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ABSTRACT The objective of this research work is to extend the scope of the empirical mode decomposition
(EMD) algorithm, as an efficient tool to decompose the nonlinear and non-stationary time series. For EMD
to be widely applicable, the extension utilizes both clean and noisy data sets. When constructing upper and
lower envelopes, the proposed algorithm utilizes the Akima spline interpolation technique rather than a cubic
spline. The proposed EMD is called Akima-EMD, which is used to identify non-informative fluctuations in
the signal, such as noise, outliers, and ultra-high frequency components, and to break down the clean and
chaotic data into various components to avoid distortion. It has been shown through synthetic as well as
real-world time series data analysis that the proposed method successfully extracts noise in the form of the
first IMF from the data.

INDEX TERMS Akima, empirical mode decomposition (EMD), fast Fourier transform (FFT), intrinsic
mode functions (IMFs), variational mode decomposition (VMD), complementary ensemble empirical mode
decomposition with adaptive noise (CEEMDAN).

I. INTRODUCTION
To examine the composite signal, the usual practice is to
break it down into several components ranging from simple
to complicated forms. The next step is to retrieve the valu-
able information concealed in these subcomponents after the
signal has been broken down into its many parts so that it
can be used for some meaningful analysis or prediction. The
advantages of breaking down a signal into distinct parts are
as follows:

i. To extract various modes and complexity levels from a
complex signal by using the best acceptable technique,
which must be suitable for the corresponding signal.

ii. The decomposition is carried out in such a way that
information, in the time domain, is transferred into the
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frequency domain, a different dimension, utilizing all
the available information.

iii. Following the deconstruction, each subcomponent is
examined so that valuable data can be extracted sepa-
rately for additional examination and prediction.

A well-known and simple technique for time series anal-
ysis in a variety of disciplines, especially in mathematics
and statistics is called spectral analysis. Before applying
the spectral method, it requires some pre-defined parameter
setting such as the collection of linearly dependent vectors,
which are used to represent the data. For linear and sta-
tionary data analysis, the most common technique is the
Fourier transformation [1]. However, we cannot apply the
Fourier transformation in situations when the time series is
nonlinear and nonstationary. To overcome these limitations
researchers in the signal processing areas proposed wavelet
transformation (WT) [2], which provides efficient results
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when applied to nonlinear and nonstationary time series.
However, the method ofWT is based on the Fourier transform
except that it uses some data transformation techniques with
the help of some pre-selected functions that work well for
linear time series. The use of sophisticated and cutting-edge
data-driven techniques, such as fast Fourier transformation
(FFT), spectral analysis, and wavelet analysis, to break down
a linear and stationary signal into its subcomponents is well
acknowledged [3], [4], [5], [6], [7].

However, the FFT has certain limitations, such as the
requirement that the system is linear and that the data
be strictly periodic or stable, without which the resulting
spectrum will not make any physical sense. To solve this
shortcoming of FFT a unique data-driven approach that uses
the EMD to generate a collection of intrinsic mode functions
(IMFs). To overcome the limitations of both the Wavelet
and Fourier transform a novel method known as EMD has
been proposed by [8], to analyze nonstationary, and nonlinear
time series. By using the EMD technique, the input signal
is divided into several simple oscillatory modes with known
frequencies and a singular monotone residue (trend). The
method of EMD becomes more powerful for the analysis
of any given time series, especially when integrated with
Hilbert spectrum analysis (HAS) to extract the instantaneous
frequencies, such integration is known as the Hilbert-Huang
transform (HHT) [9]. After its first development, it has been
widely used in many branches of science and engineering to
analyze nonstationary or nonlinear signals [10]. In most situ-
ations, this technique is used for the earth sciences [11], [12]
but currently, the generality of EMD and HHT can be seen
in various fields such as medicines [13], speech recogni-
tion [14], quantum systems [15], ocean engineering [16] and
finance [17]. Keeping in view the versatile characteristics of
EMD, it is probable that this method will find new ways to
solve problems in almost every field of science that contains
experimental data.

The method of EMD uses cubic spline interpolation to
determine the upper, lower, and mean envelopes and, later,
the IMFs. When the signal contains noise, and outliers then
it is difficult to construct the mean envelopes while using the
cubic spline interpolation technique. Furthermore, the cubic
spline interpolation technique suffers from the problem of
overshoot, which causes these non-informative oscillations to
skew the results. The following advantages of the proposed
EMD over the traditional EMD have been achieved by using
Akima spline interpolation rather than cubic spline interpola-
tion.

1. The proposed method known as Akima-EMD can
divide such signals into suitable IMFs without the dis-
tortion caused by noise and non-informative random
fluctuations such as outliers and ultra-high frequency
components. Because the Akima spline interpolation
technique is more resilient to noise and non-informative
random fluctuations such as outliers and ultra-high fre-
quency components.

2. As a result, it yields consistent decomposition for
the entire domain, including boundary areas. Without
imposing any condition on the boundary our proposed
method solves the limitation of huge wiggles at both
ends of the data.

This paper is further divided into the following sections.
The theoretical background of the study is presented in
section II. We thoroughly explained how Akima spline inter-
polation could be utilized inside the EMD algorithm to
determine the upper, and lower envelopes, followed by the
mean envelope as well as IMFs, in section III. Simulation
studies are carried out in section IV, real-world application
of our proposed method is presented in section V, and to end
this paper, a detailed conclusion is provided in section VI.

II. THEORETICAL BACKGROUND OF THE STUDY
In this section, we will briefly describe EMD and its different
extensions such as ensemble empirical mode decomposition
(EEMD), statistical empirical mode decomposition (SEMD),
complementary ensemble empirical mode decomposition
with adaptive noise (CEEMDAN), and one of the latest signal
decomposition technique similar to EMD, which is known as
variational mode decomposition (VMD).

A. EMPIRICAL MODE DECOMPOSITION
Using the EMD approach, a signal is broken down into a typi-
cally small number of IMFs. The well-known HHT algorithm
is used in this method to decompose the complex signal into
distinct oscillatory components ranging in frequency from
low to high and a single monotone residue. Two requirements
must be met for a signal to be an IMF: (i) the number of
zero-crossings and extrema (maxima and minima) must be
equal or deviate by no more than one; and (ii) The upper and
lower envelopes’ means, known as the local mean, must equal
zero. The EMD technique can successfully split signal y(t)
into numerous components. This approach is reliable, simple,
and efficient, requires no major model assumptions, and is
broadly applied for prediction problems in a wide range of
areas [18], [19], [20].

