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The  empirical  mode  decomposition  (EMD)  decomposes  non-stationary  signals  that  may  stem  from  non-
linear  systems,  in a local  and  fully  data-driven  manner.  Noise-assisted  versions  have  been  proposed  to
alleviate  the so-called  “mode  mixing”  phenomenon,  which  may  appear  when  real  signals  are analyzed.
Among  them,  the  complete  ensemble  EMD  with  adaptive  noise  (CEEMDAN)  recovered  the  completeness
eywords:
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lectroglottography
entricular fibrillation

property  of  EMD.  In  this  work  we present  improvements  on  this  last  technique,  obtaining  components
with  less  noise  and  more  physical  meaning.  Artificial  signals  are  analyzed  to illustrate  the  capabilities
of  the  new  method.  Finally,  several  real  biomedical  signals  are  decomposed,  obtaining  components  that
represent  physiological  phenomenons.

©  2014  Elsevier  Ltd. All  rights  reserved.

pileptic seizure

. Introduction

Empirical mode decomposition (EMD) [1] is an adaptive (data-
riven) method to analyze non-stationary signals stemming from
onlinear systems. It produces a local and fully data-driven separa-
ion of a signal in fast and slow oscillations. At the end, the original
ignal can be expressed as a sum of amplitude and frequency mod-
lated (AM–FM) functions called “intrinsic mode functions” (IMFs),
r simply modes, plus a final monotonic trend. In this way, EMD  is
omplete.

The local nature of the EMD  may  produce oscillations with very
isparate scales in one mode, or oscillations with similar scales in
ifferent modes. When this phenomenon is undesirable, and sim-

lar scales for each mode are preferred, this consequence of the
ethod becomes a problem, named as “mode mixing”. To allevi-

te it, a new method was proposed: the ensemble empirical mode
ecomposition (EEMD) [2], which performs the decomposition

ver an ensemble of noisy copies of the original signal, obtaining
he final results by averaging. The addition of white Gaussian noise
educes the mode mixing by populating the whole time–frequency

∗ Corresponding author at: Laboratorio de Señales y Dinámicas no Lineales, Uni-
ersidad Nacional de Entre Ríos, Ruta Prov. 11 Km 10.5, Oro Verde, Entre Ríos,
rgentina. Tel.: +54 343 4975100.

E-mail addresses: macolominas@bioingenieria.edu.ar (M.A. Colominas),
schlotthauer@conicet.gov.ar (G. Schlotthauer), metorres@santafe-conicet.gov.ar
M.E. Torres).

ttp://dx.doi.org/10.1016/j.bspc.2014.06.009
746-8094/© 2014 Elsevier Ltd. All rights reserved.
space, taking advantage of the dyadic filter bank behavior of the
EMD  [3]. Thus, more regular modes are obtained, with similar
scales for the whole time span. Even if EEMD has shown to be
useful in a wide range of applications [4,5,16], it also created new
difficulties. Indeed, as a consequence of the algorithm, the recon-
structed signal, the sum of the modes and the final trend, contains
residual noise. Also, different realizations of signal plus noise may
produce a different number of modes, making difficult the final
averaging. The Complementary EEMD [7] significantly alleviated
the reconstruction problem by using complementary (i.e., adding
and subtracting) pairs of noise. However, the completeness prop-
erty cannot be proven, and the final averaging problem remains
unsolved since different noisy copies of the signal can produce a
different number of modes.

The complete ensemble empirical mode decomposition with
adaptive noise (CEEMDAN) [8] proved to be an important improve-
ment on EEMD, achieving a negligible reconstruction error and
solving the problem of different number of modes for different
realizations of signal plus noise. Applications of this technique can
be found in areas such as biomedical engineering [9], seismology
[10,11] and building energy consumption [12].

