core outlet. In the baseline
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system, an energy equilibrium equation is obtained from fuel
temperature which is used without any problems in the
assembled system. A maintenance equation must be described
considering the core outlet temperature. In the thermalhydraulic method, a balance equation is formed by using the
control volume of the pipeline at the core outlet. Due to this
distinct temperature and the insulation, the pipe section is very
small (relatively to the core region). During this process, the
present temperature of the core can be calculated more
accurately.
The motion of delayed neutron precursors is calculated and
analysis of the fuel cycle along the state action space equation
is conducted. The core neutronic as well as the extended
neutronic solver 1-D thermal feedbacks are acquired by the
thermal-hydraulic and neutronic calculations. The thermal
neutronic features of the MSRs are resolved. Before the MSR
fuel studies, the thermal response was known to have high
neutronic in thermal-hydraulic characteristics. Hence, the
obtained power distribution from the fission salt, as
corresponding fuel density distribution, and the fuel salt
temperature distribution throughout the core flow loop were
described by the thermal-hydraulic measurement. The
schematic view of the conceptual MSR is presented in Figure
1.
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MATHEMATICAL DERIVATION AND REACTOR NEUTRONS
OF THE MSR

In this work, the flow effect on the liquid fuel salt and the
traditional point of view of the kinetic model of the MSR core
are studied and the behavior of delayed neutrons is analyzed.
The acute response mechanism has been changed by the fuel
density and temperature. The aggregate method has been used
for fuel salt in both the reactor core and the HX unit. When
more fuel salt is circulating inside the core then fission power
is generated inside and outside of the core, due to the very fast
delayed neutrons. The space kinetic equations derived for these
regions are:
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where ( and  represent the precursor concentration of the
reactor power and delayed neutron precursor respectively. The
terms )* , , ,  , and Λ depict net reactivity and the
fraction delayed neutrons emitted energy from the core.
However, the various prompt neutrons per fission and the
numerous delayed neutrons of precursor per fission affect the
velocity of the delayed neutron decay constants of the
precursor, and generation of neutron time respectively. $ shows
the transit time [12]. The fuel salt passes through the core, pipe
section #1, heat exchanger, and pipe section #2, and then it
enters the core again as shown in Figure 1. $%&& denotes the
transit time outlet of the core region and it is expressed as:
$%&&  $  $ .  $ / , where subscripts 1, 2 , and 2
represent pipe section #1, pipe section #2, and HX respectively.
A. Neutronic Calculation Model Development
The thermodynamic characteristics of the core region are
represented by the thermal power which is provided by the fuel
lumped region. The average temperature of the lumped region
is represented by the core fuel salt temperature. In this study,
the energy balance equations are determined via an one
dimension (1-D) model. The specific heat capacity is assumed
to be constant and it is computed at the average temperature of
the fuel. The balanced equation for the core region can be
expressed as:
3 4,

Fig. 1.

Schematic representation of the MSR primary circuit.

The structure of the fast-spectrum thermal core is made by
the graphite moderator elements, each of them characterized by
the fast-thermal spectrum model [5, 9, 10]. The thermal
spectrum liquid fuel reactor core is associated with fluoride salt
and the thermal system generated a one-reserved fuel region.
One circulating pump indicates the top-bottom side of the HX
unit. The heat transfer mechanism is simulated with the
statement of a "cooler" which operates to stabilize temperature.
The heat transfer between the hot and cold sides is calculated
by using the average temperature. The heat transfer coefficient
is assumed to be constant [11-13].
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   3 4, 678,&   78,9 : (3)

where 3 and 3; show the fuel mass in the core and the fuel
mass flow rate respectively, 4, represents the average heat
capacity of the fuel in the core, 7 , 78,9 , and 78,& show the core
lumped fuel temperature of the moderator surface, the core
inlet temperature, and the core outlet temperature [11, 14, 16].
The balanced equation for the fuel side of the HX unit is:
3/ 4,/

<7/ 

<

3/ 4,/ 67/,9   7/,& :  =>/ ?7/   7@9*A B

(4)

where 3/ and 3;/ represent the fuel mass in the HX and the
fuel mass flow rate (3;/  3;) respectively, 4,/ illustrates the
average heat capacity of the fuel in the HX, 7/ , 7/,9 , 7/,& , 7@9*A
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represent the lumped fuel temperature in the HX, the inlet and
the outlet temperature of the HX, and the average temperature
of the heat sink. = and >/ show the overall heat transfer
coefficient of the HX unit and the heat transfer area or the HX.
The overall heat transfer coefficient is assumed to be constant
[15, 16]. The balanced equation for pipe section #1 can be
expressed as:
TABLE I.

5 ()

3 4, "C =

3 4, 678,& () − 7/,9 (): − (=>) 67 () − 7D :

MSR PARAMETERS AND RANGE OF VALUES IN THE LITERATURE

Symbol
P
Λ

Unit
MWth
S

Initial balancing reactivity

)E

Pcm

Steady-state external reactivity
Effectively delayed neutron fraction
Effectively delayed neutron decay constant
Core transit time
Loop transit time
Pipe section #1 transit time
Pipe section #2 transit time
Heat exchanger transit time
Fuel temperature coefficient of reactivity
Fuel mass flow rate
Fuel mass in the core
Fuel mass in the HX
Fuel mass in the pipe section #1
Fuel mass in the pipe section #2
Specific heat capacity of the fuel salt
Heat exchanger heat transfer coefficient
Average fuel temperature (in the core)
Average fuel temperature (in the HX)
The average temperature of the heat sink
Ambient temperature
The density of the fuel salt
The volume of the core
The volume of the HX
The volume of pipelines #1, #2

ρJKL
βJOO

$8&H
$%&&
$
$.
$/
Q
3;
3

Pcm
s−1
S
S
S
S
S
K-1
kg.s-1
Kg
Kg
Kg
Kg
J.kg−1K−1
W.K−1
K
K
K
K
kg.m-3
m3
m3
m3

3/
3
3.
4
(=>)/
7
7/
7@9*A
7D
<
S8&H
S/
S,.

)*   )&  )M   Q 67   7& : (6)
where )E illustrates the initial balancing reactivity, )M
represents the external reactivity which can be added with
bubbles, and Q represents the core fuel salt temperature which
is changed by the graphite moderator and the reactiviy
coefficient. Similary, the inlet and outlet flow rates are the
same, and 7E represents the steady-state fuel temperature in
the core.
There is only one way to write in linear form the nonlinear
differential equations considering the small perturbation around
the steady-state operating point. These equations can be
transformed into state-space form [16]. Around the steady-state
power ((E and E), (1) and (2) can be written as:
d) 
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where subscript 1 represents the pipe section #1, 7 and 7D
represent the lumped fuel temperature in pipe section #1 and
the ambient temperature. It is assumed that the overall heat
transfer coefficient is also constant for pipe section #1.

Parameters
Reactor power
Prompt neutron generation time

B. Thermal Feedback Mechanism and State-Action Space
The net reactivity of the MSR can be expressed as:


d . 
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d() +  d() (7)

d . ()



∧

Range
400 – 4000
10-6 – 10-7
1 − F G  !"
, [
]
 $8&H + 1 − F G  !"
)M = −)E
~0.00033
~0.006
~3 /3;
$/ + $ + $.
~3  /3; 
~3 . /3; 
~3/ /3;
~3.04x10-5
Depends on the power
<@5 S8&H
<@5T S/
<@5"C S
<@5"U S.
−1111 + 2.7827
( = YZ[ (=>)/ ∆7%] (**)
~975
~975
750-900
~3000
49983.56 − 0.89827
Depends on the power
Depends on the HX capacity
Depends on the design

d)() − (  +




d() +



 
!"



d( − $%&& )

(8)

where (() = (E + d(() , () = E + d() , and
)() = d)() = Q 67 () − 7E : due to the nature of the
reactivity. The reactor has to be critical at steady-state
operation, so the reference reactivity ()E + )M ) will be zero at
this point.
The nonlinear term, d)()d(() still exists in (7). It can be
inferred that the point kinetics equations are linear only for
constant reactivity conditions. To perform linear analysis, this
second-order term is neglected in this study. Lumped fuel
temperatures for the core and the HX regions are calculated as:
7 () =



7/ () =



.
.

678,& () + 78,9 ():

(9)

678,& () − 78,9 (): (10)

By taking into consideration the transit times at pipe
sections #1 and #2, the following substitutions:
7/,9 () ≈ 78,& ( − $  ) (11)

Ali et al.: The Development of a Thermal-Hydraulic and Nonlinear Dynamic System for Molten Salt …

Engineering, Technology & Applied Science Research

78,9  f 7/,&   $ .  (12)

x yz

can be made to state the relations between the temperatures.
The temperature decrease of the fuel salt in the pipeline is
neglected due to the insulation. By using (9)-(12), equations
(3)-(5) can be written in the form of (13)-(15):
3 4, 7;   &  d  3; 4,/ 678,&  
#$  $.'  27/ #  $ . ': (13)
3/ 4,/ 7/;   23;/ 4,/ 678,& #$  $  '  7/ : 
=>/ ?7/   7@9*A B (14)

;   3; 4, 678,&   78,& #  $  ': 
3 4, 78,&
=> 678,&   78,& #  $'  27D :/2 (15)
where:
7   1g2 678,&   78,& #  $  ':.

;  f 78,&
;  and that 7@9*A is
It is assumed that 7
constant. Finally, (7), (8), (13)-(15) take the state space form as
follows:
dh;  > h  >. h ∗ d#  $%&& '  >jh ∗ d#  $ ' 
>k h ∗ d#  $   $ . '  lm (16)
where:
h  ? d d7 7/ 78,& B5

(17)
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(23)

It is important to note that 3;  3;/  3;  3;. due to
the closed-loop operation (the variation of the expansion tank
level is neglected). All physical properties were taken as
constant and were calculated at the average temperature of the
lumped regions. Calculated transit time can be divided into to
the length of system (or height) by the velocity of the fluid.
IV. RESULTS AND DISCUSSION
In this section, the results of the numerical analysis for the
proposed system are presented. The primary loop of MSR is
simulated under the steady state in Matlab/Simulink. When the
fuel pump rotation decreases in the start of transient, the
primary flow will reduce within a few seconds. Furthmore, the
reactor core fraction of the delayed neutron precursors will
increase becuase they have the tendency to improve the
reactivity and the reactivity loss due to the fuel lumped
temperature. Therefore, heat is produced by fuel lumped
temperature in the reactor core, so that the temperature
difference between core inlet and core outlet is increased in the
dynamic model as shown in Figure 2.
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Fig. 2.

Simulink model.

The core dynamic model is asscoaciated with the neutronic
and thermal-hydraulic coupled system. Coupling is obtained by
the reactivity feedback mechanism. In this device, the input
components are outer reactivity, ambient temperature, and heat
sink temperature. The output values are the reactor power and
the core outlet temperature. The simulation parameters are
given in Table II.
Several different MSR concepts have been presented.
Therefore, there is a wide variety of values for both input and
output parameters. The module "1" presents the MSR (fast or
thermal) parameters and their range value can be used for the
developed model and tool.
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MSR PARAMETERS USED IN THE SIMULATION

Parameter
Reactor power
Average core temperature
Core transit time
Loop transit time
Transit time for each pipe
Effectively delayed neutron fraction
Effectively delayed neutron decay constant
Prompt neutron generation time
Fuel temperature coefficient of reactivity
Coolant bulk temperature
Ambient temperature

Value
4000MWth
700oC
2s
2s
0.1s
0.0033
0.0611s-1
0.95e-6s
3.4e-5K-1
570oC
40oC

Fig. 4.

Fig. 3.
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The sub model of the reactivity model and piping system #1.

The sub model of neutronic and thermal hydraulic.

Three sub models of the Simulink model are used to
describe the Simulink model shown in Figure 2 representing
three individual parts of the Simulink model. Figure 3 shows
the neutronic and thermal-hydraulic sub model. It is used to
diagnose faults from the core and give information about the
fuel salt temperature distribution from the core. Figure 4 shows
the reactivity model and the piping system #1 of the MSR.
Therefore it shows the lumped fuel temperatue and it repsents
all constant transfer temperatures in the piping system, while
fuel salt passes through piping system #1. Figure 5 represents
the piping system #2 and the HX of the MSR. It shows the heat
capacity inlet and outlet temperature of the HX. Figure 6 shows
the thermal reactor which reached the 3.02GW equilibrium by
using the parameters illustrated in Table I. The reactor reached
the steady-state equation level at 100s. The fuel temperature
changes between the HX region and the core region, because
temperature is reduced due to the loss of the pipeline of the
heat by 1 oK. The fuel temperature increased by 100oK in the
reactor transverse core. These features can be used in the
perturbation system.
Fig. 5.
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The proposed model's derived state-space equations can be
used for any specific fast MSR. The equations are written for
generic parameters. The fuel temperature variance between the
core region and the HX region is very small, due to the 1oK
temperature decrease because of the losses of heat at the
pipelines. In this type of reactor, temperature of 100oK is
developed transversely in the core. The MSRs can be simulated
with the proposed model. This feature can also be applied into
perturbation cases. The components of the reactor system are
adopted from the literature.
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Abstract-Nowadays, the usage of the Industrial Internet of
Things (IIoT) in practical applications has increased. The
primary utilization is a fog cloud network, which offers different
services, such as network and remote edges, at different places.
Existing studies implemented the Service-Oriented Architecture
(SOA) based on the fog-cloud network to run IIoT applications,
such as e-healthcare, e-agriculture, renewable energy, etc.
However, due to the applications' monolithic property, issues like
failures, security, and cost factors occur, e.g. the failure of one
service in SOA affects monolithic applications' performance in
the system. With this motivation, this study suggests a
microservice-based system to deal with the cost, security, and
failure risks of IIoT applications in the fog-cloud system. The
study improves the existing SOA systems for e-healthcare, eagriculture, and renewable energy and minimizes the
applications' overall cost. The performance evaluation shows that
the devised systems outperform the existing SOA system in terms
of failure, cost, and the deadline for all applications.

Architecture (SOA) [3]. Generally, SOA comprises of different
services which are monolithically managed by one centralized
component [4]. SOA architecture capabilities extend to the fog
computing, edge computing, and cloudlet data center to
efficiently execute time and latency-sensitive applications [5].
However, fault tolerance, security, and cost of services in SOA
architecture depend directly upon the centralized controller. For
instance, if any specific service fails or is attacked, then the
impact and cost will affect the entire system [6]. The
microservice-based system is an innovative solution which
offers autonomous service to run IIoT applications. Each
microservice executes its application independently, and
service failure has no impact on the other services during the
process. All microservices are communicating with each other
via an REST API. The generalization is a standard interface
that exploits the REST API to create cross-platform for all
microservices to run one application. Each application requires
many microservices to run its tasks. For instance in e-health
applications, blood pressure, heartbeat, and ECG tasks each
require one microservice for execution [7]. However, a
microservice-based system for IIoT has not been developed
yet.

Keywords-IIoT; security; e-healthcare; SOA; microservice

I.

