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ABSTRACT In quantile regression models, numerous penalization methods have been developed to deal
with ordinary least-squares method problems. Such methods are ridge penalized quantile regression, lasso
penalized quantile regression, and elastic net penalized quantile regression which are used for variable
selection and regularization and deals with the multicollinearity problemwhen it exists between the predictor
variables. However, the variables of interest are often represented through time series processes, in which
such time series data are often non-stationary and non-linear, which leads to poor accuracy of the resultant
regression models and hence results with less reliability. The EMD-EnetQR method is proposed to address
this issue, which consists of applying the empirical mode decomposition (EMD) algorithm to time series data
and then using the resulting components in penalized quantile regression models. This study aims to apply
the proposed EMD-QREnet method to determine the influence of the decomposition components of the
original time series predictor variables on the response variable to build a model fit and improve prediction
accuracy. Furthermore, this study addressed the multicollinearity between the decomposition components.
Simulation studies and real dataset applications were conducted. The results show that the proposed EMD-
QREnet method, in most cases, outperforms the other methods by improving prediction accuracy.

INDEX TERMS Elastic net penalty, quantile regression, empirical mode decomposition, model selection,
multicollinearity.

I. INTRODUCTION
Linear regression models are widely used in statistical
analyses and numerous fields, such as finance, economics,
environmental science, and society. The traditional ordinary
least squares (LS) regression approach was used to estimate
regression models, representing the mean function of the
response variable. However, the LS estimator is extremely
sensitive to outliers or heavy-tailed distributions. In this
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case, the estimation efficiency is naturally reduced. Quantile
regression (QR) Koenker and Bassett [16] has been used as
an alternative to least squares in the presence of outliers.
Over the past two decades, quantile regression (QR) has
become a popular method for describing the distribution of
a response variable given a collection of predictor variables.
QR describes the effects of predictor variables on the
complete conditional distributions of a response variable
instead of only the average value and provides an overall
assessment of the covariate effects at different quantile τ of
the response Das [15], Tian and Song [27].
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Empirical mode decomposition (EMD) was introduced
by Huang et al. [13] for decomposing non-linear and non-
stationary time series data into a finite set of decomposition
components called Intrinsic Mode Functions (IMFs) and
residual components via the sifting process. Unlike previous
methods, such as wavelet decomposition Chui and Heil [6]
and Fourier decomposition Titchmarsh [29], EMD does not
assume any basis system on the dataset, such as stationary or
linear. The EMD by the sifting method produces decomposi-
tion components with different wavelengths, amplitudes, and
frequencies, indicating that they are functionally significant
Huang [12]. These decomposition components can be used
as new predictor variables to study their influence on the
response variable. Al-Jawarneh and Ismail [3].

Variable selection methods have attracted considerable
attention from researchers over the past few decades. Many
penalization techniques have been proposed for simultane-
ous variable selection to produce sparse models, such as
the ridge penalty Hoerl and Kennard [11], lasso penalty
Tibshirani [28], and elastic-net penalty Zou and Hastie
[38]. Moreover, penalized regularization methods have
been conveniently used to improve the quantile regression
method by enhancing prediction accuracy and improving
variable selection. For example, Li and Zhu [17] studied a
quantile regression with an L1-norm penalty, Belloni and
Chernozhukov [4] proposed a penalized quantile regression
with the L1-penalty in high-dimensional and Zheng et al.
[37] combined quantile regression with a fully adaptive
L1-penalty. Then, Uniejewski and Weron [30] introduced
a different approach that considers regularized quantile
regression averaging (QRA), which utilizes lasso to select the
relevant regressors automatically, Liu et al. [19] studied the
generalized lasso penalty in a quantile regression with linear
constraints on the parameters and Xu et al. [31] introduced
both the sampling method and the lasso technique to QR to
develop a sampling lasso quantile regression (SLQR)method.
After that, Burgette et al. [5] presented two approaches
based on lasso and elastic-net penalties to identify potentially
essential predictors in quantile regression, and Ali et al. [1]
proposed an optimal k-NN ensemble (Ok-NN-E) based on
fitting stepwise regression for optimal model selection for
regression. Recently, Hamraz et al. [10] used a robust fisher
score approach to select discriminative genes or features, and
Younas et al. [34] proposed an optimal causal trees (OCTE)
method to select a subset of the best causal trees in terms of
their strength.

Several penalization techniques have also been proposed
to solve the problem of multicollinearity among predictor
variables in quantile regression, such as Zaikarina et al. [35],
who used lasso and ridge penalties in quantile regression
to overcome the problem of multicollinearity. Subsequently,
Sadig and Bager [24] used ridge and quantile regression
with a parameter ridge to solve the multicollinearity problem.
Similarly, Erişoğlu and Yaman [9] used ridge and quantile
regression approaches to solve the multicollinearity problem.
In contrast, Slawski [25] studied the structured elastic net

regularized in conjugationwith two significant loss functions:
the checked loss of quantile regression and the hinge loss of
support vector classification. Later Yan and Song [32] studied
penalized quantile regression with an elastic net. Recently,
Zhang et al. [36] proposed a framework for probability
density forecasting of short-term wind speed based on
quantile regression (QR) and kernel density estimation
(KDE). They found that introducing the empirical mode
decomposition (EMD) technique reduces raw wind speed
series noise.