The detailed decomposition is presented in the following
flowchart.

B. ENSEMBLE EMPIRICAL MODE DECOMPOSITION
(EEMD)
The fundamental drawback of the traditional EMD when
breaking down complex signals into different subgroups is
mode mixing. Wu and Huang [21] proposed the EEMD tech-
nique in 2009 to address this problem. The algorithm of this
technique is described below.

C. STATISTICAL EMPIRICAL MODE DECOMPOSITION
(SEMD)
To extract the first mode, the SEMD approach proposed
by [22] substitutes smoothing for cubic spline interpolation.
The smoothing method has several advantages over cubic
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Algorithm 1 The Standard EMD Algorithm
1. Recognize the entire local extrema (local maxima and

minima) in the signal {yi (t)}.
2. Find out the upper {U (t)}, and lower envelope {L (t)}

in the signal yi(t).
3. To obtain the mean of both the upper and lower enve-

lope, join all the minima and maxima using the cubic
spline interpolation approach, i.e.,M (t):

Mean (t) =
U (t)+ L(t)

2
(1)

4. To produce the first component, subtract the mean
envelope computed in step 3 from the original signal,
i.e.

k1 (t) = y (t)−Mean (t) (2)

If k1 (t) meets the two conditions for the IMF as indicated
above, it should be considered as the initial IMF; otherwise,
steps 1 through 4 will be repeated with k1 (t) treated as a
new signal.

5. The first IMF determined in step 4 will be sub-
tracted from the signal y(t) to generate r1 (t), i.e.

r1 (t) = y (t)− k1 (t) (3)

6. The filtering procedure from step 1 is once again
applied in this stage, where r1 (t) is treated as a new
signal. Following the last step of EMD, the overall
signal trend will be a smooth monotonic residue,
and the actual signal, y(t), will be decomposed as
follows:

y (t) =
∑n

i=1
ki (t)+ rn (4)

It is important to note that rn is the residue and k1(t),
k2(t). . . kn(t) are all different IMFs with varying frequen-
cies ranging from high to low. Where rn is the residue
and k1(t), k2(t). . . kn(t) are different IMFs with different
frequencies that vary from high to low.

spline interpolation, particularly when the signal has been
contaminated by noise. The step-by-step algorithm of this
method is outlined in the following lines.

D. COMPLEMENTARY ENSEMBLE EMPIRICAL MODE
DECOMPOSITION WITH ADAPTIVE NOISE (CEEMDAN)
The mode-mixing problem in the EMD algorithm can be
removed by incorporating Gaussian white noise into the sig-
nal, and this type ofmodification in EMD is known as EEMD.
However, the EEMD technique may not remove Gaussian
white noise after signal reconstruction and causes reconstruc-
tion errors. To overcome this problem, the complete ensemble
empirical mode decomposition with adaptive noise (CEEM-
DAN) was proposed by [23].

Algorithm 2 The standard EEMD algorithm of EEMD
1. Choose the ensemble number, m, and the amplitude

of white noise, n.
2. Add awhite noise series wi (t) to the actual signal y (t)

to obtain a new series ýi (t), i.e.

ýi (t)= y (t)+ wi (t) (5)

3. Breakdown the signal ýi (t) into different IMfs and a
monotone residue using EMD.

4. Repeat the above steps 2, and 3 by adding diverse
white noise series respectively; and

5. Attain the (ensemble) means of the appropriate IMFs
of the decompositions as the concluding result.

Algorithm 3 Standard SEMD Algorithm
1. The signal x(t) can be split intoK test datasets T1, . . . ,

Tk , . . . ,TK where x(t) is the test signal.
2. Calculate the local average of two neighboring points

for the k th test dataset, and obtain T̃k .
3. The SEMD algorithm with a given smoothing param-

eter λ is applied to the composite signal T1, . . . ,
Tk−1, T̃k , Tk+1, . . . , Tk to decompose it into h1,λ and
rλ.

4. With a given smoothing parameter λ, apply the SEMD
algorithm to decompose the composite signal T1, . . . ,
Tk−1, T̃k , Tk+1, . . . , Tk into an h1,λ and the remaining
signal rλ.

5. To obtain the predicted values for the remaining sig-
nal, it would be necessary to evaluate it at the k th step
which is denoted by rkλ (t).

6. Steps (ii) to (iv) should be repeated for k = 1, . . . , K,
and the prediction error should be defined as follows:

PE (λ) =
1
n

∑n

i=1

{
x (t)− rkλ (t)

}2
(6)

After its first development, it has been widely used in many
fields such as the exploitation of marine resources to extract
ship-radiated noise by integrating CEEMDAN with adaptive
noise [24]. The advantage of CEEMDAN is that it eliminates
the problem of mode mixing efficiently, reconstruction errors
become negligible as well as the cost of calculation is signif-
icantly minimized. Let’s describe the function EMDj (·) that
makes possible the jth mode attained by EMD, and let wj (·)
be white noise from the standard normal distribution, the
algorithm of the CEEMDAN is summarized in the following
steps:

E. VARIATIONAL MODE DECOMPOSITION (VMD)
The variational mode decomposition was proposed by
Dragomiretskiy and Zosso in 2014 [25]. It can decompose
a signal into multiple components, and its essence and core
idea is the construction and solution of variational problems.

67372 VOLUME 11, 2023



M. Ali et al.: New Approach to EMD Based on Akima Spline Interpolation Technique

Algorithm 4 The Standard CEEMDAN Algorithm
1. The first IMF can be obtained by decomposing the

Gaussian white noise added signal yi (t) = y (t) +
γ0wi(t) (where γ0 is a noise coefficient, i=1, 2,. . . , L)
by implementing the method of EMD. The first mode
is then defined as:

IMF1 =
1
L

∑L

i=1
IMF i1 (7)

2. Calculate the first residue

r1 (t) = y (t)− IMF1 (8)

3. Decompose residue r1 (t)+ γ1EMD(wi (t)) to obtain
the 2nd mode as:

IMF2 =
1
L

∑L

i=1
EMD1[r1 (t)+ γ1EMD1(wi (t))]

(9)

4. The resulting residue can be obtained by repeating the
same procedure for each IMF, mathematically;

Rm (t) = y (t)−
∑m

j=1
IMF j (10)

The total number of IMFs is denoted with m. The IMFs
collectively break down the features of the original signal
at diverse timescales. The residue describes the trend of the
actual series, which is flatter and diminishes the forecast
error excellently.