INTRODUCTION

Real world applications of the digital transformation of
technologies such as the Industrial Internet of Things (IIoT)
posses many advantages [1]. Such applications belong to the eagriculture, e-healthcare, e-transport, e-servicing, and
augmented fields [2]. Cloud computing is an incipient
archetype which offers services based on Service-Oriented

The current study extends the existing IIoT work [7] with
new suggestions that improve the handling of cost, security,
and failure issues of the system in fog-cloud networks. The
current work is a survey paper. However, it proposes a solution

Corresponding author: Abdullah Lakhan

www.etasr.com

Khoso et al.: A Microservice-Based System for Industrial Internet of Things in Fog-Cloud …

Engineering, Technology & Applied Science Research

for those systems to improve applications' cost and security
mechanisms. The paper makes the following contributions to
the existing systems: It discusses the general IIoT process
based on the microservices system. It also discusses industry
automation based on microservices with cost and security
constraints and e-healthcare services based on microservices
connected with the distributed fog-cloud network. Generally,
all systems exploit microservice systems in a fog-cloud
network with deadline, cost, security, and fault-tolerant
constraints. The study solves the offloading and scheduling
problems for the considered systems.
II.

RELATED WORK

Authors in [1] suggested the SOA aware framework to
solve the IIoT mechanism issue of e-agriculture applications in
a fog cloud network. The goal was to minimize the end to end
latency of the applications. However, they did not consider the
security and fault-tolerance of the applications. Fault-tolerant
aware SOA is discussed in [2]. The goal was to minimize the
failure risks and exploit the primary backup method to handle
any SOA architecture failure. However, it consumed much
more resources and had high cost during the process. The
security-aware framework [3] handles application-level
security in SOA architecture. Applications can offload tasks
with secure data in the distributed network, however the
authors did not consider failures and network and cloud
security mechanisms. A hybrid security-aware system based on
SOA architecture was suggested in [4]. The goal was to protect
data from denial of service and brute force attacks to IIoT
applications. The security and failure aware centralized SOA
systems for monolithic and coarse-grained applications were
studied in [5]. The objective was to improve resource
utilization and minimize the application cost. However, the
centralized control could fail anytime, and this would affect the
entire system in the network. Cost-efficient offloading for
healthcare applications based on SOA architecture by
considering security and deadlines was investigated in [6]. All
considered applications are monolithic and fine-grained and
run their tasks distinctly under their deadline. SOA architecture
offers services based on an RPC model where users are treated
as thin clients and servers as thick clients. However, still the
centralized failure of any service affects the entire system. An
e-agriculture and a body area sensor aware network based on
SOA architecture was suggested and studied in [7, 8]. The goal
was to optimize the service process with minimum end to end
latency of the applications while offering 24/7 services with the
robot and faultless services. However, there are many issues in
the system. The SOA architecture selects the services from a
published pool for consumer and producer and a hacker can
publish services and quickly become part of SOA monolithic
architecture. The container and function aware IIoT solutions
were suggested in [9, 10] to handle the offloading and
scheduling problem's transient failure and security issues.
These studies achieved better results as compared to SOA
architecture. However, the proposed systems have not matured
yet for all kinds of IIoT applications.
All reviewed studies proposed systems for IIoT based on
the SOA and container function mechanisms. Many of them
considered different constraints such as security, failure, cost,
www.etasr.com
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and latency. However, failure in service due to hacking or
resource-imbalance will impact the overall system
performance. The suggested process was very costly and
consumed a lot of resources. With the motivations mentioned
earlier, this paper suggests microservice aware different IIoT
system to minimize failure risk, cost, and security and meet the
deadline of applications.
III. THE PROPOSED SOLUTION
The study proposes a different system based on
microservice architecture instead of SOA in order to improve
cost, failure, and security risk of the applications.

Fig. 1.

Microservice based fog-cloud system.

Cloud computing is a distributed service provider which
offers services at different rates to run any application on the
network. Fog computing is an extension of cloud computing
which brings cloud resources at the end of a wireless network.
The main advantage of fog computing is the reduction of the
end to end latency of an application. This study complements
the existing architecture [15-24] which is based on SOA. The
work creates a system which consists of three layers such as
user-end, fog end and cloud end as shown in Figure 1. The
user-end is connected with different computer systems that
offload their data to the fog server via communication channels
for further processing. The fog servers are located at the edge
of the network and have short distance and minimum end to
end latency during submission or offloading. The basic
mechanism design is based on the remote process call which is
a popular method allowing the communication channels
between users and serves via stud and skeleton objects. The
renewable IIoT aware network performs different tasks such as
monitoring temperature, humidity, weather, etc. sensors which
require microservices to run and save their data in the cloud as
shown in Figure 1. Generally, these are real-time tasks,

Khoso et al.: A Microservice-Based System for Industrial Internet of Things in Fog-Cloud …

Engineering, Technology & Applied Science Research

working 24/7 and generating big data to the fog system. Due to
the time sensitive and security sensitive data, the initial process
will be done on the fog servers. After that, for persistent saving,
the fog node offloads all data to the cloud for further big data
analytics. The high volume of data with various types and
speed will be easily managed by the rich resource cloud
computing. A body-area network is connected with different
sensors for blood pressure, heartbeat, ECG, and online
monitoring tasks at the user level. All tasks offload their data to
the fog node which applies computation by using a unique
microservice to run each task under its deadline. Big data are
generated by the tasks to be offloaded to the remote cloud for
further analyzing.
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of the applications by combining both failure and security
becomes high when IIoT uses the SOA architecture (Table IV).
The monolithic applications need a lot of resources for their
execution. However, the isolated microservice-based system
works efficiently for all IIoT in the fog-cloud network.
TABLE I.
Reference
[1, 2]
[3, 4]
[5, 6]
[7, 8]
[9, 10]
Proposed

The main advantage of the system is that the failure of one
microservice will not affect the entire system because they all
are working isolated to each other. Another advantage is that
microservices have execution charges. If one microservice fails
it will not charge for anything until and unless a task is finished
without completing its execution. The fault-isolation, security,
and autonomous execution make this system more efficient and
intelligent in comparison with all the existing SOA
architectures. This system selects microservices from the
published pool which is publically available with different
charges and time-slots. However, the considered system is
smart, if one microservice fails, the system will select another
without any violation of task deadlines.
IV.

Reference
[1, 2]
[3, 4]
[5, 6]
[7, 8]
[9, 10]
Proposed

www.etasr.com

Cost
10$
20$
17$
23$
27$
2$

Reference
[1, 2]
[3, 4]
[5, 6]
[7, 8]
[9, 10]
Proposed
TABLE IV.

Application
Monolithic
Monolithic
Monolithic
Monolithic
Coarse-grained
Fine-grained

FAILURE MECHANISMS

Fail
Primary backup
Primary backup
Check pointing
Check pointing
Check pointing
Isolated
TABLE III.

The performance evaluation was conducted by
implementing the Edgex Foundry microservice and SOA
architecture to run all IIoT applications. We conducted the
experiment in different cases as shown in Tables I-III. Table I
summarizes the security methods at the user level only and the
execution cost of the applications. Table II summarizes the
study of the failure mechanisms in the case only one system
failure and determines the execution cost of the applications.
Table III shows the results of the comparison based on deadline
methods at the application level only and the execution cost of
the applications.

Generally, fog-cloud applications co-operatively work
together to achieve the goals of the applications. However, due
to the monolithic architecture, if a centralized component fails
or is attacked, it needs a lot of time to restart. In this way, the
deadline of and the overall performance of the applications will
be degraded. The deadline of applications directly depends
upon execution time and the availability of resources. The cost

SECURITY MECHANISMS

Security
RSA
RSA
MD5
SHA
CRC32
RSA
TABLE II.

PERFORMANCE EVALUATION

The overall service cost of security of the monolithic
applications based on SOA architecture became high during the
process due to the centralized handling of all components.
However, microservices had low cost because they are run
inside a container and charged for their execution instead of the
resource provisioning of SOA which charged for all
applications. The primary backup and check pointing always
required a lot of resources in SOA architecture. If one node
fails, it may transfer a task from a service to another node. This
improves the overall performance of the applications, but with
high cost. The bottom line is that users pay for the failure costs
for their applications.
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Cost
10$
20$
17$
23$
27$
2$

Application
Monolithic
Monolithic
Monolithic
Monolithic
Coarse-grained
Fine-grained

DEADLINE

Deadline
Missed
Missed
Average
Reached
Reached
Reached

Cost
40$
70$
88$
75$
99$
23$

Application
Monolithic
Monolithic
Monolithic
Monolithic
Coarse-grained
Fine-grained

OVERALL SOA AND MICROSERVICE SYSTEM
PERFORMANCE

Cost
Ref.
Security
[1, 2]
No
100$
[3, 4]
Yes
200$
[5, 6]
No
150$
[7, 8]
Yes
300$
[9, 10]
Yes
500$
Proposed
Yes
30, 50, 70$

V.

Fail
No
No
Yes
Yes
Yes
Yes

Applications
E-agriculture
E-agriculture
E-health
E-health
Industry automation
ALL

CONCLUSION

This study suggests the microservice based system for IIoT
applications instead of the SOA architecture in order to
minimize cost, failure effects, and risk. Simulation results show
that the proposed microservice based system can enhance the
performance of the applications in comparison with the
monolithic SOA architecture. In future work, the Internet of
Vehicle Things and mobility aware microservices in distributed
fog-cloud networks will be considered. The study will design a
security system based on blockchain-enable network in order to
avoid any kind of attack on the system.
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Abstract-The current article discusses the use of the dependency
graph method to design and analyze automatic transmissions.
Different goals may be served by modeling an automatic
transmission using graphs. The most important of them are:
determining the gear ratios for gears and the analysis of speed
and acceleration of the rotating elements. Game tree-structure
methods can be used to analyze the functional schemes of the
selected gears. This paper describes the method of generating a
system of kinematics equations for signal dependency graphs.
This allows the generalization and extension of the algorithmic
approach, and also further analyses and syntheses, such as
checking the isomorphism of the proposed solutions and
determining the validity of the structure and the operational
parameters of the analyzed gears.
Keywords-computational model; computer aided
optimization; graph theory; mechanical engineering

design;

I.
INTRODUCTION
A machine as a system is a set of objects (blocks,
elements), each of which is described by an appropriate
mathematical model with indications of all connections
existing between objects. System objects are usually individual
devices: heat exchangers, extractors, compressors, etc.
Nowadays, the use of artificial intelligence, expert systems, or
neural networks is increasingly utilized to solve many technical
and engineering problems [1]. Engineering practice requires a
correct assessment of the mathematical model describing a
given system by means of variables. Models describe a given
system with different accuracy. Graphs and structural numbers
play a role as models of mechanical systems [2-5] and are still
systematically developed [6-11]. In addition, there are special
stream graphs, e.g. in chemical and process engineering. Many
optimization methods are used in technical solutions to
improve the efficiency of internal combustion and electric
vehicles [12, 13]. Unlike graphs, dendrite-tree structures do not
have cycles, but there may be a different number of initial
vertices. Therefore, such structures are applicable to variant
searching and optimizing the solutions of the designed system
[6]. Some of the functional requirements are transformed into
the structural characteristics and incorporated in the generator
as rules of enumeration. The generator enumerates all possible
solutions using graph theory and combinatorial analysis. The

remaining functional requirements are incorporated in the
evaluator as evaluation criteria for the selection of concepts
[14]. This results in a class of feasible mechanisms. Finally, the
most promising candidate is chosen for the product design.
The process may be iterated several times until the final
product is achieved. This methodology has been successfully
applied in the structure synthesis of epicyclic gear trains,
automotive transmission mechanisms, variable-stroke engine
mechanisms, robotic wrist mechanisms, etc. Generally, if a
functional requirement can be written in a mathematical form,
it should be included in the generator [2]. The current article
presents the method of dependence graphs in the analysis of
automatic transmission. The present work describes the
algorithm of searching and generating parametric trees as
outline graphs. The proposed method allows determining the
optimal values of teeth, using only the relationships linking
transmission elements with their presentation in the form of a
graph. This allows a more accurate calculation of the number
of teeth and an algorithmic approach to the problem. Methods
using graphs and structural numbers have long been used in
mechanics. Many previous works considered the theory of
graphs as tools for studying system dynamics, both in the
analysis and in the synthesis of complex mechanical systems.
In particular, authors in [15, 16] focused on determining the
power flow through closed kinematic chains. The circulating
power dependency is used to analyze toothed gears. A graph
describes the scalar product of the coupled graphs. The
transmission system is described using kinematic chains, and
the coupled toothed transmission system is described using
block diagrams, which enables such systems to be analyzed in
n degrees. In addition, from the diagrams (blocks) describing
the coupled transmission systems, the authors constructed
coupled graphs and pseudo-graphs. By varying the associated
values, optimization is performed to minimize the load on a
given kinematic chain of the transmission system. This is a
different way of using dependency graphs than that described
in the present work. The present methodology is based on input
and output information (values). The graphs described in the
cited works are not subject to decomposition or distribution
over decision trees. In seeking optimum decisions (paths) it is
desirable to define the properties of the structure in such a way
that the nodes represent the sought parameter, and the leaves
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determine the output decision that is optimum at a given
moment, as a response of the system to a particular change.
Decisions on the tree structure simulate a certain fictional
"game" (mutual interaction) between the decision-maker (the
decision taken) and the transmission system (the response to
the decision).
II.
GRAPHIC TRANSMISSION MODELS
The objectives of gear modeling with graphs vary: dynamic
analysis, kinematic analysis [4], synthesis [17], structure
analysis [18], enumeration [19], optimization of gear
sequences, automatic design, etc. are based on the so-called
graph grammars. The advantage of modeling gears with graphs
is that issues considered using graph models can be solved in
an algorithmic manner, which allows the use of computer
programs and widely understood integrated decision-making
systems in a simple manner. In graph theory, a graph is
associated with many other algebraic structures as arrays,
matroids, structural numbers, and linear spaces of cutoffs.
These objects enable the coding of the transmission structure,
which allows the use of advanced artificial intelligence
(evolutionary, genetic, or immunological) algorithms. An
important advantage of modeling mechanical systems with
graphs is that some considerations can be carried out in parallel
in the field of mechanics and graph theory [20]. The relevance
of the results is based on the transformation of knowledge
between these two areas. At present, there is a considerable
interest in graphical methods in optimization, and especially in
modeling of gears, hydraulic systems, mechanisms, trusses and
frames. Among the methods of analysis of planetary gears, one
can distinguish among others [5, 20-22]. In the case of Hsu
rules, the graph is built according to the following rules:
geometrical dimensions are omitted and the considered
kinematic pairs are: rotary, "planet-yoke", and meshing. The
contour graph method was discussed in [6, 7, 22, 23] for the
analysis of mechanical systems. It is particularly useful for
considering mechanisms of various types (so-called planar,
crossheads, etc.). In particular, it can be used in the analysis of
planetary gears. In the analysis of planetary gears, the contour
graph method is used. This method is based on distinguishing a
number of subsequent rigid links of mechanisms that form a
closed loop, the so-called contour. In particular, [21] concerns
only outline graphs and their applications.
Unlike graphs, dendrite-tree structures do not have cycles,
but there may be a different number of initial vertices.
Therefore, a different approach has been developed as a
translation of a directed dependence graph, among others for
game-tree structures. This approach is different from the
previous literature on parametric automation machines and
their applications, related to control systems, operating
systems, importance analysis of construction and/or operating
parameters, and gear analysis previously modeled using other
graph types. Various methodologies have been developed for
the systematic enumeration of kinematic structures. A thorough
understanding of the structural characteristics of a given type of
mechanism is critical for the development of an efficient
algorithm. During the '80s, some approaches for structural
synthesis of kinematic chains were presented. Authors in [24]
presented a systematic approach for the kinematic analysis of
www.etasr.com
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multi degree of freedom robotic bevel-gear trains. In the '00s,
authors in [25, 26] presented the structure synthesis of
mechanisms. Authors in [7] showed the kinematic, power flow,
and efficiency analysis of epicyclic gear trains. Authors in [27]
presented a survey of works connected with the problem of
gear modeling by means of versatile graph theory models.
More recently, authors in [28] studied the kinematic, static
force, power flow, and efficiency analysis of gear trains. Other
authors researched the topological synthesis of gear trains. The
review analysis of the graph application issues in the
transmission analysis can include kinematic analysis, torque
analysis, power flow analysis, and mechanical efficiency
analysis.
The general algorithm for gear modeling with graphs can be
described as:
• Selecting a problem for kinematic analysis or synthesis and
considering the elements related to it (abstracting).
• Determining the relationships for the specified elements
(e.g. listing kinematic rotational pairs and meshing).
• Listing the selected subgraphs based on the basic
transmission graph and saving the codes.
• Generating of the equations describing the gearing on the
basis of codes – which is an orderly (algorithmic) way and
solving the obtained system of equations.
III.