In several studies, such as medicine and economics, the
relationships between natural processes are assessed through
regression analyses using time series data. Such data are
often non-stationary and non-linear, and a multicollinearity
problem may exist. If these concerns are not considered,
it can lead to poor accuracy in the resulting regression models
and make the final result less accurate. To address these
issues, the EMD-EnetQRmethod is proposed, which consists
of applying the empirical mode decomposition (EMD)
algorithm to time series data and then using the resulting
components in penalized quantile regression models. The
proposed EMD-EnetQR method addresses the problems
associated with non-stationary and non-linear signals. The
EMD algorithm decomposes the original non-stationary and
non-linear signals of the data sets into a set of orthogonal
IMF components and a residual component. Second, the
decomposition components of EMD are used as orthogonal
predictor variables in elastic net penalized quantile regression
(EnetQR). This study aims to select the decomposition
components of the original time-series predictors that exhibit
the most substantial effects on the response variable to build
a best-fitted model and address multicollinearity among the
decomposition components to improve the performance of
predictions further. The proposed method (EMD-EnetQR) is
compared with traditional methods called Ridge regularized
quantile regression QRR proposed by Zaikarina et al. [35],
Lasso regularized quantile regression QRL Li and Zhu
[17], Elastic net penalized quantile regression (QREnet)
Yan and Song [32]. Mentioned also that Ridge regularized
quantile regression based on EMD (EMD-QRR), and LASSO
regularized quantile regression based on EMD (EMD-QRL)
are also the proposed methods.

The remainder of this paper is organized as follows.
Section II describes the EMD method, elastic net penalized
quantile regression, the proposed EMD-EnetQR method, and
prediction goodness measurements. Section III presents a
simulation study and a real data analysis. Furthermore, report
analysis and discussion are presented in Section III. Finally,
Section IV concludes the study with a brief discussion.

II. METHODOLOGY
This section discusses the methods used in this study. First,
the EMD method is used to decompose the original signal
(predictor variables) using the sifting process technique.
Secondly, an elastic net (Enet) penalized quantile regression
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was applied. Finally, the proposed EMD-EnetQR method is
discussed in this section.

A. EMPIRICAL MODE DECOMPOSITION
The empirical mode decomposition (EMD) method was
proposed by Huang et al. [13] and represented the first part
of the Hilbert–Huang transform. The EMD technique decom-
poses the non-stationary and non-linear original signals into
a finite set of decomposition components called Intrinsic
Mode Functions (IMFs) and residual components via the
sifting process. In EMD, the time domain of the signal is
unchanged Huang [12]. Each IMF must fulfil the following
two conditions: (1) the number of local extreme values and
the number of zero-crossings in the entire data set must be
the same or differ by one; and (2) at any time point, the mean
value of the upper envelope defined by the local maximum
and the lower envelope defined by the local minimummust be
zero. The EMD process has the following simple expression
Huang [12].

x (t) =

∑K

k=1
Ck (t) + r (t) (1)

where x (t) indicates the original signal, r(t) represents the
residue of the original signal decomposition, and Ck (t)
represents the ith intrinsic mode function (IMF).

1) SIFTING PROCESS
The sifting process decomposes the original signal x(t) into
severalCk (t) and r(t). The detailed decomposition processes
of the EMD are briefly summarized as follows:
Step 1: Insert the original signal x (t) into the sifting process

and the iteration index value was assumed to be j =
1.

Step 2: Identify all local extrema (maxima and minima).
Step 3: Connect all the minima and maxima using cubic

spline interpolation to form the lower l (t) and upper
u (t) envelopes.

Step 4: Compute the local mean of the upper and lower
envelope.

mj (t) =
u (t) + l (t)

2
(2)

Step 5: Subtract the mean mj (t) from signal x (t) to obtain
the first component IMF candidate.

hj (t) = x (t) − mj (t) (3)

Step 6: Check the component hj (t) is an IMF i (t), according
to IMFi (t) conditions. If the function hj (t) satisfies
IMF i (t) conditions, it continues to Step 7. If not,
return to step 2 and replace the value hj (t) with x (t)
and repeat Steps 2 to 4. Subsequently, the IMF i (t)
result obtained in the previous step is saved. Then,
the iteration index value is updated such that it equals
j = j + 1. Finally, using the IMFi (t) and the
signal x (t), the residue function ri (t) is obtained as
follows:

ri (t) = ri−1 (t) − IMF i (t) (4)

FIGURE 1. The EMD decomposition process.

Step 7: Check whether the residue function ri (t) acquired
from step 6 is a monotonic function or satisfies the
stopping criterion of the standard deviation (SD)
for two consecutive successive sifting of the results,
where a typical value for SD can be set between
0.2 and 0.3, as shown in the following formula:

SDj =

∑T

t=0

hj−1 (t) − hj (t)2

h2j−1 (t)
(5)

If not, replace ri (t) with x (t) and then repeat the operations
from step 2, setting j = j + 1. If yes, save the residue and
all the IMFs obtained, and stop the sifting process. Figure 1
describes a flowchart that summarizes all the sifting process
steps.

2) INTRINSIC MODE FUNCTION (IMF)
IMFs represent a simple oscillatory mode as an alternative
to a straightforward harmonic function. An IMF is defined
as any function with the same number of extrema and zero
crossings whose envelopes are symmetric concerning zero.
According to the EMD algorithm presented in the previous
section, the IMF produced by the sifting process must satisfy
the following two conditions: Huang et al. [13], Huang [12]

• In the entire data set, the number of local extreme values
(local maxima and local minima) and the number of zero
crossings must be equal or differ at most by one.

• At any point, the local mean value between the upper
and lower envelopes was zero. The first condition
is necessary for oscillation data. This indicates that
each IMF has only one local maximum or local
minimum between two consecutive zero crossings. The
second condition assumes that the IMF is stationary,
making its analysis easier. However, an IMF can exhibit
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amplitude modulation as well as changing frequency Al-
Jawarneh et al. [2], Lu [20], Raghuram et al. [23].

B. PENALIZED QUANTILE REGRESSION
Consider the following typical linear regression model:

y = Xβ + ε (6)

where

y =


y1
y2
...

yn

 ,X =


1 x11 . . . x1p
1
...

x21
...