This new variant of EMD is used in many fields such as in
marine science to analyze the underwater acoustic signal and
to extract more distinctive features of a ship [26]. Similarly,
the method of genetic algorithm (GA) is combined with
VMD to enhance the recognition performance of bearing fault
signals [27], and financial time series such as predicting the
direction movement of the stock prices [28], [29], carbon
price prediction [30], and underwater acoustic signal denois-
ing [30], [31]. Inspired by the EMD, the method assumes that
the original signal f is composed of a quantity of so-called
Intrinsic Mode Functions (IMFs) µk which is defined as
amplitude modulation and frequency modulation (AM-FM)
components.

f (t) =
∑
k

µk (t) =
∑
k

Ak (t) cos [ϕk (t)] (11)

The envelope, phase, and the IMFs in (11) are represented
by Ak (t), µk (t) and ϕk (t). It is important to mention here
that every individual IMF has a center frequency and limited
bandwidth. In the VMD algorithm, the key decomposition
process is the constrained variational problem. The mathe-
matical structure of this constrained variational problem can

be seen in the following equation (12).

min
{µk },{ωk }

{∑
k

∥∥∥∥ξ

[(
δ (t)+

j
π t

)
∗ µk (t)

]
e−jωk t

∥∥∥∥2
2

}
s.t.

∑
k
µk = f (12)

where {µk} := {µ1, . . . , µK } and {ωk} := {ω1, . . . , ωK }

are shorthand notations for the set of all modes and their
center frequencies, respectively. Equally, 6k := 6K

k=1 is
considered the summation of all the modes. Based on the
penalty factor and the Lagrangian multiplier, we can solve the
above-constrained variational problem in (12). As a result, the
augmented Lagrangian can be expressed as follows:

L ({µk} , {ωk} , λ) = α

K∑
k=1

∥∥∥∥∂t
[(

σ (t)+
j

π t

)

∗µt (t)
]
e−jωkt

∥∥∥∥2
2

+

∥∥∥∥∥f (t)−
K∑
k=1

µk (t)

∥∥∥∥∥
2

2

+ ⟨λ(t), f (t)−
K∑
k=1

µk ⟩ (13)

λ and α are the Lagrangian multipliers and balancing param-
eters respectively in (13). To obtain the saddle point, the
alternating direction multiplier method (ADMM) is applied,
and after that µk , ωk and λ are updated periodically, in the
following manner:

µ̂n+1
k (ω) =

f̂ (ω)−
∑

i>k µ̂n
i (ω)+

λ̂n(ω)
2

1+ 2α
(
ω − ωn

k

)2 (14)

ωn+1
k =

∫
∞

0 ω

∣∣∣µ̂n+1
k

∣∣∣2 dω∫
∞

0

∣∣∣µ̂n+1
k

∣∣∣2 dω

(15)

λ̂n+1 (ω) = λ̂n (ω)+ τ
(
f̂ (ω)−

∑
k
µ̂n+1
n (ω)

)
(16)

The Fourier Transform and time step in (16) are denoted by λ

and τ . As long as the convergence stop condition is satisfied,
the algorithm continues to run. A stop condition is defined as
follows:

∑
k

∥∥∥µ̂n+1
k − µ̂n

k

∥∥∥2
2∥∥µ̂n

k

∥∥2
2

< e (17)

The accuracy of convergence is given by e in (17). The
complete algorithm of VMD is as follows:

III. PROPOSED METHOD
Before going into details about our suggested approach,
which is based on the Akima spline interpolation technique,
we will demonstrate how the conventional EMD and its
several types provide subpar decomposition results for a
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Algorithm 5 The Standard VMD Algorithm

1. Initialize
{
µ̂1
k

}
,
{
ω1
k

}
,
{
λ̂1

}
, n = 0

2. Repeat n← n+ 1 for k = 1 : K do
3. Update µ̂k for all ω ≥ 0 :

µ̂n+1
k (ω)

←
f̂ (ω)−

∑
i<k µ̂n+1

i (ω)−
∑

i>k µ̂n
i (ω)+

λ̂n(ω)
2

1+ 2α
(
ω − ωn

k

)2
(18)

4. Update ωk :

ωn+1
k ←

∫
∞

0 ω

∣∣∣µ̂n+1
k (ω)

∣∣∣2 dω∫
∞

0

∣∣∣µ̂n+1
k (ω)

∣∣∣2 dω

(19)

end for
5. Dual ascent for all ω ≥ 0 :

λ̂n+1 (ω)← λ̂n (ω)+ τ
(
f̂ (ω)−

∑
k
µ̂n+1
n (ω)

)
(20)

6. Repeat steps (2) to (5) until the iteration stop condi-
tion is satisfied:

∑
k

∥∥∥µ̂n+1
k − µ̂n

k

∥∥∥2
2∥∥µ̂n

k

∥∥2
2

< e

synthetic signal. Suppose that a synthetic signal is denoted
by x(t), where 0 < t < 9 with frequencies f1= 6, f2= 2,
and f3= 1 then the artificial signal’s mathematical structure
is provided as follows:

x (t) = 0.5t + sin (f1π t)+ sin (f2π t)+ sin (f3π t)+ ϵ(t)
(21)

where ϵ (t) is Gaussian noise with a signal-to-noise ratio
(SNR) of 5. Fig. 1 shows the underlying signal of (1) with
Gaussian noise with an SNR level of 5.

This noisy signal is decomposed into various components
known as IMFs using the methods of EMD, EEMD, SEMD,
VMD, CEEMDAN, and the newly proposed approach; the
decomposition outcomes are displayed in Fig. 3.
Fig. 3 (a) demonstrates that the first IMF component,

which represents the noise in the signal, is not captured by the
usual method of EMD. In a similar vein, the altered versions
of EMD known as EEMD, SEMD, VMD, and CEEMDAN
also fail to separate the IMF1-based noise from the signal.
While the number of IMFs acquired by SEMD is smaller
than that of EMD, EEMD, and the proposed approach, the
number of IMFs obtained by EMD, EEMD, and CEEMDAN
are almost equal, showing that there is only a slight differ-
ence between these decomposition methods. Furthermore,
the new method of VMD that is based on the idea of EMD

FIGURE 1. Schematic view of the EMD algorithm.