ANALYSIS OF THE AUTOMATIC TRANSMISSION
GEARBOXES WITH GAME -TREE STRUCTURES

A. Automatic Transmission Gearboxes
Modern automatic transmissions are complex devices,
consisting of several hundred elements of a mechanicalhydraulic system and another several hundred in the electronic
module. Automatic planetary gearboxes belong to a special
type of gearbox. There are several of them, each of which
consists of a sun gear with external meshing, satellites, and a
crown gear with internal meshing. The specified gear ratio is
implemented by braking or connecting a sun wheel or satellites.
Brakes or clutches of individual planetary gears are controlled
by hydraulic valves (transmission oil flow). The gearboxes are
characterized by high durability and the ability to instantly
change gears [29].
The current work is based on [6] concerning various
possible developments of applications of graph methods in the
analysis of gears. In particular, in [6] the concepts for
describing the model of machine systems data using
dependency graphs and signal flow were formulated. Among
other things, the authors in [30] developed a method for finding
the optimal number of teeth without transforming the graph.
The algorithm for generating equations and determining the
optimal number of teeth is calculated directly from the
dependency graph considered as a signal flow graph. This
approach is different from other works on the application of the
graph method in gear analysis. For example, in [31], the gear
analysis uses the Davie’s equations and the interdependencies
of cylindrical gear alignment. In turn, authors in [32] used
hypergraphs to determine the relationship between elements
and generate kinematic equations. The use of graph grammars
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for the description of graph chains in the description of the
gearboxes was used in [28, 33]. This is a different approach
from that used in the works discussed above. The construction
of contours in a graph begins in the supporting system and
passes through successive rotating gear elements, each of
which transfers rotary motion to the next. The contour is closed
when we return in the analysis to the supporting system. To
create a complete graph, all contours must be analyzed. The
main goal of kinematic analysis of a toothed gear is to
determine the transmission ratio and to identify any surplus
gears.
The analysis of automatic gearboxes is similar to the
analysis of a single planetary gear. During the process of
kinematic structure enumeration using graph theory,
isomorphism identification of graphs is an important and
complicated problem. There are many approaches to detect
isomorphic graphs, and these approaches have been largely
algorithmic. This path is formed by the corresponding edges of
the gear graph. Input and output are marked additionally. This
path allows the analysis of the sequence of transmission of
rotational motion by the subsequent elements of the
transmission. In addition, it allows the detection of the socalled redundant elements for the given gear which is currently
under consideration. The main purpose of the kinematic
analysis of the planetary gear is to determine the kinematic
ratio and possibly detect oversized gears. One of the methods
of analysis, based on the use of the Willis formula for any
complex planetary gears, is described in detail in the [34], in
which the theory of contour graphs was used for kinematic
analysis. This method allowed not only to determine the
kinematic ratio, i.e. the angular velocities of all wheels and
gear yokes, but also to determine the angular accelerations of
rotating gear elements. In addition, redundant (oversized)
wheels could be detected when plotting contour graphs.
Individual gears were implemented using brakes, clutches and
backstops (free wheels) as shown in Table I [34].
TABLE I.

FUNCTIONAL MATRIX OF THE A4 LD GEARBOX

Position

DE (1 2 3 4)

MT cl
cl1
b1
Fw1
cl2
cl3
b2
b3
Fw2

(− − X X)
(− − − −)
(− − − X)
(X X X − )
(− − X X)
( X X X X)
(− X − −)
(− − − −)
(X − − −)

2nd
gear
−
X
−
X
−
X
X
−
−

1th
gear
−
X
−
X
−
X
−
X
−

Reverse
−
X
−
X
X
−
−
X
−

The object of the analysis is a complex four-speed
automatic transmission with overdrive type A4LD [29, 34].
B. Dependency Graph and Game-Tree Structures
A graph is an ordered pair G = (V, E), in which V is a fine
set of elements called the vertices of the graph, and E is a set of
( vi ,v j )( vi ,v j ∈V ) pairs called the edges of the graph. To fully
specify the graph, one must also specify the relationship P
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formed by the individual elements of the set of vertices V (G)
and edges E (G). Then the graph can be called an ordered three:

G = (V , E, P )

(1)

where V is the set of graph vertices, E the set of edges (graph
branches), and P is the three-member relationship which meets
the following condition: There is such a pair of vertices
x, y ∈ V for each branch e, such that x, e, y ∈ P . If for branch
e exist x,e, y ∈ P and w,e,z ∈ P then either x=w and y=z
or x=y=z. A dependency graph is an ordered pair G=(X, R), in
which X is a finite set of elements called vertices of the graph,
and R is a set of pairs ( xi ,x j )( xi ,x j ∈ X ) called the edges of
the graph. In the case of parametric graphs, the notation
introduced in [34] defines the signs: G=(Q, Z), where Z is a set
of pairs ( zi , z j )( zi , z j ∈ Z ) . The oriented dependency (game)
graph shown in Figure 1 is composed of a set of vertices Q:
Q = {q1 , q2 , q3 , q4 , q5 }

(2)

and of set of edges Z:
Z = { z1 , z2 , z3 , z4 , z5 , z6 , z7 }

Fig. 1.

(3)

An example of a dependency graph.

The path in the G=(Q, Z) is the edge sequence
in
which
each
( zi1 , zi2 ), ( zi2 , zi3 ),..., ( zik −1 , zik )
j ∈ {2 ,3,...,k} ( zi j −1 ,zi j ) ∈ R and

vertices

qi1 ,qi2 ,...,qik are

different pairs. Vertex qi1 is called the beginning of the pat, and
the top qik the end of the road. As a result of a graph
distribution from the chosen vertex, a tree structure with cycles
is obtained in the first step and then, a general game tree
structure is obtained. Each of them has an appropriate analytical
formulation Gi+ and Gi+ + . A game tree structures is a part of the
systematic searching method. The algorithm of graph
distribution of dependence on parametric structures has been
presented, among others, in [35]. The expression describing the
degree of inferiority of a given component graph is marked
with a pair of parentheses, inside which the expression
concerning the given component graph is written. When
starting to build an analytical expression representing a graph
(Figure 1), first the starting vertex of the graph should be
determined. In the case of starting the analysis from the initial
vertex q1, we get the following expressions:
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G(1)+q1 = (0 q1 (1 z2 q3 (2 z3q2 (3 z4 q1 , z5q4 (4 z1q5 (5 z7 q1 )5 )4 ,
z6 q4 )3 )2 )1 )0
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(4)

G (1) +q1+ = ( 0 q1 (1 z 2 q3 ( 2 z3 q 2 (3 z 4 q11 , z5 q 4 ( 4 z1 q5 ( 5 z7 q12 )5 ) 4 ,
(5)
z6 q 4 ( 4 z1q5 (5 z7 q13 )5 ) 4 )3 ) 2 )1 ) 0

IV.

KINEMATIC ANALYSIS OF THE GEAR WITH THE USE OF
DEPENDENCY GRAPHS

7036

∑


rAi × ωi ,i −1 = 0
 (i )
 r × ω + (r + r ) × ω
5,6
4
5
h 2,5 = 0
 6
 r6 × ω5,6 + r4 × ω4,5 + r7 × ω8,7 + r9 × ω9,8 = 0

 r4 × ω4,5 + r7 × ω8,7 + r9 × ω9,8 + (r4 + r5 ) × ω5,h2 = 0
 r × ω + (r + r ) × ω
5,6
4
5
h 2,5 + r9 × ω8,9 = 0
 6

Power is transmitted through the torque converter, h1 yoke,
free wheel Fw1, Cl3 and Cl2 clutches, gears 6, 5, 4 and yoke h2
and in parallel through wheels 7, 8, 9 on the output shaft II
(thanks to the Fw2 backstop activated), as can be seen in Figure
2. The signal flow dependence graph of gears is shown in
Figure 3.

(7)

∑


εi,i-1 = 0
 (i )
ε + ε + ε + ε
=0
 6,0 5,6 h2,5 0,h2
ε6,0 + ε5,6 + ε 4,5 + ε8,7 + ε0,8 = 0
ε + ε + ε + ε
 4,5 8,7 9,8 5,h2 = 0
ε6,0 + ε5,6 + ε h2,5 + ε8,9 + ε0,8 = 0


(8)

∑

Fig. 2.

Power efficiency diagram for DE1 gear.


rAi × ε i , j −1 − ωi2 ⋅ rAi ,Ai +1 = 0
 (i)
r × ε + ( r + r ) × ε
4
5
h 2 ,5 = 0
 6 5 ,6
r6 × ε 5 ,6 + r4 × ε 4 ,5 + r7 × ε 8 ,7 + r9 × ε 9 ,8 = 0

r4 × ε 4 ,5 + r7 × ε 8,7 + r9 × ε 9 ,8 + ( r4 + r5 ) × ε 5 ,h 2 = 0

i6 ,9 = ω6 ,0 / ω9 ,0 =
r × ε + ( r + r ) × ε
4
5
h 2 ,5 + r9 × ε 8 ,9 = 0
 6 5 ,6

(9)

where ωi,i−1 is the relative angular velocity vector of the
element i relatively to the previous element i-1, ωi,0 is the
vector of the absolute angular velocity of the element (relative
to the fixed base), rAi = rOAi is the radius of the vector of point
Ai (point A on element i), and rAi, Ai +1 = rAi +1 − rAi , ε i, j −1 the
vector of relative angular acceleration of the element relative to
the previous element i-1.
V. APPLICATION OF THE SIGNAL FLOW GRAPH METHOD IN
CALCULATING THE NUMBER OF GEAR TEETH

Fig. 3.

Signal dependency graph for DE.

For the graph model, a system of contour equations of
velocity ωi,i −1 , peripheral velocities ωi,i −1 × rAi , angular ε i,i −1 ,
tangential εi ,i -1 × rAi , and centripetal accelerations ωi2 ⋅ rAi,Ai + 1
was generated and can be seen in (6- 9):

A new approach for the dependency graph can be obtained
by using relationships that bind systems with their
representation in the form of a dependency graph (in particular
in relation to contour graphs). As mentioned above, a graph is
an ordered pair G=(V, E), in which V represents its vertices and
)
E its edges. The attached G search graph to a regular signal
flow graph G is defined by replacing all G graph branches with
the attached equivalents (Figure 4).

∑


ωi ,i −1 = 0
 (i )
ω + ω + ω
5,6
h 2,5 + ω0, h 2 = 0
 6,0
ω6,0 + ω5,6 + ω4,5 + ω8,7 + ω0,8 = 0

ω4,5 + ω8,7 + ω9,8 + ω5,h 2 = 0
ω + ω + ω
5,6
h 2,5 + ω8,9 + ω0,8 = 0
 6,0

r × ωi ,i −1 = 0
 (i ) Ai

∑

www.etasr.com

(6)

Fig. 4.

Signal dependency graph for DE1.
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)
A search graph G for linear branches is created by
reversing the direction of the signal flow. For the non-linear
branch described by the function f ( V j ,k ij ) ( k ij -number
coefficient) in addition to reversing the direction of the
branches, there is also a change in its description
from f ( V j ,k ij ) to ∂ f ( V j ,k ij ) / ∂ ( V j ) , where the derivative
is determined at the point Vj corresponding to the solution of the
graph G, i.e. searching the entire vertex j. This graph definition,
which is the equivalent of the search circuit, allows to directly
use the search graph method to calculate the sensitivity. The
sensitivity of the Vo output signal relative to the gain of the
linear branch or nonlinear branch stick factor is determined on
)
the basis of the solution of graphs G and G in the form of:

)
∂VO
= V iV j
∂ a ij
) ∂ f (V j , k ij ) (10)
∂VO
= Vi
∂ k ij
∂k ij
The sensitivity determination method applies to both
coupled and unidirectional graphs. By minimally changing only
the excitation value (e.g. the number of teeth) in the search
)
graph G , the method can be adapted to determine the full
gradient vector of the objective function [35]. The objective
function will be expressed as the sum of squares of differences
between the current values of the output signals Voi and the set
values di:

E (W ) =

1 M
∑ (Voi - d i ) 2
2 i =1
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networks containing feedback cycles, e.g. a drawing with trees.
It should be noted that in the case of unidirectional networks, it
is easy to extract successive layers of neurons and search the
signal flow between them, while in the dependence graphs this
task is more complicated due to the existing cycles (feedback
and contours). Figure 5 shows an example of the
implementation of the search graph. Figure 6 shows the signal
response for the selected graph vertices.

Fig. 5.

Implementation of a search graph for a gear.

(11)

where:

W = [W1 , W 2 ,..., W N ]T

(12)

The gradient ∇ E is obtained as:
∂E
∂W1
∂E
∇E = ∂W2

(13)

Fig. 6.

...
∂E
∂WN
where:

∂E
=
∂W j

M

∑ (V
i =1

oi

− di )

∂ Voi
∂W j

(14)

The calculation of the j-th vector component of the gradient
consists in the calculation of the derivative output signals V oi
and multiplying them by the appropriate difference: Voi−di. The
back propagation algorithm has been developed for use in
unidirectional networks. Its interpretation and generalization in
the form of graphs applies to both directed graphs and recursive
www.etasr.com

The signal response for selected graph vertices.

The variables (z1, z2, z3, z4, z5, z6) in Figure 5 are components
of the input vector Z. The output of the graph consists of
neurons marked by their output signals (y1, y2, y3) and their
corresponding set signals d1, d2, d 3. When creating an attached
)
G (Figure 6), the output nodes of the normal graph are
extracted, which are now available as input nodes for the
)
G graph. Input signal values can now be expressed as
ε 1 = y1 − d 1 , ε 2 = y 2 − d 2 , ε 3 = y3 − d 3 . For searching,
the range of values for the number of teeth searched are
assumed as: z1, z2, z3, z4, z5, z6, z7, z8, z9:
z1 ∈ (0,1, 2,...,100), z2 ∈ (0,1, 2,...,100), ...... z9 ∈ (0,1, 2,...,100). After
steps T, the solution z1(T), z2(T), z3(T) ... is obtained, which can
be considered as the solution to the search graph. In the case of
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a software solution, a discrete approach is used. In this way,
with assumed startup conditions (selection of the initial graph
vertex), an iterative string is created that leads to the correct
solution. An analytical record of such a string for the initial
vertices of graph from Figure 6 can be represented by the
analytical expressions (15)-(20), where Gi is the iterative search
string from the initial vertex i.
GZ++7 = (0 g7 (1ω87 g8a (2 ω08 g0 (3 ω60 g6 ( 4 ω56 g5 (5 ω45 g4 (6 g 4 g 7 , ω48 g8b
(7 ω08 g0 )7 )6 , ωh5 h2 (6 ω0h g0 , h2 g9 (7 ω89 g8a )7 )6 )5 ) 4 , ωh0 h2 )3 ) 2 , g4 g7 )1 )0

GZ++6 = (0 g6 (1ω56 g5 (2ω45 g4 (3ω48 g8a (4ω08 g0 (5ω60 g6 , ωh0h(6 h2 g9
(7ω89 g8b (8ω08 g0 , ω98 g9 )8 )7 , ω0h g0 )6 )5 )4 , g4 g7 (4ω87 g8b )4 )3 ,ωh5h2 )2 )1

(15)

(16)

GZ++5 = (0 g5 (1ω45g4 (2ω48 g8a (3ω08g0 (4ω60 g6 (5ω56 g5 )5,ωh0h(5 h2 g9
(6ω89 g8b (7ω08 g0 ,ω98 g9 )7 )6 ,ω0h g0 )5 )4 )3, g4 g7 (3ω87 g8b )3 )2,

(17)

Fig. 7.
The process of finding the optimal number for group I. Calculated
number of teeth n=36.