. . .
...

x2p
...

1 xn1 . . . xnp

 ,

β =


β0
β1
...

βp

 , ε =


ε1

ε2
...

εn


y is an (n× 1) vector of observations on the response variable,
X is an (n× p) matrix of observations on the predictor
variables, β is a (p× 1) vector of unknown regression
coefficients, ε is an (n× 1) vector of random errors that
are supposed to be normally distributed with E (ε) = 0 and
E
(
εεT

)
= σ 2In.

The τ th conditional quantile function can then be estimated
by solving the following optimization problem:

β̂τ = min
β

∑n

i=1
ρτ

(
yi − xTi β

)
(7)

where xTi is ith row of X and ρτ (u) = τ (u − I (u< 0)) for
u ∈ R is the check loss function with I (.) being the indicator
function and quantile level τ∈ (0, 1). Under the regularization
framework and to improve quantile regression Koenker [14]
suggested penalized version, wherewe consider the following
penalized optimization problem:

β̂τ = min
β

∑n

i=1
ρτ

(
yi − xTi β

)
+ λP (β) (8)

where λ> 0 is the penalization parameter and P (β) is the
penalty function.

C. ELASTIC NET PENALIZED QUANTILE REGRESSION
Zou and Hastie [38] introduced the elastic net penalty
technique, which was a convex combination of the L1-norm
penalty (lasso) by Tibshirani [28] and the L2-norm penalty
(ridge) by Hoerl and Kennard [11]. The L1-norm part of the
elastic net penalty reduces the number of predictor variables
by shrinking some regression coefficients to zero. The
L2-norm part of the elastic net penalty deal with the high
correlation between the predictor variables Al-Jawarneh [2],
Liu and Li [18]. The formula for the elastic net penalty is as
follows:

Pλ (β) = λ1
∑p

j=1

∣∣βj∣∣+ λ2
∑p

j=1
β2
j (9)

where Pλ (β) is the Elastic Net (Enet) convex penalty
function; ∥β∥

2
2 =

∑p
j=1 β2

j is the L2-norm of vector

β and ∥β∥1 =
∑p

j=1

∣∣βj∣∣ is the L1-norm of vector β.
Moreover, λ1 and λ2 are tuning parameters that control the
amount of shrinkage for regression parameters and non-
negative parameters (λ1, λ2 ≥ 0), which are automatically
selected by cross-validation (CV) Al-Jawarneh et al. [2],
Masselot et al. [21], Zou and Hastie [38].

D. PROPOSED EMD-EnetQR METHOD
In this section, the elastic net penalized quantile regression
model based on Empirical Mode Decomposition (EMD-
EnetQR) is presented to select decomposition components
that have the most significant effect on the response
variable and deal with the multicollinearity between the
decomposition components. The proposed method can be
summarized as follows:

Step 1: The original signals xj (t) are decomposed by EMD
into several components named Cjk (t) and residual
component rj (t). These decomposed components
can be expressed by Equation (11) Qin et al. [22]

xj (t) =

∑K

k=1
Cjk (t) + rj (t) (10)

Step 2: All the decomposition components and residuals
obtained in Step 1 are used as predictor variables
to predict the behaviour of the response variable
y(t) as in Equation (11) Al-Jawarneh et al. [2],
Masselot et al. [21].

y (t) =

∑p

j=1

[∑K

k=1
Cjkβjk + rjk (t) βjk

]
+ ε (t)

(11)

Step 3: Using the correlation coefficient and the variance
inflation factor (VIF) test to check whether there is a
multicollinearity problem among the decomposition
components.

Step 4: The Elastic Net penalized quantile regression is
used between the response variable y (t) and
all decomposed components obtained from the
predictor variable x (t) via EMD to select the
subset of components that exhibited the most
impact. The EnetQR method was then used in
the following formula: Al-Jawarneh and Ismail [3],
Sadig and Bager [24]

β̂EnetQR

= argmin
β

1
2n

∑n

i=1
ρτ (yi (t)

−

∑p

j=1

(∑K

k=1
Cjk (t)βjk−rj(t)βjk+1

))2

+ λP (β)

λP (β)

= λ

(
α
∑p

k=1

[∑K

k=1
β2
jk

]
+

(1 − α)

2

∑p

k=1

[∑K+1

k=1
β2
jk

])
(12)
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FIGURE 2. Schematic representation of the proposed EMD-QREnet
method.

Step 5: Finally, the performance of the proposed EMD-
EnetQR models was compared with that of the
existing methods, namely, EMD-RQR, EMD-LQR,
RQR, LQR, and EnetQR. Themain steps in applying
the proposed EMD-QREnet method are summarized
in Figure 2.

E. PREDICTION GOODNESS MEASUREMENTS
The performance of the proposed predictive method was
evaluated and compared using five test criteria. The test
criteria include the Root Mean Square Error (RMSE),
Mean Absolute Error (MAE), Mean Absolute Scaled Error
(MASE), Mean Absolute Percentage Error (MAPE) and
Residual Sum of Squares (RSS), which are used to evaluate
the performance of the predictive models and are computed
as follow:

• Mean Absolute Error (MAE)

MAE =
1
n

∑n

i=1

∣∣yi − ŷi
∣∣ (13)

• The root mean square error (RMSE)

RMSE =

√
1
n

∑n

i=1

(
yi − ŷi

)2 (14)

• mean absolute scaled error (MASE)

MASE =
1
n

∑n

i=1

( ∣∣yi − ŷi
∣∣

1
n−1

∑n
i=2 |yi − yi−1|

)
(15)

• Mean Absolute Percentage Error (MAPE)

MAPE =
100%
n

∑n

i=1

yi − ŷi
yi

(16)

• The residual sum of squares (RSS)

RSS =

∑n

i=1

(
yi − ŷi

)2 (17)

F. MULTICOLLINEARITY
Multicollinearity occurs when strong correlations exist
between two or more predictor variables Yang and Wen [33].
The variance inflation factor test and Interpredictor Cor-
relations Matrix test methods were used to check for
the presence of multicollinearity among the predictor
variables.