In spite of that, CEEMDAN still has some aspects in which it
deserves to be improved: (i) its modes contain some residual noise;
and (ii) the signal information appears “later” than in EEMD with

some “spurious” modes in the early stages of the decomposition.
The first two  or three modes contain an important amount of noise
and similar scales of the signal, as it can be seen in the signals
analyzed in [8,13]. We  address this two  issues in the present paper.

dx.doi.org/10.1016/j.bspc.2014.06.009
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2014.06.009&domain=pdf
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mailto:gschlotthauer@conicet.gov.ar
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The paper is organized as follows. In Section 2 a brief explana-
ion about EMD, EEMD and original CEEMDAN is given. In Section 3
e introduce the improvements on CEEMDAN. Section 4 is devoted

o the experiments and results discussion. Section 5 concludes the
aper.

. EMD, EEMD, complementary EEMD and CEEMDAN

The EMD  technique [1] decomposes a signal into a usually small
umber of IMFs. To be considered as an IMF, a signal must fulfill
wo conditions: (i) the number of extrema (maxima and minima)
nd the number of zero-crossings must be equal or differ at most
y one; and (ii) the local mean, defined as the mean of the upper
nd lower envelopes, must be zero. The algorithm can be described
s follows [1]:

tep 1. Set k = 0 and find all extrema of r0 = x.
tep 2. Interpolate between minima (maxima) of rk to obtain the

lower (upper) envelope emin (emax).
tep 3. Compute the mean envelope m = (emin + emax)/2.
tep 4. Compute the IMF  candidate dk+1 = rk − m .
tep 5. Is dk+1 an IMF?

• Yes. Save dk+1, compute the residue rk+1 = x −
∑k

i=1di, do
k = k + 1, and treat rk as input data in step 2.

• No. Treat dk+1 as input data in step 2.
tep 6. Continue until the final residue rK satisfies some predefined

stopping criterion.

The refinement process (steps 2 to 5) needed to extract every
ode, requires a certain number of iterations and is named as sifting

rocess.
The ensemble version, EEMD [2], defines the “true” modes as

he average of the corresponding IMFs obtained from an ensemble
f the original signal plus different realizations of finite variance
hite noise. Let x be the signal of interest. The EEMD algorithm can

e described as follows:

tep 1. Generate x(i) = x +  ̌ w(i), where w(i) (i = 1, . . .,  I) is a zero
mean unit variance white noise realization, and  ̌ > 0.

tep 2. Decompose completely each x(i) (i = 1, . . .,  I) by EMD, obtain-
ing the modes d(i)

k
, where k = 1, . . .,  K indicates the mode.

tep 3. Assign d̄k as the kth mode of x, obtained by averaging the
corresponding modes: d̄k = 1

I

∑I
i=1d(i)

k
.

The extraction of every d(i)
k

requires a different number of sifting
terations.

It can be noticed that in EEMD, every x(i) is decomposed inde-
endently from the other realizations and for every one of them a
esidue r(i)

k
= r(i)

k−1 − d(i)
k

is obtained at each stage, with no connec-
ion between the different realizations. This situation is the cause of
ome EEMD disadvantages: (i) the decomposition is not complete
nd (ii) different realizations of signal plus noise might produce
ifferent number of modes.

In order to deal with the reconstruction error, the complemen-
ary EEMD [7] was proposed. Noise is added in pairs to the original
ata (one positive and one negative) to generate two  ensembles

y(i)
1

y(i)
2

]
=

[
1 1

1 −1

] [
x

w(i)

]
. (1)

lthough this proposals significantly alleviates the residual noise

n the reconstructed signal, there is no guarantee that y(i)

1 and y(i)
2

ill produce the same number of modes, making difficult the final
veraging. Also, residual noise is present in the modes, as we will
ee in what follows.
cessing and Control 14 (2014) 19–29

Taking into account these drawbacks, in [8,14] the authors pro-
posed a new ensemble method called CEEMDAN. The general idea
is the following: x(i) are generated from x and the first mode d̃1 = d̄1
is computed exactly as in EEMD. Then, a unique first residue is
obtained, independently from the noise realization:

r1 = x − d̃1. (2)

After that, the first EMD  mode is computed from an ensemble of r1
plus different realizations of a particular noise. The second mode
d2 is defined as the average of these modes. The next residue is:
r2 = r1 − d̃2. This procedure continues until a stopping criterion is
reached.