ωh5h2 )1)0
GZ++9 = (0 g9(1ω89g8 (2ω08g0(3ω60g6 (4ω56g5(5ω45g4(6 g4 g7 (7ω87g8b )7 ,

ω48g8 (7ω08g0 )7 )6,ωh5h2 (6 h2 g9,ω0hg0 )6 )5 )4,ωh0h2 )3,ω98g9 )2 , h2 g9 )1)0

(18)

a

++
Z8

G = (0 g8 (1 w80g0 (2 w06g6 (3 w56g5 (4 w54g4 (5 w84g8a ,g4g7 (6 w87g8b
(7 w80g0 ,w98g9 (8 h2g9 (9 wohg0 )8 ,w89g8b )7 )6 )5 ,
5
4 3
h 2

(19)

0
2 1 0 2
h 2

w h ) ) ,w h ) ) ) )

GZ++0 = (0 g0 (1ω60 g6 (2ω56 g5 (3ω45g4 (4ω48g8a (5ω08 g0 )5 , g4 g7 (5ω87 g8b
(6ω98 g9 (7ω89 g8, g9h2 (8ω0h g0 )8 )7 ,ω08g0 )6 )5 )4 ,ωh5h2 )3)2 ,ωh0h)1)0

(20)

If we have a certain n-complex system, then the vertices of
the search graph correspond to the teams in E and the set of
arcs.
Z ⊆ { z1 , z2 ,..., zn − 2 }

{

U = (ei , e j ) ∈ E × E / (ei , e j ) ∈U ⇔ ui tests ui in Z
Ultimately,

the

search

graph

Fig. 8.
The process of finding the optimal number for group II. Calculated
number of teeth n=18.

(21)

is

a

}

(22)

function

)
G = ( E ,U , f d ) , where f d determines the optimal number
of teeth. For a given gear design, there are groups of three gears
with the same number of teeth:
I : z1 = z4 = z7 ; II : z2 = z5 = z 8 ; III : z3 = z6 = z9 .

Figures 7-9 show the examples of the graphical process of
finding the optimal number of teeth z1-z9 with the help of
computer software. The given values are: number of teeth
z1=z4=z7=18, z2=z5=z8=27, module value m=2, input angular
speed (after commissioning) ω6,0=377rad/s, input angular
acceleration (during the 8s start-up) Ԑ6,0=47.1rad/s2, output
angular velocity ω9,0=153.2r/s, and Ԑ9,0=19.15rad/s2.
The analysis and calculations should be carried out for the
other DE1, DE2, DE3, DE4 gears and for the reverse gear. In
the general notation, the algorithm for generating the optimal
number of teeth is presented in Figure 10.
www.etasr.com

Fig. 9.
The process of finding the optimal number for group III.
Calculated number of teeth n=27.

Deptuła: Application of the Dependency Graph Method in the Analysis of Automatic Transmission …

Engineering, Technology & Applied Science Research

Vol. 11, No. 2, 2021, 7033-7040

7039

REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

Fig. 10. Flowchart of the general optimization algorithm of a transmission
system with selection of the appropriate number of teeth.

VI. CONCLUSION
The graph-based methods of analysis and synthesis of
planetary gears provide an alternative for the accomplishing of
the tasks in question. The automatic transmission presented in
this article was modeled with the use of signal flow graphs.
Due to the use of the new modeling method, there is a need to
analyze the technical risk of such a solution. An element
necessary in the risk assessment process is to take into account
the requirements of the engineering design methodology. In
this regard, it is worth choosing a design methodology that
meets the following criteria:

[9]

[10]

[11]

[12]

[13]

• Completeness of technical criteria.
• Adequacy of the set of parameters describing the designed
object.
The criteria formulated for assessment should be synthetic
because this increases the objectivity of assessment of a given
solution. Designing facilities involves increasing efficiency (to
some extent) while reducing the efficiency of another team.
Determining effectiveness consists in comparing the effects of
a given measure with its expenditure. Particularly in this
respect, it should be ensured that the risk of the adopted
boundary standards in the scope of e.g. costs is not exceeded.
The current article presents the application of dependency
graphs to determine the optimal number of gear teeth for an
automatic transmission. Each gearbox (automatic or manual
planetary gear) can be additionally modeled with Hsu graphs
[36].
www.etasr.com

[14]

[15]

[16]

[17]

[18]

K. S. Belkhir, "Intelligent Maximum Power Tracking Control For a
Wind Energy System Based on Magnetic Gear Generator," Engineering,
Technology & Applied Science Research, vol. 9, no. 4, pp. 4329–4333,
Aug. 2019, https://doi.org/10.48084/etasr.2851.
F. Buchsbaum and F. Freudenstein, "Synthesis of kinematic structure of
geared kinematic chains and other mechanisms," Journal of
Mechanisms, vol. 5, no. 3, pp. 357–392, Sep. 1970, https://doi.org/10.
1016/0022-2569(70)90068-6.
W. J. Sohn and F. Freudenstein, "An Application of Dual Graphs to the
Automatic Generation of the Kinematic Structures of Mechanisms,"
Journal of Mechanisms, Transmissions, and Automation in Design, vol.
108, no. 3, pp. 392–398, Sep. 1986, https://doi.org/10.1115/1.3258745.
F. R. E. Crossley, "The Permutations of Kinematic Chains of Eight
Member or Less from the Graph-Theoretic Viewpoint," Developments in
Theoretical and Applied Mechanisms, vol. 2, pp. 467–486, 1965.
F. Freudenstein, "An Application of Boolean Algebra to the Motion of
Epicyclic Drives," Journal of Engineering for Industry, vol. 93, no. 1,
pp. 176–182, Feb. 1971, https://doi.org/10.1115/1.3427871.
A. Deptuła and M. A. Partyka, "Application of dependence graphs and
game trees for decision decomposition for machine systems," Journal of
Automation Mobile Robotics and Intelligent Systems, vol. 5, no. 4, pp.
17–26, 2011.
C. A. Nelson and R. J. Cipra, "Simplified Kinematic Analysis of Bevel
Epicyclic Gear Trains With Application to Power-Flow and Efficiency
Analyses," Journal of Mechanical Design, vol. 127, no. 2, pp. 278–286,
Mar. 2005, https://doi.org/10.1115/1.1814392.
X. Yu, J. Zhang, C. Fan, and S. Chen, "Stability analysis of governorturbine-hydraulic system by state space method and graph theory,"
Energy, vol. 114, pp. 613–622, Nov. 2016, https://doi.org/10.1016/
j.energy.2016.07.164.
N. F. Timerbaev, A. R. Sadrtdinov, and R. G. Safin, "Software Systems
Application for Shafts Strength Analysis in Mechanical Engineering,"
Procedia Engineering, vol. 206, pp. 1376–1381, Jan. 2017,
https://doi.org/10.1016/j.proeng.2017.10.648.
J. Xu et al., "The Construction of Design Science Knowledge Graphs Based on National Natural Science Foundation of China," Proceedings
of the Design Society: International Conference on Engineering Design,
vol. 1, no. 1, pp. 2607–2616, Jul. 2019, https://doi.org/10.1017/
dsi.2019.267.
G. Chatterjee and L.-W. Tsai, "Enumeration of Epicyclic-Type
Automatic Transmission Gear Trains," SAE Transactions, vol. 103, pp.
1415–1426, 1994.
G. Gururaj and K. S. Gowri, "Performance Optimization of an eCAR by
Parametric Analysis," Engineering, Technology & Applied Science
Research, vol. 9, no. 6, pp. 4968–4973, Dec. 2019, https://doi.org/
10.48084/etasr.3139.
A. Y. Al-Rawashdeh, "Investigation of an Induction Wound Rotor
Motor to Work as a Synchronous Generator," Engineering, Technology
& Applied Science Research, vol. 9, no. 2, pp. 4071–4074, Apr. 2019,
https://doi.org/10.48084/etasr.2606.
G. Kron, "Generalized Theory of Electrical Machinery," Transactions of
the American Institute of Electrical Engineers, vol. 49, no. 2, pp. 666–
683, Apr. 1930, https://doi.org/10.1109/T-AIEE.1930.5055554.
J. Wojnarowski, "The graph method of determining the loads in complex
gear trains," Mechanism and Machine Theory, vol. 11, no. 2, pp. 103–
121, Jan. 1976, https://doi.org/10.1016/0094-114X(76)90003-3.
D. J. Sanger, "The determination of power flow in multiple-path
transmission systems," Mechanism and Machine Theory, vol. 7, no. 1,
pp. 103–109, Mar. 1972, https://doi.org/10.1016/0094-114X(72)900201.
F. Freudenstein and L. Dobrjanskyj, "On a theory for the type synthesis
of mechanisms," in Applied Mechanics, H. Gortler, Ed. Berlin,
Heidelberg: Springer, 1966, pp. 420–428.
L.-W. Tsai and C.-C. Lin, "The Creation of Nonfractionated, TwoDegree-of-Freedom Epicyclic Gear Trains," Journal of Mechanisms,

Deptuła: Application of the Dependency Graph Method in the Analysis of Automatic Transmission …

Engineering, Technology & Applied Science Research

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Vol. 11, No. 2, 2021, 7033-7040

7040

Transmissions, and Automation in Design, vol. 111, no. 4, pp. 524–529,
Dec. 1989, https://doi.org/10.1115/1.3259033.
C. –H. Hsu, "Graph notation and kinematic equations of motion of
planetary differential gear trains," International Journal of Vehicle
Design, vol. 13, no. 3, pp. 233–241, Jan. 1992, https://doi.org/
10.1504/IJVD.1992.061725.
H.-S. Yan and Y.-T. Chiu, "An algorithm for the construction of
generalized kinematic chains," Mechanism and Machine Theory, vol. 62,
pp. 75–98, Apr. 2013, https://doi.org/10.1016/j.mechmachtheory.
2012.11.005.
D. B. Marghitu, Kinematic Chains and Machine Components Design,
1st edition. Amsterdam, Boston: Academic Press, 2005.
A. Deptuła, J. Drewniak, and M. A. Partyka, "Application of
Dependence Graphs and Game Trees in Analysis of a Planetary Gear
Modeled With a Contour Graph," Machine Dynamics Research, vol. 41,
no. 3, pp. 105–114, 2017.
D. Gibson and S. Kramer, "Symbolic Notation and Kinematic Equations
of Motion of the Twenty-Two Basic Spur Planetary Gear Trains,"
Journal of Mechanisms, Transmissions, and Automation in Design, vol.
106, no. 3, pp. 333–340, Sep. 1984, https://doi.org/10.1115/1.3267416.
J. M. del Castillo, "Enumeration of 1-DOF Planetary Gear Train Graphs
Based on Functional Constraints," Journal of Mechanical Design, vol.
124, no. 4, pp. 723–732, Nov. 2002, https://doi.org/10.1115/1.1514663.
A. C. Rao and P. B. Deshmukh, "Computer aided structural synthesis of
planar kinematic chains obviating the test for isomorphism," Mechanism
and Machine Theory, vol. 36, no. 4, pp. 489–506, Apr. 2001,
https://doi.org/10.1016/S0094-114X(00)00030-6.
H. Ding, Z. Huang, and Y. Cao, "The topological graphs creation
automatically of kinematic chains and atlas database establishment,"
Journal of Mechanical Engineering, vol. 42, no. 4, pp. 32–36, 2006.
J. Wojnarowski, J. Kopec, and S. Zawislak, "Gears and graphs," Journal
of Theoretical and Applied Mechanics, vol. 44, no. 1, pp. 139–162,
2006.
M.-C. Tsai, C.-C. Huang, and B.-J. Lin, "Kinematic Analysis of
Planetary Gear Systems Using Block Diagrams," Journal of Mechanical
Design, vol. 132, May 2010, Art. no. 065001, https://doi.org/
10.1115/1.4001598.
J. Drewniak, S. Zawislak, and A. Wieczorek, "Analysis method of
automatic planetary transmission kinematics," Scientific Journal of
Silesian University of Technology-Series Transport, vol. 83, pp. 65–71,
2014.
A. Deptula, J. Drewniak, and M. A. Partyka, "Selection of the Optimal
Number of Teeth for a Biplanetary Bevel Gear Based on Discrete
Optimization," Machine Dynamics Research, vol. 42, no. 3, pp. 55–66,
2018.
L. P. Laus, H. Simas, and D. Martins, "Efficiency of gear trains
determined using graph and screw theories," Mechanism and Machine
Theory, vol. 52, pp. 296–325, Jun. 2012, https://doi.org/10.1016/
j.mechmachtheory.2012.01.011.
J. R. Goma Ayats, U. Diego-Ayala, J. Minguella Canela, F. Fenollosa,
and J. Vivancos, "Hypergraphs for the analysis of complex mechanisms
comprising planetary gear trains and other variable or fixed
transmissions," Mechanism and Machine Theory, vol. 51, pp. 217–229,
May 2012, https://doi.org/10.1016/j.mechmachtheory.2011.07.011.
W. Yang, H. Ding, B. Zi, and D. Zhang, "New Graph Representation for
Planetary Gear Trains," Journal of Mechanical Design, vol. 140, Nov.
2017, Art. no. 012303, https://doi.org/10.1115/1.4038303.
A. Deptula, Application of graphic decision structures in the design and
management methodology. Opole, Poland: Publishing House of the
Opole University of Technology, 2020.
M. S. Pishvaee and M. Rabbani, "A graph theoretic-based heuristic
algorithm for responsive supply chain network design with direct and
indirect shipment," Advances in Engineering Software, vol. 42, no. 3, pp.
57–63, Mar. 2011, https://doi.org/10.1016/j.advengsoft.2010.11.001.
C.-H. Hsu, "An Analytic Methodology for the Kinematic Synthesis of
Epicyclic Gear Mechanisms," Journal of Mechanical Design, vol. 124,
no. 3, pp. 574–576, Aug. 2002, https://doi.org/10.1115/1.1485094.

www.etasr.com

Deptuła: Application of the Dependency Graph Method in the Analysis of Automatic Transmission …

Engineering, Technology & Applied Science Research

Vol. 11, No. 2, 2021, 7041-7046

7041

The Effect of Sisal Juice Extract Admixture on
Compressive and Flexural Strength of Cement
Concrete
Michael O. Eloget
SMARTEC, Jomo Kenyatta University of Agriculture
and Technology

Silvester O. Abuodha
Department of Civil Engineering
University of Nairobi
Nairobi, Kenya
sochieng@yahoo.com

Nairobi, Kenya
miklate2@gmail.com

Mathew M. O. Winja
Department of Civil Engineering
Jomo Kenyatta University of Agriculture and Technology
Nairobi, Kenya
mathewwinja@yahoo.com

Abstract-The characteristics of concrete are influenced by the
ratio of water to cementitious materials (w/c) used in the mixture.
An increase in paste quality will yield higher compressive and
flexural strength, lower permeability, increased resistance to
weathering, improve the bond between concrete and
reinforcement, reduced volume change from drying and wetting,
and reduced shrinkage cracking tendencies. Admixtures are used
to improve the properties of concrete or mortar. The current
study investigates the effect of Sisal Juice Extract (SJE) as an
admixture on concrete durability. SJE contains unrefined
minerals which can be used as organic retarders to increase the
rate of strength development at an early age. A total of 84
concrete cubes were produced in 7 sets of 12 samples each. One
set was the control mix which had zero SJE content. The
remaining sets had varying dosages of SJ namely 5%, 10%, 15%,
20%, 25%, and 30%. Twelve beam specimens were also cast and
subjected to the three-point flexural test. To establish the effect
on strength of concrete, compressive strength was tested at 7, 14,
28, and 56 days while flexural strength was tested at 28 days. The
highest compressive strength was achieved at 5% dosage beyond
which a decrease in strength occurred for all the higher dosages.
Keywords-sisal juice extract; compressive strength; flexural
strength

I.