FIGURE 2. Actual signal, noise from Gaussian with SNR level of 5, and
contaminated signal.

extracts the IMFs from the actual signal without producing
a single monotone residue and the last IMF still consists of
variations because of this structure, and algorithm design.
Fig. 3(f) shows that the noise in the form of the first IMF is
successfully retrieved when the signal is decomposed using
the new technique. For the implementation of EMD, EEMD,
SEMD, VMD, and CEEMDAN we have used three distinct
libraries in RStudio, namely ‘‘Rlibeemd’’ [33], ‘‘EMD’’ [34],
and ‘‘VMDecomp’’ [35] whereas the proposed method is
implemented in MATLAB (R2021b) by switching the cubic
spline interpolation method with Akima spline interpolation.
Fig. 2 (a-e) demonstrates how EMD, EEMD, SEMD, VMD,
and CEEMDAN fail to yield stable decomposition results
from such a chaotic synthetic signal. For the implementation
of EEMD, the default setting provided in the package is used
with the number of siftings of 50, the ensemble size of 250,
and the noise strength of 0.2, which is the standard deviation
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FIGURE 3. Decomposition of the noisy signal presented in Figure 2 by
(a) EMD (b) SEMD (c) EEMD (d) VMD (e) CEEMDAN (f) Proposed
Akima-EMD.

of the Gaussian random numbers used as additional noise.
Similarly, the method of VMD is applied with the default
settings. The cubic spline interpolation technique used in the
building of the upper and lower envelopes through the local
extrema is the primary reason for the failure of both EMD,
EEMD, and CEEMDAN. The algorithm of VMD is different
from EMD, EEMD, SEMD, and CEEMDAN, and therefore
for any synthetic or real-world data it extracts nine IMFs with
default settings. The last component known as IMF9 still
has some oscillations and unlike the other variants, we are
not able to obtain the monotone single residue. The lower
frequency component of the signal is not effectively reflected
by the mean envelope because it is vulnerable to noise. When
there are heavy-tailed noises present, such as outliers, the
upper or lower envelope tends toward extreme values, making
it impossible for the mean envelope to accurately repre-
sent the lower frequency pattern of the signal. Additionally,
SEMD, another modified version of EMD that uses smooth-
ing rather than cubic spline interpolation, is unable to remove
noise from the noisy signal. Furthermore, the first IMF is
subtracted from the signal for the purpose to find out the
deviations between the actual signal and the remaining one
after subtracting the first IMF component from it. We used
three different statistical metrics such as RMSE, MAE, and
MAPE to know which method successfully extracted noise
from the synthetic signal. The investigational results of this
analysis are presented in the following Table 1.

TABLE 1. Statistical metrics of actual and noise-free signal.

According to Table 1, the proposed method extracts noise
from a contaminated signal more effectively because RMSE,
MAE, and MAPE are the minimums among other methods,
such as EMD, EEMD, SEMD, CEEMDAN, and VMD.

To solve this issue, we suggest a novel method that does
not change the interpolation with smoothing as in the case of
SEMD, which yields the worst decomposition results when
compared to EMD, EEMD, CEEMDAN, andVMDbut rather
uses a different kind of interpolation approach. This interpo-
lation technique is known as Akima spline interpolation, and
therefore, we call our proposed new method Akima-EMD.
Before going into the details of our proposed method we
are first introducing the Akima interpolation technique in the
following subsection.

A. AKIMA SPLINE INTERPOLATION TECHNIQUE
Hiroshi Akima first presented the Akima spline interpola-
tion method in 1970 [36]. The Akima interpolation is a
sub-spline interpolation that is continuously differentiable.
It is constructed using fragmented third-order polynomials.
Piecewise cubic Hermite interpolation finds a cubic polyno-
mial for each interval [xi, xi+1] of an input data set of nodes
x and values ϑ , that not only interpolates the provided data
values vi and vi+1 at the interval’s nodes xi and xi+1, but also
has particular derivatives di and di+1 at xi and xi+1. A key
factor in the Hermite interpolation method is the selection
of derivatives di. A derivative formula was suggested by the
author to reduce the number of local undulations: Let δi =
(vi+1−vi)
(xi+1−xi)

to be the slope of the interval [xi, xi+1] . Akima’s
derivative at xi is defined as:

di =
|δi+1 − δi| δi−1 + |δi−1 − δi−2| δi

|δi+1 − δi| + |δi−1 − δi−2|
(22)

Akima’s derivative formula is altered by adjusting theweights
w1 and w2 of the slopes δi−1 and δi to remove overshoot and
prevent edge cases where both the numerator and denomina-
tor are equal to zero.

di =
w1

w1 + w2
δi−1 +

w2

w1 + w2
δi (23)

where w1 = |δi+1 − δi| + |δi+1 + δi| /2, and w2 =

|δi−1 − δi−2| + |δi−1 + δi−2| /2.
Observe that the five points xi−2, xi−1, xi, xi+1andxi+2 are

used to locally calculate Akima’s derivative at xi. It requires
the slopes δ−1, δ0, and δn, δn+1 for the endpoints x1 and
xn. Akima recommended using quadratic extrapolation to
compute these slopes as δ0 = 2δ1 − δ2, δ−1 = 2δ0 −
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δ1 and δn = 2δn−1 − δn−2 as they are not included in the
input data. Because it only employs values from nearby knot
points in the formation of the upper and lower envelopes
and the coefficients of the interpolation polynomial between
any two-knot points, the Akima spline interpolation has an
advantage over the cubic spline in the classic EMD. As a
result, there are not many complicated equations to solve, and
the Akima spline prevents unnatural wiggles in areas where
the second derivative of the underlying curve is changing
quickly. The fact that the second derivative of the Akima
spline is discontinuous could be a drawback.

B. ALGORITHM OF THE PROPOSED AKIMA-EMD
The suggested novel Akima-EMD technique, which uses the
Akima spline interpolation technique for both clean and noisy
signals, is summarized as follows:

Algorithm 6 Algorithm of the Proposed Akima-EMD
1. By using the Akima spline interpolation approach,

isolate the initial oscillatory component k∗(t) from the
noisy signal y(t).