1) INTERPREDICTOR CORRELATION MATRIX
The interpredictor correlation matrix will be used to
examine bivariate correlations among the decomposi-
tion components to check the correlation among the
decomposition components. If the correlation coeffi-
cient between each two decomposition components is
large, it indicates a multicollinearity problem among the
decomposition components. The correlation coefficient is
calculated as follows:

ρij =
cov(Ci,Cj)√

var (Ci) × var
(
Cj
) (18)

where −1 ≤ρij ≤ 1 is the inter-predictor correlation between
two decomposition components

(
Ci,Cj

)
, cov

(
Ci,Cj

)
is the

covariance between two the decomposition components(
Ci,Cj

)
, var (Ci) is the variance of Ci and var

(
Cj
)
is the

variance of Cj Thompson et al. [26].

2) VARIANCE INFLATION FACTOR (VIF)
The variance inflation factor (VIF) test is used to detect
multicollinearity between the predictor variables. The VIF is
computed using the following formula Thompson et al. [26]:

VIF j =
1

1 − R2j
, (19)

where VIF j is the variance inflation factor for the jth predictor
R2j is the multiple correlation coefficient. When VIF j of 10 or
above indicates that high multicollinearity exists among the
predictor variables, whereas ifVIF j is less than 10, it indicates
that no multicollinearity exists Davino et al. [7].
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TABLE 1. ADF test for original variables.

III. NUMERICAL STUDIES
In this section, we implement a simulation study to evaluate
the finite sample performance of EMD-EnetQR, illustrate
it with an empirical analysis of real dataset application
and compare it with its competitors such as EMD-RQR,
EMD-LQR, RQR, LQR and EnetQR.

A. SIMULATION STUDY
In this section, we describe simulations conducted using the
sine function to investigate the performance of the proposed
method. The datasets are created for non-stationary and non-
linear predictor variables and the response variable. The
datasets for the predictor variables and response variable
were simulated from signals selected from Al-Jawarneh and
Ismail [3] andQin et al. [22].We carried out the analysis using
R software, and the simulation experiments were replicated
5000 times with a sample size of n = 300 and the time
domain was (0 ≤ t ≤ 9).
The tuning parameters were selected based on 10-fold

cross-validation using the statistical computing environment
R 4.1.3 and its freely accessible packages. The simulation
study considered three different quantile levels: τ = 0.25,
τ = 0.5 and τ = 0.75. We are using the three quartiles
because they represent the three locations of the data: the
lower tail, the median, and the upper tail. The datasets were
split into 70% for training the model and 30% for testing and
assessing performance criteria. The formula for the function
test of the response variable and the predictor variables are
presented as follows:

y (t) = 0.5t + sin (π t)

+ sin (2π t) + cos (6π t)

x1(t) = 0.8t + sin (0.3π t) + sin (2π t)

+ sin (7π t) + sin(9π t)

x2 (t) = 0.4t + sin (0.2π t)

+ sin (6π t) + sin(5π t) + sin(12π t)

To test for stationarity of the original signals time series,
we performed the Augmented Dickey-Fuller (ADF) Dickey
and Fuller [8] unit root test. The results reported in Table 1
above showed the p-value is greater than 0.05 for all
predictor variables, which implies that the time series are
non-stationary.

Figure 3 shows the results of the EMD decomposition
of the original predictor variables. It can be seen that the
predictor x1(t) decomposes into seven IMFs components
and one residual component, while the predictor x1(t)
decomposes into eight IMFs components and one residual
component.

FIGURE 3. The decomposition process of the original signal of x1(t) and
x2(t) via EMD.

TABLE 2. Descriptive statistics simulation data.

TABLE 3. Comparison of different methods for simulation study.

Table 2 presents the descriptive statistics of the response
variable y(t) and the original predictor variables x1(t) and
x2(t). The results showed that the mean of Y(t), x1(t), and
x2(t) are 2.3205, 3.8439, and 1.8689, respectively. Moreover,
the skewnesses have a positive sign, which indicates that the
distribution of variables is skewed to the right.
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TABLE 4. Simulation results: Quantile: Mean performance criteria.

TABLE 5. Descriptive statistics for daily exchange rates.

Table 3 shows the results of evaluating the performance
of the methods that depended on the lambda values, which
were selected by averaging the cross-validation (CV) error
using a 10-fold CV. It was evident that EMD-EnetQR has
the best performance because it has the smallest SSR when
quantile levels are 0.25 and 0.75. However, when the quantile
level is 0.50, EMD-LQR has the smallest value. FromTable 3,
for variable selection, EMD-EnetQR and EMD-LQR perform
well by shrinking the regression coefficients of partially
redundant variables to zero and selecting only 14 important
variables. These variables had the greatest effect on the
response variable to build the regression model when the
quantile level was 0.25, whereas 13 important variables
are selected at 0.50 and 0.75, by the EMD-EnetQR and
EMD-LQR methods.

Table 4 demonstrates the mean of the performance criteria
in terms of the MAE, RMSE, MASE and MAPE used in
this study for all regression methods. Table 4 shows that the
proposed EMD-EnetQR method outperforms the other four
methods because it has the smallest values in MAE, RMSE,
MASE, and MAPE for quantile levels of 0.25, 0.75, and
0.50; the smallest values are investigated by the EMD-LQR
method.