INTRODUCTION

Concrete is one of the most commonly used construction
materials [1]. The production of concrete is achieved by mixing
predetermined proportions of cement and aggregates with
water to form a plastic material which transforms to a hard
strong and load bearing material when dried [2]. The hardening
of concrete is attained through hydration which is an
exothermic reaction between cement and water. The addition of
water to concrete during mixing enables hydration to take place

while the excess quantity forms a slurry with the cement which
coats the aggregates in the mix, lubricating them and allowing
easy movement during compaction [3]. The first stage of
hydration that leads to stiffening is caused by the reaction
between water and a chemical constituent of cement called
tricalcium silicate (C3S) [4]. The time taken for concrete to
harden after the addition of water to the cement–aggregate mix
is referred to as setting time. The last stage occurs over a longer
period, called final setting time, and is caused by the reaction
of water with calcium silicate (C2S). It is during this stage that
hardening occurs, as a result of the exothermic nature of
hydration. The higher the rate of hydration is, the higher the
rate of both heat generation and strength development [5-7].
The expansion and contraction of the hardened concrete are
associated with the generated heat which causes stresses that
lead to microscopic cracks within the concrete structure. This
phenomenon causes problems when constructing large concrete
structural members such as piers, dams and bridges and
generally when concreting structures in hot climates [8, 9]. In
order to slow both the rate of hydration and the generation of
heat and strength development, admixture materials called
retarders may be used as they have the effect of delaying the
initial setting time of concrete thereby providing enough time
for concrete operations [10, 11]. Retarding admixtures reduce
the rate of hydration by blocking cement from reacting with
water [12-15]. This happens because the retarding admixtures
are mainly based on materials having lignosulfonic acids and
their salts, hydroxyl-carboxylic acids and their salts, sugars
including their derivatives, inorganic salts such as borates
phosphates, and zinc and lead salts. [7, 16-19]. Admixtures
come in various forms and are usually imported and expensive
to acquire, hence cheaper admixture materials need to be
established from locally available sources [20, 21]. The ability
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of retarders to reduce the rate of heat generation and strength
development when concreting large structural members also
helps to prevent the occurrence of capillary cracks that
compromise the durability of concrete structures [22].
In [23], the effects of sugar on the setting time of cement
and the compressive strength of concrete were investigated. In
all curing periods the compressive strength was found
minimum for concrete with 0.3% sugar and maximum for
concrete with 0.08% sugar. Only in 0.3% sugar, the
compressive strength was found less than the strength found for
concrete with 0% sugar. The compressive strengths of all the
other sugar percentages were found increased in comparison
with plain concrete's. The authors concluded that the concrete
compressive strength was maximum for 0.08% sugar in all
curing periods among the sugar percentages used. Authors in
[24] evaluated the effect of sugar on the compressive strength
of concrete. Ordinary Portland Cement-OPC (ACC cement) of
43 grades was used for the cube casting. The cubes having
sugar dosages of 0%, 0.06%, 0.08% by weight of cement were
cast and the compressive strength of cubes for 7, 21, and 28
days were tested. It was observed that the setting time and
workability of concrete increased with the increase in sugar
dosage and that there was an increase in the compressive
strength of about 16.02% at 28 days compared to ordinary
concrete [24]. Authors in [25] studied the effect of sugar on
strength and durability of HVFAC concrete with similar
results. It was observed that the addition of sugar increased the
workability and compressive strength of concrete.
Waste materials can be used to produce new products or
can be used as admixtures so that natural resources are used
more efficiently and the environment is protected from waste
deposits [26]. Kenya, like many other countries, grows sisal in
large quantities for extraction of fiber but the remains after
extraction are not fully utilized. The objective of this paper is to
study the potential of utilizing SJE that is generated from sisal
waste as an economical admixture. Statistical assessment on
compressive strength, flexural strength, and setting time has
been conducted in order to investigate the effectiveness of SJE
as an admixture. In addition, the utilization of the sisal waste
will address the environmental pollution by making good use
of sisal fiber waste material
II. MATERIALS AND METHODS
A. Materials
1) Cement
OPC class 53 conforming to KEBS SRN 103 was used in
the production of the concrete for all mixes.
2) Fine and Coarse Aggregates
Natural river sand obtained from local suppliers was used
as fine aggregates. Coarse aggregates originated from crushed
stone type of nominal size of 10/20 mm. Their properties can
be seen in Table I.
3) Sisal Juice
The SJ used for the experiment was obtained from sisal
leaves harvested from a local single plantation to ensure the use
of a single species. The juice was extracted by squeezing the
www.etasr.com
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leaves in a cleaned improvised machine that allowed collection
in a container.
TABLE I.

PROPERTIES OF FINE AND COARSE AGGREGATES

Properties
Fineness modulus
Silt content
Specific gravity
Water absorption (%)

River sand
2.70
0.5
2.48
2.1

Coarse aggregates
4.82
2.50
3.10

4) Water
Water conforming to the requirements for concreting and
curing as per IS: 456-20009 was used.
B. Test Methods
The preparation of specimens was done by measuring the
required proportions of fine and coarse aggregates and cement
and thereafter mixing was done in dry state before the addition
of water and SJ. Water was mixed with different dosages of SJ
before addition to the concrete mix. A homogenous mix was
achieved through thorough mixing of the concrete ingredients.
Two concrete mixes were produced. Mix "A" was produced
without any addition of SJE while mix "B" had different
dosages of SJE. Batched concrete mixes were prepared by
replacement of 5%, 10%, 15%, 20%, 25% and 30% water with
SJE in six sets as shown in Table II.
TABLE II.

DETAILS OF MIX PROPORTIONS CLASS 25 CONCRETE

Mix A
(OPC)
1
Mix Set
0
Dosage (%)

2
5

TABLE III.

Mix A
Mix B

3
10

Mix B
(OPC + SJ)
4
5
15
20

6
25

7
30

CONCRETE SPECIMEN DETAILS

No. of cubes
(specimen size:
(150×150×150mm)
12
72

No. of beams
(specimen size:
(150×150×530mm)
2
10

1) Sisal Juice PH Test
The PH value of the fresh SJ was tested in the laboratory
using the universal PH scale. SJE was subjected to chemical
analysis using XRF technology (X-Ray Florescence spectra
analysis).
2) Compressive Strength Test
Concrete specimens were compacted into a detachable
mould with dimensions of 150×150×150mm. The specimens
were demoulded after 24 hours and were immersed in water to
cure. A total of 84 cubes were cast, and they were cured for 7,
14, 28, and 56 days. Compressive strength tests were
conducted after the respective curing days. A compression
machine was used in the laboratory, in accordance with BS EN
12390.
3) Flexural Strength Test
The test was carried out to determine the strength of
concrete according to BS EN: 12390-5: 2009. The specimens
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for various SJ dosages were prepared and cast in moulds
measuring 150×150×530mm and were cured for 28 days. A
total of 12 beams were tested using the three point flexural test
method. The beam specimens were placed between two
supports in the universal testing machine and load was applied
at the center until failure occurred.
4) Setting Time of Cement Mortar
The setting time of cement mortar made with replacement
of water with SJ by 0%, 5%, 10%, 15%, 20%, 25% and 30%
were obtained in accordance with BS EN 196-3:1995.
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highest compressive strength while 30% SJE gained the least
strength at all ages. In Figure 2, the compressive strength
difference between the control mix and 5% SJ dosage is 4.32%.
The results show that there is a low rate of decrease in strength
between 10% and 15% of SJ dosage but beyond 15% to 25%
SJ, the rate increases. This result is in line with the results
demonstrated in [23].

III. RESULTS AND DISCUSSION
A. Chemical Analysis of Sisal Juice Extract
The fresh SJE was subjected to a litmus test giving a PH of
5, which is acidic. The decrease in compressive strength of
concrete cubes with increase in the quantity of SJE was caused
by the fact that the components of concrete break down during
contact with acid [18]. From the results in Table IV, it can be
noted that the content of calcium oxide (CaO) is the most
predominant element at 35% followed closely by potassium
oxide (K2O). These two ingredients are also found in gypsum
which is a mineral used for retarding the setting of cement
during manufacture. Other elements found in both gypsum and
SJE include magnesium oxide (MgO) and sulphur (S) [27, 28].
TABLE IV.

Fig. 1.

Strength of concrete at different ages.

CHEMICAL COMPOSITION OF SISAL JUICE

Element
Calcium oxide (CaO)
Potassium oxide (K2O)
Magnesium oxide (MgO)
Aluminum oxide (AL2O 3)
Silicon dioxide (SiO2)
Iron (Fe)
Sulphur (S)
Phosphorous pentoxide (P2O 5)
Chlorine (Cl)
Zinc (Zn)
Manganese (Mn
Titanium (Ti)
Strontium(Sr)

Percentage by Weight (%)
35.88
32.40
13.74
4.19
4.08
3.55
2.95
1.48
1.00
0.62
0.38
0.23
0.11

Fig. 2.

Effects of SJ dosage on concrete's strength.

C. Flexural Strength Test
The test was conducted in accordance with BS EN
12390:2009 by using the three point load system. Beams, with
a size of 150×150×550mm were used (Figure 3).

B. Effects of SJE on Compressive Strength
TABLE V.

Days

7
14
28
56

0%
17.02
22.10
25.00
28.90

EFFECT OF SISAL JUICE ON COMPRESSIVE STRENGTH

Mean strength (N/mm)
Percentage
5%
10%
15%
20%
20.18 16.74 15.63 11.86
24.87 20.85 19.55 17.29
26.08 21.97 22.79 20.27
30.47 25.03 23.38 21.21

25%
12.43
14.97
18.07
19.53

30%
9.76
11.92
17.96
18.69

The test results in Table V indicate an increase in strength
between control and cement with 5% of SJ but beyond 5%, the
strength decreased steadily. The steady decrease in
compressive strength can be attributed to the fact that SJE is
acidic and an increase of SJE breaks down the components of
concrete during contact as shown in [18]. The results in Figure
1 point out a strength gain trend with 5% dosage attracting the
www.etasr.com

Fig. 3.

Three point load system.

The results for flexural strength of SJE concrete are plotted
against various percentages of SJE dosage. In Figure 4, it can
be seen that when SJE dosage is increased, a significant
increase in flexural strength is obtained. The predominant
increase in flexural strength is found at 20% SJE dosage. The
percentage of increase in flexural strength is 18% compared to
control concrete. There was a slight decrease in flexural
strength at 25% and 30% dosage.
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TABLE VI.
SJ
dosage
0%
5%
10%
15%
20%
25%
30%

S/No
Specimen 1
Specimen 2
Specimen 1
Specimen 2
Specimen 1
Specimen 2
Specimen 1
Specimen 2
Specimen 1
Specimen 2
Specimen 1
Specimen 2
Specimen 1
Specimen 2

TABLE VII.

FLEXURAL STRENGTH TEST RESULTS

Load
(N)
32.21
32.40
33.00
33.00
33.75
34.88
36.00
36.75
39.98
36.98
37.95
36.00
31.50
36.00

Flexural strength
(N/mm2)
4.29
4.32
4.40
4.40
4.50
4.65
4.80
4.90
5.33
4.93
5.06
4.80
4.20
4.80
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Avg.

FLEXURAL AND COMPRESSIVE STRENGTH COMPARISON
AT 28 DAYS

Sisal dosage
(%)
0
5
10
15
20
25
30

4.3
4.4
4.6
4.9

7044

Flexural strength
(N/mm 2)
4.3
4.4
4.6
4.9
5.1
4.9
4.5

Compressive strength
(N/mm2)
25.00
26.08
21.97
22.79
20.27
18.07
17.96

5.1
4.9
4.5

Fig. 6.
Comparison between flexural and compressive strength at different
sisal dosages.

Flexural strength must be between 10 to 20% of
compressive strength depending on the type, size and volume
of coarse aggregates used, see Table VIII.
Fig. 4.

TABLE VIII.

Flexural strength of concrete at different SJ dosages.

The outcomes demonstrated that beam flexural
performance increased rapidly by the addition of SJ, up to 20%
and then it decreased slightly which is in line with results
presented in [29]. Furthermore, diagonal cracks were observed
on all the beams, including the control. Ultimate collapse
occurred by concrete crushing within the compression zone for
all the beams.

Sisal
dosage
(%)
0
5
10
15
20
25
30

Flexural
strength
(N/mm 2)
4.3
4.4
4.6
4.9
5.1
4.9
4.5

ACCEPTABLE RAN GE OF FLEXURAL STRENGTH

Compressive
Acceptable
strength
range of flexural
2
(N/mm )
strength
25.00
2.2 to 4.4
26.08
2.6 to 5.2
21.97
2.3 to 4.4
22.79
2.3 to 4.6
20.27
2.0 to 4.1
18.07
1.8 to 3.6
17.96
1.8 to 3.6

Remarks on the
range of flexural
strength
Acceptable
Acceptable
Unacceptable
Unacceptable
Unacceptable
Unacceptable
Unacceptable

High flexural strength is essential for stress-bearing
restorations, when high pressure/stress is exerted on the
material or restoration. From Table VIII, an increase of about
4.32% in compressive strength is witnessed and a significant
improvement in flexural toughness is observed in the case of
replacing water by 5% SJE. The flexural strength of 4.4N/mm2
falls within the required range of 10% to 20% of compressive
strength. The appropriate SJ dosage for the production of SJE
concrete was found to be 5%. The water replacement by SJE
enhanced the flexural strength compared to control mix.

Fig. 5.

Ultimate collapse of a concrete beam.

D. Comparison between Flexural and Compressive Strength
Table VI shows the relationship between the flexural and
the compressive strength of concrete with SJE.
www.etasr.com

E. Effects of SJE on Setting Time
Figure 7 shows that both the initial setting time and the
final setting time increased at an average of 14% and 23%
respectively with increase in SJ dosage. According to Table IX,
the initial setting time of the cement paste increased with
increase in SJ dosage when compared to the reference value.
The final setting time also increased exponentially with
increase in replacement of water by SJE. This can be attributed
to the adsorption of the retarding SJ on the surface of cement

Eloget et al.: The Effect of Sisal Juice Extract Admixture on Compressive and Flexural Strength of …

Engineering, Technology & Applied Science Research

particles, forming a protective skin which slows down the
process of hydration hence the reason why there is a steady rise
of setting time. The layer of retarding admixture around the
cement particles acts as a diffusion barrier. Due to this
diffusion barrier, it becomes difficult for the water molecules to
reach the surface of the un-hydrated cement grains and hence
the hydration slows down, and the dormant period (period of
relatively inactivity) is lengthened and thus the paste remains
plastic for a longer time.
TABLE IX.