2. Determine the upper {U (t)}, and lower {L (t)}
envelopes of the signal yi(t) respectively.

3. To obtain the mean of the upper and lower envelopes,
or M (t), join all the minima and maxima using the
Akima spline interpolation approach, i.e.

M (t) =
U (t)+ L(t)

2
(24)

4. The mean envelope calculated in step 3 will be
subtracted from the actual signal to obtain the first
component, i.e.

k (t) = y (t)−M (t) (25)

5. Repeat steps 1-4 for the component k (t) until a stop-
ping criterion is satisfied, and take the resulting k (t)
as k∗(t).

If the remaining signal i.e., r (t) = y (t) − k∗ (t) has still
some oscillation components then it can be further decom-
posed with the help of a new version of EMD. constant for
more than two consecutive nodes.

Any noisy signal can be decomposed with the help
of the new proposed Akima EMD. The addition of
|δi+1 + δi| /2, and |δi−1 + δi−2| /2 terms forces di=0 when
δi = δi+1 = 0, i.e., di = 0whenvi = vi+1 = vi+2, and hence
it eliminates the overshoot problem when the data is

IV. SIMULATION STUDY
To assess the empirical efficiency of the proposed method,
known as Akima-EMD, a simulation study is carried out to
measure how effectively the first component of the IMF can
extract the noise from the data. The purpose is to compare
the proposed method with the benchmark EMD, as well as its
different variants, such as EEMD, SEMD, CEEMDAN, and
VMD.We created a noisy signal from the following model to

FIGURE 4. Actual chirp signal, noise from Gaussian with SNR level of 10,
and contaminated chirp signal.

conduct simulation studies and determine the effectiveness of
our novel method:

K (ti) = F (ti)+ µ (ti) (26)

In the above (26) F (ti) are a test function and µ (ti) is the
noise that will be generated from 1) Gaussian with different
SNR levels, 2) heavy-tailed distribution such as t-distribution
with varying degrees of freedom. It was observed that the
final scenario depicts a situation in which noise includes
outliers or is generated from a heavy-tailed distribution. The
chirp signal (chirp) is the test function or signal that was used
in the simulation study. Although this signal has a variety of
mathematical structures, in this investigation we employed
the chirp signal defined as follows:

F (t1) = e(−4t) cos(5π t) (t ∈ [0, 9]) (27)

The noise produced by various distributions contaminates the
chirp signal described above; a detailed description of how to
add different noises to the above chirp signal is as follows.

A. GAUSSIAN NOISE ADDED INTO CHIRP SIGNAL WITH
SNR LEVEL OF TEN
In the first scenario of the simulation study, the chirp signal
described in (27) is initially contaminated with Gaussian
noise at an SNR level of 10. Fig. 4 displays the real signal, the
noise produced by a Gaussian distribution at an SNR level of
10, and the noise-added signal.

In this scenario of simulation experiments, we replicated
500 simulated datasets from the chirp signal with various data
lengths, such as 500, 1000, 5000, and 10000. To decompose
the chirp test function into different IMFs, the six methods—
EMD, EEMD, SEMD, CEEMDAN, VMD, and the newly
proposed Akima-EMD were applied to each replicated sim-
ulated data set with a different number of data points. It is
important to acquire the estimate p̂ for the test function after
decomposing the signal; p̂ is determined by removing the first
component (IMF1) of the noisy signal K (ti), i.e.

p̂ = K (ti)− IMF1 (28)
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TABLE 2. Average accuracy metrics for 500 replicated simulated data sets
with 500, 1000, 5000, and 10000 number of observations of chirp signal
having Gaussian added noise with SNR level of 10.

The proposed Akima-EMD approach is compared with other
methods based on three different statistical performance met-
rics such as average RMSE,MAE, andMAPE. The following
equations show how these various statisticalmetrics aremath-
ematically structured.

Average RMSE =
1
G

√
1
n

∑g

j=1

∑n

t=1

(
Ktj − p̂tj

)2 (29)

Average MAE =
1
G

[
1
n

∑g

j=1

∑n

t=1

∣∣Ktj − p̂tj∣∣] (30)

Average MAPE =
1
G

[
1
n

∑g

j=1

∑n

t=1

∣∣∣∣Ktj − p̂tjKtj

∣∣∣∣] (31)

Each of these performance indicators has 500 values because
there are 500 replicated simulated datasets, and hence, the
average of RMSE, MAE, and MAPE is calculated. The
empirical results of these performance metrics are presented
in Table 2.

It is evident from the empirical results presented in Table 2
that the proposed method efficiently extracts noise from the
signal. Since in the first case there are replications of 500 sim-
ulated datasets from chirp signals of different lengths such as
500, 1000, 5000, and 10000, therefore, we have 500 values
of RMSE, MAE, and MAPE. Table 2 shows that for the
chirp signal after adding noise from Gaussian distribution
with an SNR level of 10 average of three different statistical
metrics such as RMSE, MAE, and MAPE of the proposed
method with different lengths of data is minimum. Hence,

FIGURE 5. Actual chirp signal, Gaussian noise with SNR level 5, and
contaminated chirp signal.

it can be concluded that the proposed Akima-EMD method
successfully extracts noise in the form of IMF1 from the chirp
signal, which is contaminated, with Gaussian noise with an
SNR level of 10.

B. GAUSSIAN NOISE ADDED INTO CHIRP SIGNAL WITH
SNR LEVEL OF FIVE
In the first case of the simulation, we used a chirp signal
defined in (27), and Gaussian noise with an SNR level of 10 is
added to make it noisy. We simulated 500 replicated datasets
with a different number of observations such as 500, 1000,
5000, and 10000. In the second case, the same procedure is
repeated i.e., the Gaussian noise is again added but the SNR
level is changed from 10 to 5 for the purpose to contaminate
the chirp signal with more noise. In Fig. 5 the actual signal,
noise fromGaussian with SNR level of 5, and the noise added
chirp signal are plotted. It can be seen that increasing the SNR
level will make the chirp signal noisier.