B. REAL DATA ANALYSIS
In this section, to illustrate the application of the proposed
method, we consider the three countries’ daily close exchange
rates from 03/10/2016 to 29/10/2021 against the US dollar
(USD). All datasets were collected from the Wall Street Jour-
nal Database (https://www.wsj.com/). The dataset contains
two of the original predictor variables for daily exchange

FIGURE 4. The daily close exchange rates index are plotted over time.

rates: Sri Lanka and Japan, whereas the response variable is
the daily exchange rate of China. These datasets were split
into 70% for the training model and 30% for testing and
assessing their performance criteria.

Figure 4 illustrates a graphical depiction of the original
daily close exchange rates for Japan and Sri Lanka as
predictor variables and China as the response variable. The
predictor variables and the response variable neither show
any constant value over time nor fluctuate around the zero
lines. which indicates that the signals are non-stationary and
non-linear. Figure 5 shows the decomposition results of the
original predictors in Sri Lanka and Japan via EMD. The
Japan signal was decomposed into eight IMFs and one residue

26158 VOLUME 11, 2023



A. S. A. Ambark et al.: EnetQR Model and EMD for Improving the Accuracy of the Model Selection

TABLE 6. Comparison of different methods for simulation study.

FIGURE 5. EMD decomposition results of Sri Lanka and Japan signals.

component. The Sri Lanka signal was decomposed into eight
IMFs and one residual component.

Table 5 presents the descriptive statistics of the response
variable is the daily exchange rate of China and the original
predictor variables for the daily exchange rates of Sri Lanka
and Japan. The results revealed that the mean daily exchange
rate of China, Sri Lanka, and Japan are 6.742283, 109.4827,
and 173.1182, respectively. Furthermore, the skewnesses
have a negative sign, which indicates that the distribution of
variables is skewed to the left.

Figure 6 shows the plots of the 10-fold CV of the EMD-
EnetQRmethod to select the optimal k at quantile (0.25, 0.50,
0.75). The y-axis represents the mean square error (MSE),
whereas the x-axis represents the log The upper horizontal

FIGURE 6. 10-fold cross-validation estimation of the MSE as the Log
(k) for the proposed method at τ = (0.25, 0.50, 0.75).

line represents the number of non-zero coefficients chosen at
the log() value. The location of the point chosen at minimum
MSE (minM) is indicated by the first vertical dotted line from
the left, while the location of the point chosen at minimum
MSE using the one-standard-error (1se) criterion is indicated
by the second vertical line. The CV plot shows that increasing
leads to a reduction in the number of non-zero coefficients
entering the final model.

Table 6 presents the optimal values of the tuning parameter
λ in the models obtained via 10-fold cross-validation.
In addition, as shown in Table 6, the EMD-EnetQR method
selects the number of variables that are not equal to zero
closer to the real number than other methods, while the EMD-
RQR methods are invalid for variable selection. Overall, the
EMD-EnetQRmethod outperforms the other models in terms
of SSR error, which has the smallest residual sum of squares
(RSS) of the other methods used.

Table 7 displays the prediction accuracy performance
criteria using RMSE, MAE, MASE, and MAPE to compare
the proposed method with the existing methods. The results
show that the proposed EMD-EnetQR method has the
smallest value in terms of RMSE, MAE, and MASE at the
quantile level (0.25, 0.50). At the same time, the EMD-LQR
method has the smallest value in terms of MASE, MAE, and
MAPE for 0.75 quartiles. Nevertheless, our proposed method
outperformed its competitors in terms of prediction accuracy
and robustness.

The introduction of EMD significantly improved the
prediction accuracy of the EnetQR model. This can be seen
in Table 7, where without EMD, the lowest MAE, RMSE,
MASE, and MAPE of the daily close exchange rates were all
obtained by the EnetQR method is 0.8430, 1.0083, 9.1642,
and 1.211876% respectively. With EMD, the lowest MAE,
RMSE, MASE and MAPE of the daily close exchange rates
obtained by the EMD-EnetQR method are 0.7217, 0.9194,
7.9967 and 1.0326%, respectively. The prediction accuracy
increased after EMD was considered.

VOLUME 11, 2023 26159



A. S. A. Ambark et al.: EnetQR Model and EMD for Improving the Accuracy of the Model Selection

TABLE 7. Simulation results: Quantile: Mean performance criteria.

TABLE 8. Correlation Matrix between the decomposition components.

Table 8 presents the VIF test and correlation matrix to
check for multicollinearity among all decomposition (IMFs
and residual) components. From Table 8, the correlation
matrix of the predictor variables shows a significant cor-
relation between decomposition components. The results
indicate the presence of high correlations among some
decomposition components, such as (C18/C27, C18/C28,
R1/R2, C27/C27). In addition, The VIF test in Table 8
reveals the presence of multicollinearity among all the
decomposition components, where the VIF values of some
of the decomposition components are more extensive than

10 (VIF>10), which indicates that multicollinearity exists
among the decomposition components.

IV. CONCLUSION
In this study, we employed the elastic net penalized quantile
regression based on the EMD method to determine the influ-
ence of the decomposition components of the original time
series predictor variables on the response variable and robust
parameter estimation to enhance the prediction accuracy of
the model selection. The EMD method decomposes non-
stationary and non-linear time-series data into a finite set
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of decomposition components and a residual component.
EnetQR was used to study the effect of the decomposi-
tion components on the response variable and tackle the
multicollinearity problem among the decomposition compo-
nents to ensure the accuracy and reliability of the fitting
model.

To illustrate its strength, we discuss the techniques of
EMD-EnetQR modelling and conduct simulations and real
applications for daily close exchange rates. The simula-
tion and numerical results show that the EMD-EnetQR
method outperforms EMD-RQR, EMD-LQR, RQR, LQR,
and EnetQR methods, where the proposed EMD-EnetQR
method provided high prediction accuracy and produced
a consistent model by selecting the decomposition com-
ponents that exhibit the strongest effect on the response
variable.