INITIAL AND FINAL SETTING TIMES OF CEMENT MORTAR
WITH VARYING DOSAGES OF SISAL JUICE EXTRACT

SJE dosage Initial setting
(%)
time (min)
0
179
5
214
10
234
15
237
20
242
25
265
30
372

Percentage
increase (%)
20
31
32
35
48
107

Final setting
time (tin)
334
467
521
620
893
1767
1840
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It is hereby suggested that further work on SJE should be
carried out at controlled conditions. It is also recommended that
prior to the acceptance of SJE as a retarder, the properties of
different species of sisal leaves need to be studied.
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Abstract-Unmanned Aerial Vehicles (UAVs) are increasingly
used in forestry as they are economical and flexible. This study
aims to present the advantages of the drone photogrammetry
method in collecting individual tree crowns, as individual tree
crown detection could deliver essential ecological and economic
information. The referred accuracy for individual tree crown
extraction is 79.2%. Only crowns that were clearly visible were
selected and manually delineated on the image because the
distribution of the true crown size is significantly different from
the segmented crowns. The aim of this study is to investigate
UAVs orthomosaics in individual tree crown detection. The
objectives of this study are to produce the orthomosaic of tree
crown extraction mapping using the Pix4D software and analyze
the tree crowns using tree crown delineation and the OBIA
algorithm. Data processing involves the processing of aerial
images using Pix4Dmapper. Automatic tree crown detection
involves a tree crown delineation algorithm and OBIA operations
to process the tree crown extraction. The crown delineation
algorithm and OBIA algorithm operation will be compared to the
actual tree crown measurement in terms of diameter and area.
The tree crown delineation method obtained a 0.347m mean
diameter difference from the actual tree crown diameter, while
the OBIA approach obtained 4.98m. The tree crown delineation
method obtained 97.26% of the actual tree crown area, while
OBIA obtained 91.74%.
Keywords-orthomosaic; unmanned aerial vehicle; digital
surface model; digital terrain model; tree crown

I.
INTRODUCTION
Individual tree crown extraction parameters deliver
essential ecological and economic information to decision
makers [1]. The accurate extraction of the tree crown is a

necessary precondition to derive tree position and dimensions
such as height, width, and volume. A tree crown is a distinct
object with a strong spectral variability [5, 6]. Tree crown can
be defined as the top part of the tree which features branches
that grow out from the main trunk and support the whole
leaves. Tree crown is essential as it strongly links with other
tree parameters that are used to estimate the growing stock [2].
Tree crowns can be divided into four classes, namely dominant,
codominant, intermediate, and overtopped. Dominant crowns
extend above the general level of the canopy. They are the
largest and fullest crowns in the stand as they receive full light
from above and some light from the sides [3]. Codominant
crowns make up the general level of the canopy [4]. They are
shorter than the dominant crowns and they receive direct light
from above but little or no light from the sides. Intermediate
crowns occupy a subordinate position in the canopy. They are
narrow in position and shorter than dominant and codominant
crowns. They receive some direct light from above but no light
from the sides. Overtopped crowns are below the general level
of the canopy.
This study presents the advantages of the drone
photogrammetry method in collecting individual tree crowns.
Unmanned Aerial Vehicles (UAVs) have been increasingly
used in forestry as they are economical and flexible. A UAV
can be defined as an aircraft that can navigate without a human
pilot on board or can fly autonomously through softwarecontrolled flight plans. To take measurements from
photographs, a camera is mounted on the UAV and pointed
vertically towards the ground. The output of UAV
photogrammetry is typically a map or 3D model of a real-world
object [7]. Many products can be extracted by aerial imagery,
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including surface models, orthophotos, 3D building models,
contour maps, and volumetric surveys [8]. A drone-based
technique for topographic analysis has better accuracy than
satellite remote sensing, which has limited resolution and
quality depending on various factors, resulting in
discontinuities in obtaining correct land information. UAVderived photogrammetric data are relatively more sensitive,
cheaper, and more productive than data from other platforms
such as airborne LIDAR systems [9].
Orthomosaic mapping has been used in many commercial
sectors such as surveying, mining, construction, and agriculture
for its precise measurement and calculations [10, 11].
Orthomosaics are very useful for analyzing the features of a
large plot or area of land. An orthomosaic can be divided into
two parts, i.e. ortho and mosaic. Ortho is defined as
straightening and mosaic is defined as piecing things together
[12, 13]. The orthomosaic allows the drones to take many
photos from above and stitch these images together into a
single scene. To stitch these images together, every photograph
must be ortho- and geo-rectified in terms of lens distortion,
camera tilt perspective, etc. In other words, an orthomosaic can
be defined as an aerial image of an area that is composed of
multiple photographs stitched together using photogrammetry,
which has been scaled and geographically corrected for
accuracy [14, 15]. Generally, orthomosaic derives a much
bigger resolution and detail compared to satellite imagery. The
automatic individual tree crown delineation in a highly diverse
tropical forest using WorldView22 satellite is presented in [16,
17]. The method works in successive steps that involve preprocessing, selection of forested pixels, enhancement of
borders, detection of pixels in the crown’s borders, correction
of shade in large trees, and finally, segmentation of the tree
crowns. These methods are done in hierarchical stages to
produce accurate individual tree crown delineation. The
reported accuracy in individual tree crown extraction is 79.2%.
Only crowns that are clearly visible are selected and manually
delineated on the image. Authors in [18, 19] identified false
positives and false negatives of tree crown extraction. False
positives identified a crown where there was no crown, and
false negatives did not identify a crown where there was a true
crown. This situation happened as the true crown size
distribution was significantly different from the segmented
crowns. This approach overestimated the size of small crowns,
when it was less than 5m.
In the current study, the UAV-based photogrammetric
approach is used in individual tree crown extraction as aerial
photos have proved useful in the efficient conservation and
management of forest inventory. A drone-based approach can
provide a more accurate result compared to satellite images.
The image quality in terms of spectral and radiometric
resolution can help produce tree crown inspection more
accurately. The aim of this study is to investigate UAV
orthomosaic in individual tree crown detection.
II.

7048

is the initial exploration of tree crown extraction that involves
review and research. A preliminary study involves designing
the problem statement, aims, and objectives. Data collection
involves the fieldwork observation to extract the tree crown.
After data collection, the data will be processed using the
necessary software, then, the results are analyzed to determine
the accuracy of the outcome. Figure 1 illustrates the workflow
of this study in detail.

Fig. 1.

Research methodology.

The study area is located in Fasa 1b Seri Manjung, Perak,
Malaysia. The coordinates of the survey area are 4°12'12.14"N
and 100°40'21.41"E. The study area covers 54.6243 acres. The
selection of the study area focused on the area that contains
trees. The types of trees in the study area were not a concern as
tree crown detection can be done on any kind of tree.
A. Flight Planning

MATERIALS AND METHODS

The objectives of this study are to detect tree crowns using
a crown delineation algorithm and analyze the individual tree
crown result with the actual tree crown. The preliminary study
www.etasr.com
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Flight route planning in Altizure.
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For flight planning, altitude, overlap, and side lap should be
considered. The altitude in this flight planning was 120m. The
overlap was 70%, with a side lap of approximately 50%. The
software used in designing the flight plan during data collection
is Altizure. The application automatically generates the fly
paths over the study area. The capturing of data is designed for
generating a 2D orthomosaic as it captures vertical photographs
(Figure 2).
B. Image Processing
In Pix4Dmapper, the initial processing includes computing
keypoints on the images. The keypoints will then be used to
find matches between the images. This initial processing also
allows the software to run an automatic aerial triangulation and
bundle block adjustment. After that, point cloud and mesh take
place. This processing option allows the setting of parameters
for point cloud densification. The image scale was set to half
image size, and multiscale was checked to compute additional
3D points on multiple image scales. The point density chosen
was "optimal". For the minimum number of matches, the
default value "3" was chosen to allow each 3D point to
correctly re-project at least three images. The final process is
the Digital Surface Model (DSM), the orthomosaic, and the
index operation. The processing options allow changes of the
desired outputs for DSM and orthomosaic generation to be
made. For this step, DSM and orthomosaics are automatically
generated. Canopy Height Model (CHM) represents the height
between the ground and the top of the object above the ground.
The CHM is used for automatic tree crown detection. The
CHM is generated by subtracting the DTM from the DSM.
C. Tree Crown Delineation Algorithm
The tree crown delineation algorithm was implemented on
ArcMap software. The tools involved in the automatic tree
crown detection processing are the focal statistics tool, the
raster calculator, the slope tool, and the export polygon
operation. To generate local maxima, the focal statistics tool
should be used first. The focal statistics tool performs a
neighborhood process that calculates an output raster where the
value for each output cell is a function of the values of all the
input cells that are in a specified neighborhood around that
location. In the window, CHM was the input raster. The
neighborhood chosen had a "rectangle" shape, with a
neighborhood setting of 3×3 (height×width). The option
selected for statistic type was "mean". Local maxima are
individual pixels that represent high surfaces. To compute local
maxima, focal statistics were needed. The local maxima
operation was operated using a raster calculator. The slope
operation allows the creation of a tree crown outline. This
operation involves CHM as the input raster. The extracted tree
crown will then be converted to polygon.
D. Object-Based Image Analysis Algorithm Technique
Object-Based Image Analysis (OBIA) is the most accurate
relevant technique. OBIA produces higher accuracy than pixelto-pixel analysis. The OBIA technique used in this research is
multiresolution segmentation. The segmented orthomosaic was
then used for thresholding features indices and classification in
order to detect tree crowns. This algorithm allowed the
identification of one pixel size for single image objects. It also
www.etasr.com
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merged them with neighboring pixels based on relative
homogeneity. For this research, multiresolution segmentation
was performed against red, green, blue, and near-infra-red
bands. The scale parameter was set to 90 and the image layer
weight for near-infra-red was set to 2. For shape and
compactness, the value was set at 0.3 and 0.7 respectively. The
thresholding features indices used were NDVI and NPV. NDVI
threshold was performed for tree detection, while NPV
threshold was performed for non-tree detection. The arithmetic
threshold for NDVI involved the near-infra-red and red bands,
while NPV involved green and blue bands. Reclassification of
tree and non-tree indices was performed next. Classification
was performed to discriminate tree from non-tree features. The
classification was performed using the assign class tool. For
tree classification, the condition of thresholding was set at
NDVI>0.08 for tree and NPV>0 and for non-tree.
III. RESULTS AND DISCUSSION
Aerial image processing was conducted to generate the
orthomosaic. The orthomosaic generation was conducted with
the Pix4D software. There were three main processing stages,
namely initial processing, point cloud and mesh, and DSM,
orthomosaic and index. The orthomosaic was generated for
individual tree crown detection analysis. Figure 3(a) shows the
orthomosaic mapping of Fasa 1B Seri Manjung, Perak.
Orthomosaic products are free from any distortion and can be
used for true measurement [20]. Figure 3(b) shows the DSM
and Figure 3(c) shows the Digital Terrain Model (DTM) of the
study area. The DSM includes all objects like buildings, trees,
and cars to generate the earth’s surface. DTM, on the other
hand, excludes all objects on the earth’s surface and represents
the bare earth.
A. Tree Crown Delineation (TCD)
The CHM represents the height between the ground and the
top of the objects above it. Figure 4(a) shows the CHM model
on the orthomosaic. The CHM can be generated by
substracting the DTM from the DSM. In Figure 4(a), the white
cell indicates trees in the CHM model that are located along the
road. Figure 4(b) shows the output of the focal statistics
operation which was used for generating the local maxima. The
focal statistics tool performs a neighborhood process that
calculates an output raster where the value for each output cell
is a function of the values of all the input cells that are in a
specified neighborhood around that location. In Figure 4(b), the
white cell shows tree features along the road. Local maxima are
individual pixels that represent high surfaces. Local maxima
were computed to find the tree tops. The output of the local
maxima was then converted into points. Figure 4(c) shows the
local maxima output and converted points. Figure 5(a) shows
the tree crown outline after the extraction process using tree
crown delineation algorithm. The results were obtained from
the CHM model as input raster using the slope tool. The tree
crown is outlined in red. It can be seen that the outlined tree
crown is along the road side. In Figure 5(b), the left image
shows the result of tree crown extraction using slope operation.
The right image shows the tree crown outline overlays with the
orthomosaic at 40% transparency. Figure 5(c) shows the final
result for this approach on the orthomosaic. The tree crowns
can be seen in red line.
Tahar et al.: Individual Tree Crown Detection Using UAV Orthomosaic
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(a)

(a)

(b)

(b)

(c)

Fig. 4.
TCD results. (a) CHM model, (b) focal statistic, (c) converted local
maxima in points (right).

B. Object-Based Image Analysis Algorithm
Multiresolution segmentation operation could turn each
pixel segmented into single image objects. Figure 6 shows the
result of the multiresolution operation. The operation
approached the scale parameter at 90 with shape and
compactness of 0.3 and 0.7 respectively. The thresholding
feature indices involved two features indices, which are NDVI
and NPV (Figure 7(a)). NDVI indices are used for tree
detection while NPV indices are used for non-tree detection.
Both indices are computed to discriminate trees from non-trees.
The threshold of NDVI was set at >0.08 for tree detection, and
the threshold of NPV was set at >0 for non-tree detection. In
Figure 7(b), the detected trees can be seen as green lines, and
detected non-trees as red lines. From the final result, it can be
said that NDVI indices are not suitable for this process as they
detect other green areas like grass despite extracting only trees.

(c)

Fig. 3.
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(a)

Fig. 6.

The result of multiresolution segmentation.

(b)
(a)

(c)
(b)

Fig. 5.
Crown results. (a) Tree crown outline, (b) tree crown outline (left)
and tree crown outline overlay with orthomosaic (right), (c) final tree crown
delineation overlay with the orthomosaic.

The final result of the OBIA method is affected by a few
conditions. Yhe classification of tree and non-tree is affected
by the thresholding features indices, which are NDVI and NPV
(Figure 7(c)). Both thresholds are suitable as both detect
features into their own classes, which are tree and non-tree. The
scale parameter during segmentation operation also affects the
final result. The scale parameter should be set below 90 as the
scale parameter value affects the object classification.

(c)

Fig. 7.

www.etasr.com

OBIA result. (a) Thresholding, (b) reclassification, (c) final result.
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C. Accuracy Assessment
1) Diameter Assessment
Accuracy assessment operation involves analyzing the
comparison between the actual tree crown, the tree crown
delineation algorithm approach, and the OBIA algorithm
approach in terms of diameter and area. The comparison was
conducted based on ten samples. The comparison results were
then converted into a line graph. In Figure 8(a), the tree crown
delineation method shows small differences of actual tree
crown diameter compared to the OBIA approach, which shows
big differences from the actual tree crown diameter. All the 10
samples of the TCD method in red lines are closer to the actual
tree crown diameter measurement in blue lines compared to the
OBIA method in green lines.
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method. The TCD and the OBIA methods obtained the 97.25%
and the 91.74% of the tree crown area respectively. The
difference between the actual crown and the TCD is not big.
The difference between the actual crown and the OBIA method
is bigger.