The purpose of changing the SNR level is to know the
efficiency of the proposed Akima-EMD for such a heavy-
noisy signal. It is worth mentioning here that replacing the
SNR level; from ten to five generates more noise in the
signal and in such a case, the performance of the conventional
EMD is affected because of the cubic spline interpolation
technique that is used inside the EMD algorithm to find out
the upper and lower envelope. The proposed Akima-EMD,
which uses the Akima spline interpolation technique for the
purpose to construct lower and upper envelopes, performs
more efficiently in such a scenario and extracts the Gaussian
noise in the form of the first IMF component. The recent
extension of EMD known as SEMD uses smoothing rather
than interpolation to find out the mean envelope is showing
inefficient performance for this noisy chirp signal. Unlike
the SEMD, the EEMD, and CEEMDAN techniques perform
better than the classical benchmark EMD. It can be seen
from Table 3 that the statistical performance measures such
as the average RMSE, MAE, and MAPE are minimum for
our proposed new method. These statistical metrics were
obtained after subtracting the first IMF component from the
signal and comparing the remaining signal with the actual
noisy chirp signal.
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TABLE 3. Average accuracy metrics for 500 replicated simulated data of
chirp signal having Gaussian added noise with SNR level of 5.

The empirical results presented in Table 3 indicate that the
average values for RMSE, MAE, and MAPE of our proposed
Akima-EMD are the minimum for this chirp signal, which is
again contaminated with heavy noise since we changed the
SNR level from 10 to 5. By using EMD, SEMD, EEMD,
CEEMDAN, VMD, and the newly proposed Akima-EMD
method, we were able to decompose the noisy signal into
different IMFs, and a single monotone residue, and then
subtract the first IMF component from the noisy chirp signal
to determine the average values of RMSE, MAE, andMAPE,
as indicated in Table 3.

C. NOISE FROM HEAVY TAIL T-DISTRIBUTION WITH
DIFFERENT DEGREES OF FREEDOM
In the first two cases, the Gaussian noise is added to the chirp
signal with two different SNR levels i.e., ten, and five. It is
evident from the empirical results presented in Tables 2, and 3
that the proposed newAkima-EMDmethod outperformed the
other methods such as EMD, EEMD, SEMD, CEEMDAN,
and VMD in terms of removing noise from the signal as the

FIGURE 6. Actual, Noise, and the noisy signal after adding noise from
t-distribution with three degrees of freedom.

average of three statistical metrics such as RMSE, MAE, and
MAPE of is minimum. However, a query has to be answered
‘is it efficient in a case when noise is generated from a
heavy-tailed distribution such as t-distribution’? To answer
this question, noise in the chirp signal is added from a heavy-
tailed t-distribution with different degrees of freedom. The
shape of the t-distribution is depended upon its single degree
of freedom; therefore, noise is generated from this heavy tail
t-distribution with a different number of degrees of freedom.
The performance of the proposedmethodwhen noise is added
from heavy-tailed t-distribution can be seen in the following
subsections.

1) NOISE FROM T-DISTRIBUTION WITH ϑ = 3 (DEGREES OF
FREEDOM)
As a first case, noise is added in the chirp signal from the
heavy-tailed t-distribution with three degrees of freedom and
decomposed the noise-added chirp signal with the help of
EMD, EEMD, SEMD, CEEMDAN, VMD, and the proposed
Akima-EMD. In this scenario, the proposed method per-
formed well for each length of the data such as 500, 1000,
5000, and 10000 for 500 different replicated datasets in terms
of the smallest values of average RMSE, MAE, and MAPE.
The chirp signal, noise, and noise-augmented chirp signal are
shown in Fig. 6.

The average statistical metrics such as RMSE, MAE, and
MAPE are calculated after subtracting the first IMF com-
ponent from the actual signal and comparing the noise-free
remaining signal with the actual. Investigation results are
presented in Table 4 which clearly shows that the proposed
Akima-EMDmethod outperforms the other methods in terms
of accuracy metrics such as average RMSE, MAE, and
MAPE, in all scenarios i.e. for 500 replicated simulated
datasets, having different lengths of the data such as 500,
1000, 5000, and 10000.

2) CASE-II NOISE FROM T-DISTRIBUTION WITH ϑ = 5
(DEGREES OF FREEDOM)
In the preceding example, noise from the heavy-tailed
t-distribution with three degrees of freedom was created and
then extensively added to the chirp signal. The noise-added
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TABLE 4. Average accuracy metrics for 500 replicated simulated data sets
of chirp signal with noise added from heavy-tailed t-distribution with
ϑ = 3 (degrees of freedom).

FIGURE 7. Actual, Noise, and the noisy signal after adding noise from
t-distribution with five degrees of freedom.

chirp function is then decomposed with the help of EMD,
EEMD, SEMD, CEEMDAN, VMD, and the new Akima-
EMD method. Now, as a second case, we generated noise
again from the heavy-tailed t-distribution with five degrees
of freedom and added this heavy noise to the chirp signal.
The actual noise-free signal, the noise, and the noisy added
signal are presented in the following Fig. 7 below.
According to Fig. 7, after adding noise from a t-distribution

with five degrees of freedom, the chirp signal becomes
contaminated with high-amplitude noise, which is statisti-
cally known as an outlier. Now the same procedure is again
repeated for the purpose to extract the noise from the chirp

TABLE 5. Average accuracy metrics for 500 replicated simulated data sets
of chirp signal with noise added from heavy-tailed t-distribution with
ϑ = 5(degrees of freedom).

signal. Since the experiment is performed by simulating
500 datasets from a chirp signal with different lengths of data
such as 500, 1000, 5000, and 10000. Hence, we have four
different simulated cases, i.e. 500 different datasets generated
from the chirp signal each of length 500 as a first case,
and subsequently 1000, 5000, and 10000 lengths. Therefore,
on each iteration, the chirp function is decomposed with the
help of EMD, EEMD, SEMD, CEEMDAN, VMD, and the
new method. The IMF1 is subtracted from the actual chirp
signal, and average statistical metrics such as RMSE, MAE,
and MAPE are calculated and presented in Table 5. It can be
seen from the empirical results presented in Table 5 that the
average values of RMSE, MAE, and MAPE of the proposed
Akima-EMD method are minimum in all scenarios. In the
case of such noisy chirp signals, the performance of the
benchmark EMD is not satisfactory due to the use of cubic
spline interpolation to determine the lower, upper, and mean
envelopes. Furthermore, the performance of the newly pro-
posed SEMD is not satisfactory for such a nonstationary and
nonlinear simulated chirp signal, which seems very unusual.
On the other hand, the method of EEMD, CEEMDAN, and
the proposed new method produces very similar results for
the average statistical measures such as RMSE, and MAE,
whereas the baseline EMD performance is not very satisfac-
tory to extract the noise from the noise-added chirp signal.