ACKNOWLEDGMENT
The authors wish to acknowledge computing facilities
support from Universiti Sains Malaysia, Sebha University,
Jerash University, and the Faculty of Computing and
Informatics, Universiti Malaysia Sabah.

REFERENCES
[1] A. Ali, M. Hamraz, P. Kumam, D. M. Khan, U. Khalil, M. Sulaiman,

and Z. Khan, ‘‘A K-nearest neighbours based ensemble via optimal model
selection for regression,’’ IEEE Access, vol. 8, pp. 132095–132105, 2020,
doi: 10.1109/ACCESS.2020.3010099.

[2] A. S. Al-Jawarneh, M. T. Ismail, and A. M. Awajan, ‘‘Elastic net
regression and empirical mode decomposition for enhancing the accuracy
of the model selection,’’ Int. J. Math., Eng. Manag. Sci., vol. 6, no. 2,
pp. 564–583, Apr. 2021, doi: 10.33889/IJMEMS.2021.6.2.034.

[3] A. S. Al-Jawarneh and M. T. Ismail, ‘‘Elastic-net regression based on
empirical mode decomposition for multivariate predictors,’’ Pertanika J.
Sci. Technol., vol. 29, no. 1, pp. 199–215, 2021, doi: 10.47836/pjst.29.1.11.

[4] A. Belloni and V. Chernozhukov, ‘‘L1-penalized quantile regression in
high-dimensional sparse models,’’ Ann. Statist., vol. 39, no. 1, pp. 82–130,
Feb. 2011, doi: 10.1214/10-AOS827.

[5] L. F. Burgette, J. P. Reiter, and M. L. Miranda, ‘‘Exploratory quantile
regression with many covariates: An application to adverse birth out-
comes,’’ Epidemiology, vol. 22, no. 6, pp. 859–866, Nov. 2011, doi:
10.1097/EDE.0b013e31822908b3.

[6] C. K. Chui and C. Heil, ‘‘An introduction to wavelets,’’ Comput. Phys.,
vol. 6, no. 6, p. 697, 1992, doi: 10.1063/1.4823126.

[7] C. Davino, R. Romano, and D. Vistocco, ‘‘Handling multicollinearity in
quantile regression through the use of principal component regression,’’
METRON, vol. 80, no. 2, pp. 153–174, Aug. 2022, doi: 10.1007/s40300-
022-00230-3.

[8] D. A. Dickey and W. A. Fuller, ‘‘Distribution of the estimators for
autoregressive time series with a unit root,’’ J. Amer. Statist. Assoc.,
vol. 74, no. 366a, pp. 427–431, 1979, doi: 10.1080/01621459.1979.
10482531.

[9] M. Erisoglu and N. Yaman, ‘‘Ridge tahminine dayali kantil regresyon
analizinde yanlilik parametresi tahminlerinin performanslarinin karsila-
stirilmasi,’’ Necmettin Erbakan Üniversitesi Fen ve Mühendislik Bilimleri
Dergisi, vol. 1, no. 5815, pp. 103–111, 2019.

[10] M. Hamraz, Z. Khan, D. M. Khan, N. Gul, A. Ali, and S. Aldahmani,
‘‘Gene selection in binary classification problems within functional
genomics experiments via robust Fisher score,’’ IEEE Access, vol. 10,
pp. 51682–51692, 2022, doi: 10.1109/ACCESS.2022.3172281.

[11] A. E. Hoerl and R. W. Kennard, ‘‘Ridge regression: Applications to
nonorthogonal problems,’’ Technometrics, vol. 12, no. 1, pp. 69–82, 1970,
doi: 10.1080/00401706.1970.10488635.

[12] N. E. Huang, ‘‘Introduction to the Hilbert–Huang Transform and Its
Related Mathematical Problems. Singapore: World Scientific 2014,
pp. 1–26, doi: 10.1142/9789814508247_0001.

[13] N. E. Huang, Z. Shen, S. R. Long, M. L. Wu, H. H. Shih, Q. Zheng,
N. C. Yen, C. C. Tung, and H. H. Liu, ‘‘The empirical mode decomposition
and the Hubert spectrum for nonlinear and non-stationary time series
analysis,’’ Proc. Roy. Soc. A, Math., Phys. Eng. Sci., vol. 454, no. 1971,
pp. 903–995, 1998, doi: 10.1098/rspa.1998.0193.

[14] R. Koenker, ‘‘Quantile regression for longitudinal data,’’ J. Multivariate
Anal., vol. 91, no. 1, pp. 74–89, 2004, doi: 10.1016/j.jmva.2004.05.006.

[15] K. Das, M. Krzywinski, and N. Altman, ‘‘Quantile regression,’’ Nature
Methods, vol. 16, no. 6, pp. 451–452, Jun. 2019, doi: 10.1038/s41592-019-
0406-y.

[16] R. Koenker andG. Bassett, ‘‘Regression quantiles,’’Econometrica, vol. 46,
no. 1, p. 33, Jan. 1978, doi: 10.2307/1913643.

[17] Y. Li and J. Zhu, ‘‘L1-norm quantile regression,’’ J. Comput.
Graph. Statist., vol. 17, no. 1, pp. 163–185, Mar. 2008, doi:
10.1198/106186008X289155.

[18] W. Liu and Q. Li, ‘‘An efficient elastic net with regression coefficients
method for variable selection of spectrum data,’’ PLoS ONE, vol. 12, no. 2,
pp. 1–14, 2017, doi: 10.1371/journal.pone.0171122.