(a)

(b)

Fig. 9.
Tree crown area. (a) Measurements of actual, tree crown
delineation, and OBIA, (b) comparison.
(a)

This study has almost similar results with previous relevant
studies. Authors in [21] correctly classified 95% of individual
trees, authors in [22] also successfully detect 90% of individual
trees using fuzzy system, and authors in [23] used the deep
learning approach to detect individual trees and the result of
tree detection was about 90%. Therefore, the results achieved
in this study have an improvement of about 2.25% by using the
TCD method.

(b)
Fig. 8.
Tree crown diameter. (a) Measurements of actual, tree crown
delineation, and OBIA, (b) difference between actual and tree crown
delineation and actual and OBIA.

Figure 8(b) shows the tree crown diameter comparison
between the actual tree crown with TCD method and the actual
tree crown with the OBIA method. The difference in diameter
between the actual tree crown and the TCD method had a mean
value of 0.347m over 10 tree samples, while the OBIA method
obtained a mean value of 4.98m. The difference between the
actual tree crown and TCD in purple lines is not big. The
difference between the actual crown and the OBIA method is
slightly bigger.
2) Area Assessment
Figure 9(a) shows the small differences from the actual tree
crown area compared to the OBIA approach. It can be seen that
the TCD method is close to the actual tree crown. Figure 9(b)
shows the comparison between the actual tree crown with the
TCD method and between the actual tree crown with the OBIA
www.etasr.com

IV. CONCLUSIONS
The differences between the actual crown and the TCD and
OBIA results are affected due to a few conditions in terms of
diameter and area measurements. The tree crown measurement
differences may be due to the number of overlapping images.
Based on the aerial image processing, the trees along the road
are located under less than five overlapping images. This may
affect the results of the tree crown diameter and area
measurements between the actual crown, the TCD method, and
the OBIA method. The process of an automatic tree crown that
uses two different software may also affect the final result of
both methods compared to the actual tree crown measurement.
The OBIA method result may be due to the scale parameter
value during segmentation operation.
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Abstract-This paper proposes a novel control design for a
Current-Fed Dual Active Bridge (CFDAB) converter in boost
mode. The Double PWM plus Double Phase Shifted (DPDPS)
modulation is applied to the converter due to its considerable
merits. A small-signal model is developed to control the output
voltage stably in boost mode. Simulations of the control design
for the CFDAB converter were conducted to verify the proposed
model. The results show that the system can achieve high
performance, not only in the dynamic response but also in the
steady-state.
Keywords-Current-Fed Dual Active Brigde (CFDAB)
converter; small-signal model; Double PWM plus Double Phase
Shifted (DPDPS) modulation

I.
INTRODUCTION
Nowadays, the growth in renewable power systems urges
researchers and engineers to solve the problems of managing
integrated storages and exchange powers to enhance overall
system efficiency. In order to connect the battery at low voltage
to the DC link at high voltage in a storage system, the utilized
DC/DC converter needs to have a high gain voltage factor and
an ability of bidirectional transferring power. The DC/DC
converters can be classified as isolated and non-isolated.
Between these two, the isolated DC/DC converter is highly
recommended for its high reliability. It is able to eliminate
current leakage in the system. This undesired current is the
cause of EMI, additional loss, and unsafe installation and
operation [1]. Another advantage of the isolated DC/DC
converter is that the flexible gain ratio can be obtained by using
a high frequency transformer [2, 3]. The Dual Active Bridge
(DAB) converter belongs to the isolated DC/DC type and is
well-known for its advantages of high frequency operating
ability, inherit zero voltage switching, and bidirectional power
flow [4-6]. The structure of the DAB can have modified
flexibly with different power sources [7-8]. The DAB converter
is divided into two categories: Voltage-Fed (VFDAB) and
Current-Fed (CFDAB). When using the VFDAB structure in a
variety of applications [9-11], the voltage source is directly
supplied to the converter, which produces high current ripple

and becomes large and costly. Besides, the VFDAB needs a
bulky capacitor in series-connection with the primary coil to
avoid the flux saturation of the transformer [11]. Therefore, the
CFDAB structure is used to deal with these problems, the input
interleave boost inductors in CFDAB help to decrease the
current ripple significantly, and ZVS can be achieved for all
switches over a wide range of load [9-12].
On the other hand, a small-signal model needs to be built
for the accurately controlling problem. Naturally clamped
CFDAB modeling structure has been introduced in [13, 14].
Besides, a state-space model under SPSPWM modulation for
interleaved boost CFDAB structure is mentioned in [15]. In the
current research, DPDPS modulation technique in comparison
with SPSPWM modulation [9] is applied, and a small-signal
model to regulate the output voltage is built up in boost mode.
The simulation results show the effectiveness of the proposed
method.
II.

RESEARCH METHOD

A. Operation Principles and Control Structure
1) Operation Principles
The applied structure of CFDAB converter in this research
is presented in Figure 1, which consists of 2 main parts: the
interleaved boost part and the dual active full-bridge part. In
the interleaved boost part, two DC inductors are considered as
two current sources. The inductor Ldc1 is combined with the left
leg containing the switch pair Q1, Q 1a to create the first boost
converter, while the right leg containing the Q 2, Q2a switch pair
is combined with the inductor Ldc2 to create the second boost
converter. These boost converters are 180˚ phase-shifted in
order to compose an interleaved boost part, in which the boost
voltage is kept by the clamp capacitor Cc.
On the other hand, the dual active full-bridge part consists
of two H-bridge modules in two sides of an isolated high
frequency transformer with the turn ratio of N: 1.
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Fig. 1.

Structure of the CFDAB converter.

The voltages of the clamp capacitor and the output
capacitor are assumed as the Low-Voltage Side (LVS) and
High-Voltage Side (HVS). The bidirectional transfer power
between the LVS, the HVS, and the power flow are determined
by the phase shifted angle. The AC inductor L r, which is the
sum of the primary-referred transformer leakage inductor,
which can be considered as a power link between the two sides
of the converter.
2) Modulation Strategy
Due to the high amount of switch devices and inductors, the
modulation strategy for the converter needs to be considered
before designing the control loop. To handle the voltage ratio
variation problems and to minimize the conduction loss in
power transfer stages, the PWM plus Phase Shifted (PPS) is
introduced while the duty cycle for HVS switches is equal to
50% and the duty ratio for the main LVS switches Q1, Q2 is a
variable D. However, in the non-power transfer stage of PPS,
the circulation loss is significant with high leak current spike.
An additional phase shifted in Double PWM plus Double Phase
Shifted (DPDPS) method [9], which equals to (2 D− 1) × Ts / 2 ,
is applied to eliminate the leak current spike. Figure 2
illustrates the modulation rule of the CFDAB converter, where
the phase shifted between Q 1 – Q2, Q 2 – S 1 and S 1 – S 4 are 180˚,
ϕ and ϕS respectively. The value of ϕ E determines the power
flow and direction, where ϕ E > 0 represents the operation
boost mode with power flow from LVS to HVS and vice versa.
By utilizing DPDPS modulation, 8 operation modes in one
switching period along with leakage current, the switching
LVS voltage and the transformer voltage waveform vcd are
displayed in Figure 3 [9].
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3) Control Structure
For CFDAB converter structure, the transfer power is
related to the clamp voltage Vc and the phase shifted ϕ E
between the two H-bridges. Therefore, the control structure in
boost mode has to control the voltage of the clamp capacitor
and the output capacitor simultaneously. There are two pairs of
control variables: Vc−d and Vo− ϕ , as presented in Figure 4.
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DPDPS modulation technique for the CFDAB converter.
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Control structure in boost mode.

B. Small Signal Modeling
It is required to determine the transfer functions of the two
pairs of control variables mentioned above so that the control
scheme in Figure 4 can be implemented. The transfer function
perturbations between clamp voltage vˆc and duty ratio d̂ is
depicted in (1) [9]:
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Gvc _ d =

vˆc
=
dˆ

2Vcϕ − ω Lr ( I L1 + I L 2 )
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Discarding the steady-state value and the second order

(1)

ϕ2
2π
In this paper, the small signal model along with the closed
loop controller is proposed to regulate the output voltage of the
converter under DPDPS modulation. In the secondary side, the
output capacitor is charged and discharged in power transfer
and non-power transfer stage respectively. From the switching
sequence in Figure 3, the time interval of each switching mode
is given by:
ω Lr Cd s + 2ϕ (1 − D) −

ϕ

d1 = d3 = d5 = d7 = 2π

 d 4 = d8 = 1 − d ,

2d − 1 ϕ
d 2 = d 6 =
−
2
2π
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perturbations and assuming that dˆ = vˆCc = 0 we get:

C0

dv0
v
 −ϕ 2
 v
= ( 4d − 3) 0 + N 
+ 2ϕ (1 − d )  c
dt
R
2
π

 ω Lr

By Laplace transformation, the transfer function from vˆo to

ϕ̂ in the frequency domain can be expressed as:

G vo _ ϕ =

NRVc (2 − 2 D −

Mode

Mode II
[ϕ ,(2d − 1)π ]

Mode III

( 2d −1) π , ( 2d −1) π + ϕ 

Mode V

(3)

v
v ϕ
dv0
= N ( d4 + d8 ) c ϕ + N ( d1 + d5 ) c
ω Lr
ω Lr 2
dt

v
+ ( −d1 + d 2 + d3 − d4 − d5 + d6 + d7 − d8 ) 0
R
Replacing (2) to (4) we get:

 −ϕ 2
 v
dv0
v
= ( 4d − 3) 0 + N 
+ 2ϕ (1 − d )  c
dt
R
 2π
 ω Lr

(4)

(
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C0

(5)

)

dv0 v0
= , iLr = 0
dt
R

C0

v
dv0 v0
= , iLr = − c Ts [θ − 2d π ]
dt
R
ω Lr

C0

v
dv0
v
= − 0 − NiLr , iLr = − c Ts ϕ
dt
R
ω Lr

C. Simulation Verification
The control design with the proposed method is firstly
verified by simulation in Matlab/Simulink (Figure 5). The
specifications of the converter are given in Table II and the
transfer function in frequency domain between vˆo and ϕ̂ is
turned into:
Gvo _ ϕ =

Using the perturbations of duty ratio, phase-shifted angle
output voltage, and clamp voltage we have:

d (Vo + vˆo )
(V + vˆ )
C0
= 4( D + dˆ ) − 3 o 0 +
dt
R
2
ˆ
 −(Φ + ϕ )
 V + vˆ
+N 
+ 2(Φ + ϕˆ )(1 − ( D + dˆ )  c c
2π

 ω Lr

v
dv0
v
= − 0 + NiLr , iLr = c Ts ϕ
dt
R
ω Lr

Mode VI

[2π d + ϕ , 2π ]

2

(8)

v
dv0
v
= − 0 + NiLr , iLr = c Ts ( π − θ + ϕ )
dt
R
ω Lr

Mode VII

we can obtain:

C0

C0

[π , π + ϕ ]

Mode VIII

2

C0

C0

[2π d , 2π d + ϕ ]

ϕ
ϕ
θ7 = 2d π + , vc = vc , θ3 = (2d − 1)π +

A
Bs + C

dv0 v0
= , iLr = 0
dt
R
vc Ts
dv0 v0
C0
= , iLr =
θ − ( 2d − 1) π 
dt
R
ω Lr 

[π + ϕ , 2dπ ]

Using the average model:

=

C0

( 2d −1) π + ϕ, π 

v
+ ( − d1 + d 2 + d 3 − d 4 − d 5 + d 6 + d 7 − d 8 ) o
R
vc
vc
+ Nd 5
(π − θ 5 + ϕ ) − Nd1
(θ − ϕ )
ω Lr
ω Lr 1

)

Continuous- time equations
v
dv0
v
C0
= − 0 − NiLr , iLr = c Ts (θ − ϕ )
dt
R
ω Lr

Mode IV

v
dv
Co o = N ( d 4 − d 8 ) c ϕ
dt
ω Lr

π

SMALL SIGNAL MODEL IN EACH SWITCHING MODE

Mode I
[0, φ]

The relationship between small signals of variables is
presented in Table I for 8 modes in one DPDPS switching
period. The inductors and capacitors are considered as ideal,
i.e. the internal resistors are neglected. The continuous-time
equation of output voltage is defined as:

Φ

ω RLr C 0 s − ω Lr ( 4 D − 3 )

TABLE I.

(2)

(7)

vˆo
A
1.643 × 104
=
=
ϕˆ
Bs + C 0.3213s + 4.7

(9)

A PI controller is applied to regulate the output voltage:

Gc = K p (1 +

1
)
Tis

(10)

where Ti is equal to the pole of Gvo _ ϕ : Ti =

B
= 0.068 .
C

The output voltage close loop transfer can be written as:

Gk =

1
Tk s + 1

(11)
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B
. By choosing Tk = 5* Ts = 10−4 , Kp = 0.276.
A* K p
The simulation scenario consists of 4 steps: the clamp capacitor
is charged from 0 to 0.2s, at 0.2s the Vc controller starts and the
LVS switches are enabled, at 0.25s the Vo controller starts and
with Tk =

Fig. 5.
TABLE II.
Specification
Nominal power
Input voltage
Output voltage
Duty ratio
Clamp voltage
Switching frequency
Nominal duty cycle
Nominal phase-shifted

Vol. 11, No. 2, 2021, 7054-7059

in the final step, the load changes suddenly to the nominal
value. Figures 6, 7 show the simulation results of clamp and
output voltage respectively. As can be observed, in the start-up
period, the voltages of the two capacitors are charged and
controlled to increase gradually as well as track the reference
values with negligible error and no over-shoot.

Simulink model for the control of the CFDAB converter in boost mode.

SIMULATION PARAMETERS

Symbol
Pn
Vin
Vout
D
Vc
fs
D

Φ

Value
2500W
144V
400V
0.64
391V
50kHz
0.64
0.241

Fig. 7.

Fig. 6.

Voltage response on the clamp capacitor.
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Voltage response on the output capacitor.