To end this case of simulation study where the noise is
generated from t-distribution with five degrees of freedom
and then added this noise with the chirp signal to contaminate
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it with heavy noise. After decomposing the noise added chirp
signal with EMD, EEMD, SEDM, CEEMDAN, VMD and
the proposed Akima-EMD the first IMF component is sub-
tracted from the actual chirp signal. A comparison is made
between the actual chirp signal and the remaining signal (after
removing the IMF1) to find out average RMSE, MAE, and
MAPE. It is evident from the empirical results presented in
table 5 that the proposed method outperforms the other data
decomposition method in terms of minimum average values
of RMSE, MAE, and MAPE, and hence to be considered as a
new tool to decompose the nonlinear and nonstationary data
specifically time series.

V. APPLICATION OF THE PROPOSED METHOD ON REAL
DATA SETS
In section IV, the proposed Akima-EMDmethod was applied
to the simulated datasets generated by using the chirp signal
defined in (25). As a first case, noise from the Gaussian with
different SNR levels i.e. five, and ten has been generated
and added to the chirp signal to contaminate it with outliers.
As a second case, noise from the heavy-tailed t-distribution
with different degrees of freedom is also added to the chirp
signal. In all of these scenarios, the suggested technique
outperforms previous methods such as EMD, EEMD, SEMD,
CEEMDAN, and VMD in terms of removing noise from the
signal. However, in real-world scenarios, where the data is not
created by any single function, nor is the noise generated by
any certain distribution. Indeed, there may have a complex,
nonstationary, and nonlinear dataset, or a dataset with some
trend or seasonality. In general, the performance of any given
approach must be consistent for both the simulated and actual
data sets. The following two real-world time series datasets
were used to check the performance of the proposed method.

A. CASE-I: NOISE-FREE WEATHER TIME SERIES
As a first real-world dataset, we analyzed weather time
series data of Australia collected by the Australian
bureau of meteorology department and available online
(http://www.bom.gov.au/climate/dwo/). This daily time
series dataset was gathered from several Australian weather
stations and comprises 21 variables for 10 years. However,
in the analysis, we only used univariate time series data,
i.e., daily minimum temperature, for the Sydney weather
station. It is important to mention that this dataset is not
contaminated with any outlying observation, and has some
seasonality. The following Fig. 8 illustrates that the Sydney
daily minimum temperature weather time series data has
a seasonal component and does not contain any unusual
observations.

The daily minimum temperature data is decomposed into
distinct IMFs and monotone residue using the EMD, EEMD,
SEMD, CEEMDAN,VMD, and the newly developedAkima-
EMD method.

Fig. 9 shows the results of this decomposition; it can be
observed that for the noise-free real dataset, the decomposi-
tion with the proposed technique is fairly close to the EMD,

FIGURE 8. Daily minimum temperature of Australia (Sydney) for the
period 9/30/2014 to 6/25/2017.

FIGURE 9. Decomposition of Australia (Sydney) daily minimum
temperature time series data in the time window 9/30/2014 to 6/25/2017
by implementing a) EMD b) EEMD c) SEMD d) VMD e) CEEMDAN and f)
Proposed Akima-EMD.

EEMD, and CEEMDAN with just one more IMF, but the
SEMD method provides poor decomposition results with
only five IMFs. The same procedure as in the simulation
studies section is repeated after decomposing the daily min-
imum temperature time series data into different IMFs and a
monotone residue. The first IMF component is removed from
the real daily minimum temperature data to generate a new
series, which is then compared to the actual data to get the
three important statistical measures known as RMSE, MAE,
and MAPE presented in Table 6 below.
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TABLE 6. Accuracy metrics for noise-free (not having a single outlier)
temperature data.

The empirical findings shown in Table 6 show that the
values of RMSE, MAE, and MAPE of the suggested novel
technique are minimal when compared to EMD, EEMD
SEMD, CEEMDAN, and VMD. Therefore, the proposed
Akima-EMD successfully removes noise in terms of IMF1
from the daily time series temperature data. Furthermore, the
EEMD and CEEMDAN findings are remarkably comparable
to the proposed new method, and it is considered a second
choice in this comparison of how these data-driven algorithms
eliminate noise from data.When the authors in [21] employed
smoothing instead of interpolation to determine the lower
and upper envelopes, the SEMD approach yields inferior
decomposition results when compared to the baseline EMD.

B. CASE-II: WEST TEXAS INTERMEDIATE (WTI) CRUDE OIL
TIME SERIES DATA
In the first real-world scenario, the daily weather time series
data collected from several Australian weather stations in
Australia is used. Because this time series dataset is clean
of noise and contains no outliers, therefore, the decompo-
sition results obtained by the standard EMD and the novel
technique are quite comparable. In a second scenario, the
performance of the proposed Akima-EMD is examined using
daily crude oil price time series, i.e., from January 1, 2019,
to December 31, 2022, collected from the website of yahoo
finance (https://finance.yahoo.com/). This time series dataset
is chosen for two reasons. To confirm that the proposed
method is equally efficient on different types of datasets, the
weather dataset is used in the first instance and the daily
closing price of crude oil such as West Texas Intermediate
(WTI) in the second case. Second, the crude oil daily closing
price time series data contains an anomaly in which the daily
closing price of a barrel of WTI, the US oil benchmark,
dropped as low as negative $37.63 per barrel (recorded on
April 19th, 2020). This means that oil producers are paying
buyers to take the commodity off their hands over fears that
storage capacity could run out. The reason behind this huge
decrease in crude oil prices is the COVID-19 pandemic where
oil demand has all but dried up as lockdowns across the world
have kept people inside. Figure 10 depicts the daily closing
price ofWTI; it is noticeable that prices fell as low as negative
$37.63.

The crude oil daily closing price time series dataset
has 791 observations spanning from January 1, 2019,
to December 31, 2022, including the pandemic period.