[19] Y. Liu, P. Zeng, and L. Lin, ‘‘Generalized L1-penalized quantile regression
with linear constraints,’’ Comput. Statist. Data Anal., vol. 142, Feb. 2020,
Art. no. 106819, doi: 10.1016/j.csda.2019.106819.

[20] L. Y. Lu, ‘‘Fast intrinsic mode decomposition of time series data with
sawtooth transform,’’ 2007, arXiv:0710.3170.

[21] P. Masselot, F. Chebana, D. Bélanger, A. St-Hilaire, B. Abdous,
P. Gosselin, and T. B. M. J. Ouarda, ‘‘EMD-regression for modelling
multi-scale relationships, and application toweather-related cardiovascular
mortality,’’ Sci. Total Environ., vol. 612, pp. 1018–1029, Jan. 2018, doi:
10.1016/j.scitotenv.2017.08.276.

[22] L. Qin, S. Ma, J. C. Lin, and B. C. Shia, ‘‘Lasso regression based
on empirical mode decomposition,’’ Commun. Statist., Simul. Comput.,
vol. 45, no. 4, pp. 1281–1294, 2016, doi: 10.1080/03610918.2013.
826361.

[23] M. Raghuram, K. V. Madhav, E. H. Krishna, N. R. Komalla, K. Sivani,
and K. A. Reddy, ‘‘HHT based signal decomposition for reduction
of motion artifacts in photoplethysmographic signals,’’ in Proc. IEEE
Int. Instrum. Meas. Technol. Conf., May 2012, pp. 1730–1734, doi:
10.1109/I2MTC.2012.6229404.

[24] A. Sadig and M. Bager, ‘‘Ridge parameter in quantile regression
models,’’ Appl. Biostatist., vol. 8, no. 2, pp. 72–78, 2018, doi:
10.5923/j.statistics.20180802.06.

[25] M. Slawski, ‘‘The structured elastic net for quantile regression and
support vector classification,’’ Statist. Comput., vol. 22, no. 1, pp. 153–168,
Jan. 2012, doi: 10.1007/s11222-010-9214-z.

[26] C. G. Thompson, R. S. Kim, A. M. Aloe, and B. J. Becker,
‘‘Extracting the variance inflation factor and other multicollinearity
diagnostics from typical regression results,’’ Basic Appl. Social Psychol.,
vol. 39, no. 2, pp. 81–90, Mar. 2017, doi: 10.1080/01973533.2016.
1277529.

[27] Y. Tian and X. Song, ‘‘Bayesian bridge-randomized penalized quan-
tile regression,’’ Comput. Statist. Data Anal., vol. 144, Apr. 2020,
Art. no. 106876, doi: 10.1016/j.csda.2019.106876.

[28] R. Tibshirani, ‘‘Regression shrinkage and selection via the lasso,’’ J. Roy.
Statist. Soc., B, vol. 58, no. 1, pp. 267–288, 1996, doi: 10.1111/j.2517-
6161.1996.tb02080.x.

[29] E. C. Titchmarsh, ‘‘Introduction to the Theory of Fourier Integrals,’’
Nature, vol. 141, no. 3561, p. 183, 1948, doi: 10.1038/141183a0.

[30] B. Uniejewski and R. Weron, ‘‘Regularized quantile regression averaging
for probabilistic electricity price forecasting,’’ Energy Econ., vol. 95,
Mar. 2021, Art. no. 105121, doi: 10.1016/j.eneco.2021.105121.

[31] Q. Xu, C. Cai, C. Jiang, F. Sun, and X. Huang, ‘‘Sampling lasso quan-
tile regression for large-scale data,’’ Commun. Statist.-Simul. Comput.,
vol. 47, no. 1, pp. 92–114, Jan. 2018, doi: 10.1080/03610918.2016.
1277750.

[32] A. Yan and F. Song, ‘‘Adaptive elastic net-penalized quantile regression
for variable selection,’’ Commun. Statist.-Theory Methods, vol. 48,
no. 20, pp. 5106–5120, Oct. 2019, doi: 10.1080/03610926.2018.
1508711.

[33] X. Yang and W. Wen, ‘‘Ridge and lasso regression models for cross-
version defect prediction,’’ IEEE Trans. Rel., vol. 67, no. 3, pp. 885–896,
Sep. 2018, doi: 10.1109/TR.2018.2847353.

[34] N. Younas, A. Ali, H. Hina, M. Hamraz, Z. Khan, and S. Aldahmani,
‘‘Optimal causal decision trees ensemble for improved prediction and
causal inference,’’ IEEE Access, vol. 10, pp. 13000–13011, 2022, doi:
10.1109/ACCESS.2022.3146406.