Furthermore, the currents through the boost inductor and
the leakage inductor with little spike in the start interval which
ensure the feasibility of the control design in the experiment,
are shown in Figures 8 and 9. The clamp voltage and the out
voltage decrease slightly, about 3V, at 0.45s when the nominal
load is changed. After that, they quickly return to the reference
value within 0.01s and 0.03s. In steady-state operation, the
voltages on both the LVS and HVS side of the transformer
along with leakage current are shown in Figure 9. Due to the
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small difference between the reference of clamp voltage and
the output voltage, the bias current in the leakage current helps
HVS switches achieve the ZVS easier [16]. In addition, the
switches voltage and current are presented for S1 and Q2 in
Figures 10 and 11.
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carried out to verify both the proposed model and the control
design. The simulation results prove the good performance of
the control design not only in the steady-state but also in the
dynamic responses.
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Interleaved-boost current in simulation.
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Abstract-In this paper, a new Maximum Power Point Tracking
(MPPT) control for a Photovoltaic (PV) system is developed
based on both backstepping and terminal sliding mode
approaches. This system is composed of a solar array, a DC/DC
boost converter, an MPPT controller, and an output load. The
Backstepping Terminal Sliding Mode Controller (BTSMC) is
used via a DC-DC boost converter to achieve maximum power
output. The stability of the closed-loop system is guaranteed
using the Lyapunov method. This novel approach provides good
transient response, low tracking error, and very fast reaction
against solar radiation and PV cell temperature variations.
Furthermore, chattering, which constitutes the main
disadvantage of the classic sliding mode technique is eliminated.
To show the effectiveness and robustness of the proposed control,
different simulations under different atmospheric conditions are
conducted in Matlab/Simulink.
Keywords-backstepping; terminal sliding mode control;
Lyapunov stability; maximum power point tracking; photovoltaic
system

I.
INTRODUCTION
Renewable energy sources are nowadays an important part
of power generation. Photovoltaic (PV) generation is one of the
most promising renewable sources since it exhibits many
merits such as availability, cleanness, little maintenance, and
no noise pollution. However, all PV systems have two
problems: very low electric-power generation efficiency,
especially under low-irradiation states and the interdependence
of the amount of the electric power generated by solar arrays
and the weather conditions. Load mismatch can occur under
these weather varying conditions and maximum power may not
be extracted and delivered to the load. This issue constitutes the
so-called Maximum Power Point Tracking (MPPT) problem
[1-4]. Many methods have been developed to determine the
Maximum Power Point (MPP) under varying conditions [5-7].
Some of them are based on the well-known principle of perturb
and observe (P&O) [8], others are based on sliding mode
control [9-12], on artificial neural networks, or on fuzzy logic
algorithms [1, 2, 7]. In [12-14], Maximum Power Voltage
(MPV) based approaches are developed using a two-loop
MPPT control scheme. The first loop is to determine the MPV
reference of the PV array and the second loop is to regulate the

PV array voltage to the reference voltage. The procedure
repeats the MPV reference searching and the PV voltage
tracking until maximum power is reached. To track MPP more
efficiently a hybrid method consisting of two loops is proposed
in [15]. In the first loop, the MPP is estimated using an
incremental conductance method, and in the second loop a
terminal sliding mode controller is developed to drive the
system to the searched reference MPP. Authors in [16]
proposed the use of backstepping sliding mode control for the
second loop. The backstepping sliding mode control law is
based on the asymptotic stability analysis whilst the system
trajectories evolve to a specified attractor reaching the
equilibrium in an infinite time. Many authors have proposed an
alternative way to get a finite time convergence based on
terminal attractor techniques [15-18], providing high-precision
performance besides disturbance attenuation. Moreover,
chattering in BSMC remains the problem that has to be
overcome.
In order to avoid chattering, the major disadvantage in the
sliding mode methodology, various methods have been
proposed. One of them consists in replacing the sign function
by a continuous approximation in the vicinity of the sliding
surface. Saturation function or sigmoid function was used in
fuzzy logic to build the transition band [9, 21, 22]. The authors
of [22] proposed to vary the sliding gain using a fuzzy system
which adjusts the distance between the system and the sliding
surface. Thus, its value decreases as the system state
approaches the sliding surface. However, the ultimate accuracy
and robustness of the sliding mode are partially lost.
In this paper, a Backstepping Terminal Sliding Mode
Controller (BTSMC) is developed for MPPT. By using a
DC/DC boost converter in the power control circuit, the
BTSMC is proposed to drive the system to the MPV reference
in the second loop. Using this approach, finite time
convergence of the error is guaranteed and the chattering effect
is eliminated without losing robustness.
II. P V SYSTEM MODELING
A DC-DC boost converter constituting the heart of the
MPPT is inserted between the PV module and its load to
achieve optimum power transfer, as can be seen in Figure1.
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g2 ( x ) = −
Fig. 1.

Structure of the PV system.

The converter is used to regulate the PV module output
voltage Vpv in order to extract as much power as possible from
the PV module. Referring to [15], the dynamics of the boost
converter are given by:

 dV
1
pv

=
I pv − I L
 dt
C1

 dI L = 1 V − RC (1 − d ) I
pv
L
 dt
L
 R 
L 1 + c 

R



V (1 − d )

(1 − d )  Rc

+
− 1 VC2 − D


L  Rc + R 
L

(1 − d )
1
 dVC2
IL −
VC
 dt =
C2 ( Rc + R ) 2
 R 

C2  1 + c 
R



(

)

(1)

where the three states variables V pv , I L and VC2 are
respectively the output voltage of the PV module, the inductor
current and the voltage of the capacitor C 2 (i.e. the voltage
across the load). V D is the forward voltage of the power diode,
d is the duty ratio of the PWM control input signal, and R is the
resistive load.
T

By taking x ( t ) = V pv ( t ) I L ( t ) VC 2 ( t )  , the set of
equations in (1) can be written in the following form [15]:

 dV pv
1
=
I pv − I L

dt
C
1

 dI L
= f1 ( x ) + g1 ( x ) d

 dt
 dVC2
= f2 ( x ) + g 2 ( x ) d

 dt

(

)

(2)

where:
RC
1
f1 ( x ) = V pv −
L
 Rc
L 1 +
R
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DESIGN OF THE BACKSTEPPING TERMINAL SLIDING
MODE MPPT CONTROLLER

The overall control structure is illustrated in Figure 2. Here,
ipv and Vpv are measured from the PV array and transmitted to
the MPP searching algorithm, which generates the reference
maximum power voltage Vref. Then, the reference voltage is
given to the MPV based BTSM controller for maximum power
tracking.
A. MPP Searching Algorithm
To seek the MPP voltage Vref, we use an incremental
conductance method [1, 15]. The power slope dPpv dV pv can be

expressed as:
dPpv
dV pv

= I pv + V pv

When the power slope

dPpv
dV pv

dI pv

(3)

dV pv

dI pv

= 0, i.e

dV pv

=−

I pv
V pv

, the PV

system operates at maximum power generation. Therefore, the
update law for Vref is given by the following rules [1, 15]:

Vref = Vref ( k − 1) + ∆V ,


V = V
ref ( k − 1) − ∆ V ,
 ref


for
for

dI pv
dV pv
dI pv
dV pv

>−
<−

I pv
V pv
I pv

(4)

V pv

B. Backstepping Terminal Sliding Model Controller
The backstepping terminal sliding mode controller is
designed to extract maximum power from a PV panel. The
objective of the controller is to let the panel PV voltage Vpv
track the reference maximum power voltage Vref by acting on
the duty cycle d(t) of the boost converter switch. The recursive
nature of the proposed control design is similar to the standard
backstepping methodology. However, the proposed control
design uses backstepping to design controllers with a terminal
sliding surface at the last step [22-23]. The design proceeds as
follows:
For the first step we consider a zero-order sliding surface:
e1 = x1 − Vref

(5)

Considering an auxiliary tracking error variable:
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system, the higher-order non-singular terminal sliding mode
surface is designed for e 2 as follows:

(6)

Let the first Lyapunov function candidate is:

p

V1 =

1 2
e1
2

s = e2 + γ e&2 q ,

(7)

The time derivation of (7) is given by:

V&1 = e1 e&1
= e1 ( e2 − α1 )
=

−λ1e12

(8)

+ e1 e2

The stabilization of e1 can be obtained by introducing a new
virtual control α 1 , such that:

α1 = λ1 e1 ,

λ1 > 0

(9)

where ߣଵ is a positive feedback gain, such that α 1 can be
chosen in order to eliminate the nonlinearity and getting
V&1 ( x ) < 0 .

Equation (8) shows that, if the designed control law makes
e 2 converge, then V&1 ( x ) < 0 which guarantees global stability.
In order to make e 2 converge in finite time and improve the
convergence rate and the steady-state tracking accuracy of the

Fig. 2.
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(10)

where γ>0 is a positive constant that contributes to force the
error e 2 to converge to zero while p and q are positive impair
constants such that 1 < p q < 2 . This last inequality must be
enforced to avoid the inherent singularity in such types of
control. The surface selected in (10) is called Nonsingular
Terminal Sliding Mode (NTSM). It is used to realize a secondorder SMC, enabling to have s = s& = &&s = 0 , often called higherorder sliding mode. If the system converges on tr , s converges

to zero, which means s ( t ) = 0 , t ≥ tr then from (10), it can be
shown that e 2 and e& 2 will converge to zero in finite time,
given by:

ts = tr + γ p q

p
e (t )
( p − q) 2 r

p−q
p

(11)

The system will remain on the second-order sliding mode
according to (11), and by selecting the
parameters p, q, and γ one can adjust the convergence speed of
e2 .

( e2 = e&2 = 0) ,

Simulink PV system model.

C. Stability and Robustness Analysis
The stability and robustness issues of the controller are
addressed here by using Lyapunov stability theory as follows:
The augmented Lyapunov function is given by:

1 < p q < 2, γ > 0

V2 =

1 2
s
2

(12)

The time derivative of V2 ( s ) is then:
V&2 = s s&

(13)
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&&
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 2 γ p 2
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(14)

with:

e&2 = &&
e1 + α&1
= V&&pv −V&&ref + α&1

(15)

p 


p  −1 
V&2 = s  e&2 + γ e&2  q  e&&2 


q


p  

p
p  q −1  
1 q  2 − q  
&
&&
&
= s γ e2
e +
e
 2 γ p 2

q



1
 d1 ( t ) + d 2 ( t )  , g1 ( x ) ≠ 0
g1 ( x ) 

(17)

where

d1 ( t ) = − f1 ( x ) + I& pv − C1 V&&ref + C1 α&1

S IMULATION RESULTS

ELECTRICAL SPECIFICATIONS OF THE KC200 GH -2P PV
MODULE

Parameter

(16)

(18)
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The Simulink PV system model shown in Figure 2 was
selected to assess the performance and the effectiveness of the
proposed BTSMC controller. Fixed-step type and ode4 (Runge
Kutta) solver were the Simulink solver selection parameters.
The specification parameters for PV power generation are
given in Table I. The parameters of the boost converter used
are: L=12mH, R L=0.15Ω, R C=39.6Ω, C2=1000µF, R=25Ω, and
VD=0.82V. The controller parameters used are: γ=50, η=0.01,
p=7, q=5. In this section, we present the simulation results
when applying the Backstepping Terminal Sliding Mode
control law.
TABLE I.

To satisfy the Lyapunov stability condition, the input signal
control is designed as in (17):
d (t ) =

Vol. 11, No. 2, 2021, 7060-7067

Value

Maximum power Pmpp

200W

Short circuit current Iscr

8.21A

Open circuit voltage VOC

32.9V

Voltage at maximum power point V m pp

26.3V

Current at maximum power point I m pp

7.61A

P-N junction characteristic factor A

1.8

A. Simulation Results with Standard Operating Conditions
The simulation results with standard operating conditions
(S=1000W/m2, T=25oC) are shown in Figures 3–6. From the
obtained results, it is clearly noted that Vpv reaches quickly the
desired set point Vref.

and
 p
t 
 
1 q  2 − q 


d 2 ( t ) = C1 ∫
e&2
+ η sign ( s )  dt 
 γ p
 
 
 0 

(19)

Equation (14) can therefore be developed to give:
p



p  −1
V&2 = − γ e&2 q  .η s
q

(20)

If s ≠ 0 , as p and q are odd and 1 < p q < 2 , then
e&2
≥ 0 , which means V&2 ≤ 0 . If s ≠ 0 , we will consider
the two following conditions:
p q −1

p

Fig. 3.

Evolution of Vpv and Vref .



p  −1
• If z n ≠ 0 , then V&2 = − γ e&2 q  .η s < 0 and
q
• If z&n = 0 , z n ≠ 0 then V&2 = 0 cannot be kept continuously.
Thus, according to Lyapunov stability theory, the system
can reach the manifold in finite time, for e 2 converges to zero
in finite time.

Fig. 4.
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Evolution of Ipv.
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irradiation conditions, an irradiation ramp change was used as
shown in Figure 7. The temperature is considered constant with
a value of 25°C during the simulation tests. The performances
including Vpv, Ipv, Ppv , and duty cycle are given in Figures 8-11.

Fig. 5.

Evolution of P pv.

Fig. 8.

Fig. 6.

Evolution of duty cycle d(t).

The Ppv achieves maximum power in a settling time of
0.008s. Moreover, it can be deduced that the proposed
approach presents good transient response, low tracking error,
and a very fast system reaction against set point change.
Figures 5-6 present a comparative study between the proposed
controller and the BSMC. When comparing these results, it is
obvious that the proposed method provides faster responses
while eliminating the phenomenon of chattering.

Fig. 7.

Fig. 9.

Evolution of Ipv.

Fig. 10.

Evolution of P pv.

Solar irradiation variation.

B. Simulation Results under Solar Irradiation Rariation
It is known that meteorological parameters, especially the
temperature, do not remain constant all day long, but change
significantly. It is then worth investigating the influence of the
daily average temperature variation on the performance of the
optimized system. In order to evaluate the effect of changing
www.etasr.com

Evolution of Vpv and Vref.

Fig. 11.

Evolution of duty cycle d(t).
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As shown in Figures 8-11, when the irradiance level
changes, the MPPT controller can quickly track the MPP. It
can be seen from the results that the proposed MPPT controller
follows the direction of the MPP perfectly.
C. Simulation Results under Temperature Variations
Simulations were carried out to evaluate the effect of
changing temperature (Figure 12). The solar irradiation is
considered constant with a value of 1000W/m2. The
performances including Vpv, Ipv, Ppv, and duty cycle are given in
Figures 13-16.

Fig. 15.

Fig. 12.

Temperature variation.

Fig. 16.

Fig. 13.

Evolution of P pv.

Evolution of duty cycle d(t).

Evolution of Vpv and Vref.

Fig. 17.

V pv − Ppv characteristics under solar irradiation variation.

D. Simulation Results under Load Variation
Considering load change from 25Ω to 80Ω under the same
irradiance and temperature, the corresponding results are
shown in Figures 18-20. It can be easily concluded that the
proposed controller achieves strong robustness and has
satisfactory response under these types of disturbance.
Fig. 14.

Evolution of Ipv.

It can be seen in Figures 13-16 that when the temperature
changes, the MPPT controller can quickly track the MPP. The
proposed MPPT controller provides a good performance in all
simulation tests. Figure 17 shows that the trace of the operating
point stays close to the MPPs during the simulation.

www.etasr.com

In all the simulation results, the proposed BTSMC provides
a good performance. The proposed MPPT controller follows
the direction of the MPP perfectly and in finite time.
Furthermore, the elimination of the chattering problem permits
the smoothness of the control law.
V.

CONCLUSION

In this study, a backstepping sliding mode control scheme
for MPPT of a PV system has been developed, which integrates
the backstepping methodology and the terminal sliding mode
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control strategy. The combined strategies proved to have the
advantages of both the terminal sliding mode and the
backstepping approach. The parameters of the proposed
controller are adjusted using adaptation laws, based on the
Lyapunov synthesis in order to ensure, in the presence of
external disturbances, the stability of the closed-loop system
and the tracking performance is achieved in finite time.
The objective of the study was accomplished. Low tracking
error, very fast system reaction against solar radiation change,
and good transition response without overshoot was obtained.
Moreover, it has been shown that the chattering phenomenon
appearing in the classical backstepping sliding mode control
was reduced. Besides, the proposed algorithm provides a
shorter rise-time than the backstepping sliding mode control.
Future work will include the implementation of the algorithm
on a PV system using dSPACE1104 including a partial shading
influence study.
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The authors would like to clarify that [1] is the original
source of a Figure that was included in our previously
published manuscript as Figure 7 [2]. Although a reference to
[1] was provided in [2], a direct reference was not inserted in
the image caption. The image is reshown here as Figure 1 for
convenience. We would like to thank Dr E. Klintström, the
copyright holder, for agreeing to the reuse of the Figure.

Engineering, Technology & Applied Science Research, vol. 10, no. 4,
pp. 6027–6033, Aug. 2020, https://doi.org/10.48084/etasr.3637.

Fig. 1.
The above figure was included as Fig. 7 in [2] with the following
caption: "The figure Bone structure parameters. (A) Trabecular nodes, (B)
trabecular termini, (C) trabecular separation, (D) trabecular spacing, and (E)
trabecular thickness." The authors of [2] wish to clarify that the source of this
Figure is [1].
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