FIGURE 10. WTI daily closing prices in the time window January 01, 2019,
to December 31, 2021.

FIGURE 11. Decomposition of WTI crude oil data by implementing the
method of a) EMD b) SEMD c) EEMD d) VMD e) CEEMDAN f) Proposed
Akima-EMD.

This nonlinear and nonstationary daily time series data is
decomposed into several components and a single monotone
residue, implementing the methods of EMD, EEMD, SEMD,
CEEMDAN, VMD, and the proposed Akima-EMD. Fig.11
depicts the decomposition results; it can be seen from this
figure that the decomposition results of the novel approach
are stable and extract noise in the form of the first IMF.
Whereas the other methods such as EMD, EEMD, SEMD,
CEEMDAN, and VMD fail to extract the first IMF as a noise
present in the WTI crude oil data.

After decomposing the crude oil WTI daily closing price
into different IMFs the next aim is to know which method
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TABLE 7. Accuracy metrics for crude oil WTI daily closing price data
having a single outlier.

successfully extracted the noise. To verify the claim that the
proposed Akima-EMD extracted the noise in the form of the
first IMF component from the crude oil time series we sub-
tracted the IMF1 from the actual time series and compared the
leftover data with the actual. Three performance metrics such
as RMSE, MAE, and MAPE are calculated after comparing
the actual crude oil time series data with the leftover (after
removing noise in terms of IMF1) and presented in Table 7.

The empirical findings shown in Table 7 show that the
suggested technique successfully removes noise since the
results of the three statistical metrics are the lowest when
compared to the other three methods such as EMD, EEMD,
SEMD, VMD, and CEEMDAN. Once again, the SEMD per-
forms the poorest of the four approaches, demonstrating that
utilizing smoothing rather than interpolation when generating
the upper and lower envelopes neither improves the decom-
position results nor does it address the boundary condition
and wiggles at both ends of the data. In the classical EMD,
the cubic spline interpolation technique is changed with the
Akima spline interpolation. The advantage of this change is
that it overcomes the limitation of the overshoot, boundary
condition, and wiggles in the EMD. By solving the afore-
mentioned limitations in the benchmark, EMD the proposed
Akima-EMD decomposes the crude oil WTI time series data
successfully and considers the first IMF component as noise.

Briefly, it is obvious that decomposing such nonstationary
and nonlinear time series data with the help of the newmethod
known as Akima-EMD effectively extracts the fluctuations,
and it will become easier for financial time series experts to
predict its future trajectory once they identify noise in the
data.

VI. CONCLUSION
In this research article, we suggested a novel method that
overcomes the limitations of EMD such as overshoot, under-
shoot, wide swings, and wiggles at both ends of the data due
to the cubic spline interpolation technique. After developing
the new method we used a synthetic signal to know its effec-
tiveness and compare it with other decomposition methods
such as EMD, EEMD, SEMD, CEEMDAN, and VMD. For
the experimental purpose, a synthetic signal that is sinusoidal
which is defined in (27) contaminated with noise generated
from Gaussian distribution with an SNR level of 5 is used.
After contaminating the signal with the noise this noisy sig-
nal is then decomposed with the newly proposed method

in comparison with the other methods such as the classical
EMD, SEMD, EEMD, CEEMDAN, and VMD. Three dif-
ferent statistical metrics such as RMSE, MAE, and MAPE
are calculated after subtracting the first IMF component from
the actual data and then comparing the remaining signal
with the actual one. Investigation results of RMSE, MAE,
and MAPE presented in Table 1 suggest that the proposed
new method which is known as Akima-EMD extracts noise
from the contaminated signal effectively as compared to the
other methods used in the comparison. Furthermore, for the
simulation study, we took the chirp signal defined in (27) and
generated 500 different replicated datasets from it. In the first
case, the number of observations in each of these simulated
datasets was 500. This chirp signal is then contaminated by
generating noise from Gaussian distribution using different
SNR levels such as ten, and five. After contaminating the
chirp signal with the noise then decompose this noisy signal
with the newly proposed method in comparison with the
other methods such as the classical EMD, SEMD, EEMD,
CEEMDAN, and VMD. The same procedure was repeated
by changing the number of observations from 500 to 1000,
5000, and 10000. After subtracting the first IMF component
from the real data and comparing the remaining signal to
the actual one, the average RMSE, MAE, and MAPE are
computed. The empirical findings shown in Tables 2, and 3
suggests that the average values of the statistical metrics of
the proposed novel technique are minimum in all scenarios,
i.e. 500 replicated simulated datasets with 500, 1000, 5000,
and 10000 lengths of data. The same chirp signal is used
in the second phase of the simulation study, but the noise
level is changed from Gaussian to heavy-tailed t-distribution
with different degrees of freedom such as three, and five.
We followed the same procedure as in the case of Gaussian to
extract the heavy-tailed noise added to the chirp signal from
t-distribution. The investigational findings of average RMSE,
MAE, andMAPE provided in Tables 4, and 5 indicate that the
suggested new approach outperforms previous methods such
as EMD, EEMD, SEMD, CEEMDAN, and VMD in terms of
removing noise in the form of first IMF from the noisy chirp
signal. The performance of any new method involves not just
simulation studies but also testing on real-world data. For
this purpose, two different real-world time series datasets are
used, i.e. the temperature data and the WTI crude oil prices.
These two datasets meet the criteria since the latter contains
an outlier and the temperature data is a clean time series
without any outliers. These two real datasets are decomposed
using EMD, EEMD, SEMD, CEEMDAN, VMD, and the
novel Akima-EMD method. Following the decomposition of
the nonstationary and nonlinear daily time series data into
several IMFs and a single residue, the first IMF is removed
from the real data to determine that this component contains
no relevant information. According to the empirical results
of performance indicators such as RMSE, MAE, and MAPE
presented in Tables 6 and 7, the proposed method effectively
extracts noise (useless information) from data in the form
of the first IMF component. In a summary, both simulation
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studies and real-world data examples indicate that the new
approach, known as Akima-EMD, outperforms previous non-
linear and non-stationary data decomposition methods such
as EEMD, SEMD, CEEMDAN, VMD, and the well-known
benchmark EMD.

Therefore, it should be considered a new tool in the existing
literature and could be used as an efficient technique for
decomposing and forecasting the nonlinear and nonstationary
time series.
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