VOLUME 11, 2023 26161

http://dx.doi.org/10.1109/ACCESS.2020.3010099
http://dx.doi.org/10.33889/IJMEMS.2021.6.2.034
http://dx.doi.org/10.47836/pjst.29.1.11
http://dx.doi.org/10.1214/10-AOS827
http://dx.doi.org/10.1097/EDE.0b013e31822908b3
http://dx.doi.org/10.1063/1.4823126
http://dx.doi.org/10.1007/s40300-022-00230-3
http://dx.doi.org/10.1007/s40300-022-00230-3
http://dx.doi.org/10.1080/01621459.1979.10482531
http://dx.doi.org/10.1080/01621459.1979.10482531
http://dx.doi.org/10.1109/ACCESS.2022.3172281
http://dx.doi.org/10.1080/00401706.1970.10488635
http://dx.doi.org/10.1142/9789814508247_0001
http://dx.doi.org/10.1098/rspa.1998.0193
http://dx.doi.org/10.1016/j.jmva.2004.05.006
http://dx.doi.org/10.1038/s41592-019-0406-y
http://dx.doi.org/10.1038/s41592-019-0406-y
http://dx.doi.org/10.2307/1913643
http://dx.doi.org/10.1198/106186008X289155
http://dx.doi.org/10.1371/journal.pone.0171122
http://dx.doi.org/10.1016/j.csda.2019.106819
http://dx.doi.org/10.1016/j.scitotenv.2017.08.276
http://dx.doi.org/10.1080/03610918.2013.826361
http://dx.doi.org/10.1080/03610918.2013.826361
http://dx.doi.org/10.1109/I2MTC.2012.6229404
http://dx.doi.org/10.5923/j.statistics.20180802.06
http://dx.doi.org/10.1007/s11222-010-9214-z
http://dx.doi.org/10.1080/01973533.2016.1277529
http://dx.doi.org/10.1080/01973533.2016.1277529
http://dx.doi.org/10.1016/j.csda.2019.106876
http://dx.doi.org/10.1111/j.2517-6161.1996.tb02080.x
http://dx.doi.org/10.1111/j.2517-6161.1996.tb02080.x
http://dx.doi.org/10.1038/141183a0
http://dx.doi.org/10.1016/j.eneco.2021.105121
http://dx.doi.org/10.1080/03610918.2016.1277750
http://dx.doi.org/10.1080/03610918.2016.1277750
http://dx.doi.org/10.1080/03610926.2018.1508711
http://dx.doi.org/10.1080/03610926.2018.1508711
http://dx.doi.org/10.1109/TR.2018.2847353
http://dx.doi.org/10.1109/ACCESS.2022.3146406


A. S. A. Ambark et al.: EnetQR Model and EMD for Improving the Accuracy of the Model Selection

[35] H. Zaikarina, A. Djuraidah, and A. H. Wigena, ‘‘Lasso and ridge quantile
regression using cross validation to estimate extreme rainfall,’’ Global J.
Pure Appl. Math., vol. 12, no. 4, pp. 3305–3314, 2016.

[36] L. Zhang, L. Xie, Q. Han, Z. Wang, and C. Huang, ‘‘Probability
density forecasting of wind speed based on quantile regression and
kernel density estimation,’’ Energies, vol. 13, no. 22, pp. 1–24, 2020, doi:
10.3390/en13226125.

[37] Q. Zheng, C. Gallagher, and K. B. Kulasekera, ‘‘Adaptive penalized
quantile regression for high dimensional data,’’ J. Stat. Planning Inference,
vol. 143, no. 6, pp. 1029–1038, Jun. 2013, doi: 10.1016/j.jspi.2012.12.009.

[38] H. Zou and T. Hastie, ‘‘Regularization and variable selection via the elastic
net,’’ J. Roy. Stat. Soc., Ser. B, vol. 67, no. 2, pp. 301–320, Apr. 2005, doi:
10.1111/j.1467-9868.2005.00503.x.

ALI S. A. AMBARK received the B.S. degree
in statistics from the University of Sebha, Libya,
in 2004, and the M.S. degree in statistics from
the Libyan Academy, Tripoli, Libya, in 2009.
He is currently pursuing the Ph.D. degree with
Universiti Sains Malaysia, Penang, Malaysia. His
current research interests include applied statistics,
time series modeling, and regression.

MOHD TAHIR ISMAIL is currently an Associate
Professor and a Researcher with the School of
Mathematical Sciences, Universiti SainsMalaysia.
He has published more than 200 publications
in reviewed journals, book chapters, and pro-
ceedings (some of the publications are listed in
ISI, Scopus, Zentralblatt, MathSciNet, and other
indices). His research interests include financial
time series, econometrics, categorical data analy-
sis, and applied statistics.

ABDULLAH S. AL-JAWARNEH received the
B.Sc. degree in mathematics (mathematical statis-
tics) from Yarmouk University, Irbid, Jordan, and
the M.Sc. and Ph.D. degrees in statistics from the
School of Mathematical Sciences, Universiti Sains
Malaysia (USM), Penang, Malaysia. During his
career, he taught several mathematics and statistics
courses to undergraduate students with Najran
University, Saudi Arabia, from 2012 to 2019.
He is currently an Assistant Professor with the

Department of Mathematics, Faculty of Science, Jerash University, Jordan.

SAMSUL ARIFFIN ABDUL KARIM received
the Ph.D. degree in mathematics from Universiti
Sains Malaysia (USM), Malaysia. He is an Asso-
ciate Professor with the Software Engineering
Programme, Faculty of Computing and Informat-
ics, UMS. He is a Professional Technologists
registered with Malaysia Board of Technologists
(MBOT), No. Perakuan PT21030227. He has
published more than 160 papers in Journals and
Conferences including three Edited Conferences

Volume and 80 book chapters. He also has published 13 books with Springer
Publishing including six books with Studies in Systems, Decision and
Control (SSDC) series, two books with Taylor and Francis/CRC Press,
one book with IntechOpen and one book with UTP Press. His research
interest includes numerical analysis, machine learning, approximation
theory, optimization, science, and engineering education as well as wavelets.
He was the recipient of Effective Education Delivery Award and Publication
Award (Journal and Conference Paper), UTP Quality Day 2010, 2011 and
2012, respectively. He was Certified WOLFRAM Technology Associate,
Mathematica Student Level. Recently he has received Book Publication
Award in UTP Quality Day 2020 for book Water Quality Index (WQI)
Prediction Using Multiple Linear Fuzzy Regression: Case Study in Perak
River, Malaysia, that was published by SpringerBriefs in Water Science and
Technology in 2020.

26162 VOLUME 11, 2023

http://dx.doi.org/10.3390/en13226125
http://dx.doi.org/10.1016/j.jspi.2012.12.009
http://dx.doi.org/10.1111/j.1467-9868.2005.00503.x