The next algorithm details the CEEMDAN method. Let Ek(·) be
the operator which produces the kth mode obtained by EMD  and
let w(i) be a realization of zero mean unit variance white noise.
Then:

Step 1. For every i = 1, . . .,  I decompose each x(i) = x + ˇ0 w(i) by
EMD, until its first mode and compute

d̃1 = 1
I

I∑
i=1

d(i)
1 = d1.

Step 2. At the first stage (k = 1) calculate the first residue as in Eq.
(2): r1 = x − d̃1.

Step 3. Obtain the first mode of r1 + ˇ1 E1(w(i)), i = 1, . . .,  I, by
EMD  and define the second CEEMDAN mode as:

d̃2 = 1
I

I∑
i=1

E1(r1 + ˇ1 E1(w(i))).

Step 4. For k = 2, . . .,  K calculate the kth residue:

rk = r(k−1) − d̃k. (3)

Step 5. Obtain the first mode of rk + ˇk Ek(w(i)), i = 1, . . .,  I, by
EMD  until define the (k + 1)th CEEMDAN mode as:

d̃(k+1) = 1
I

I∑
i=1

E1(rk + ˇk Ek(w(i))). (4)

Step 6. Go to step 4 for the next k.

Iterate the steps 4 to 6 until the obtained residue cannot be fur-
ther decomposed by EMD, either because it satisfies IMF  conditions
or because it has less than three local extrema.

Observe that, by construction of CEEMDAN, the final residue
satisfies:

rK = x −
K∑

k=1

d̃k, (5)

with K being the total number of modes. Therefore, the signal of
interest x can be expressed as

x =
K∑

k=1

d̃k + rK , (6)

ensuring the completeness property of the proposed decomposi-

tion and thus providing an exact reconstruction of the original
data. The final number of modes is determined only by the data
and the stopping criterion. The coefficients ˇk = εk std(rk) allow the
selection of the SNR at each stage.
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. Improvements on CEEMDAN

It was shown in [8] and [14] how CEEMDAN overcomes the main
ifficulties of EEMD, but it still has two problems, as it was  stated

n the Section 1. These issues, the presence of residual noise in the
odes and the existence of spurious modes, are addressed in this

ection.

.1. Residual noise in modes

The main idea in the noise-assisted variations of EMD  is to add
ome controlled noise to the signal in order to create new extrema.
n this way, the local mean is “forced” to stick to the original signal
n those portions where new extrema were created while it remains
nmodified in the rest of the signal (where no creation of extrema
ccurred); i.e., the algorithm is forced to focus in some specific val-
es of the scale-energy space. Averaging is meant to better estimate
his local mean that is slightly different across the signal plus noise
ealizations.

However, EEMD does not estimate local means but modes
nstead. This is because it independently decomposes each real-
zation of signal plus noise, so at the first stage of each realization
ecomposition there is one local mean and one mode. It is impossi-
le to proceed in a different way in EEMD, then the true mode is an
verage of modes of noisy copies of the original signal, containing
ome residual noise.

On the other hand, CEEMDAN uses each final mode for the com-
utation of the next one. Each mode is computed sequentially, in a
eflationary scheme. Then, we can proceed differently from EEMD
stimating the local means of each realization of signal plus noise
nd defining the true mode as the difference between the current
esidue and the average of its local means.

Let us recall the operator Ek(·), and let M(·) be the operator which
roduces the local mean of the signal that is applied to. It can be
oticed that E1(x) = x − M(x). Let w(i) be a realization of white Gauss-

an noise, x(i) = x + w(i), and 〈 · 〉 the action of averaging throughout
he realizations. For the first EEMD and original CEEMDAN modes
e have:

˜1 = 〈E1(x(i))〉 = 〈x(i) − M(x(i))〉 = 〈x(i)〉 − 〈M(x(i))〉. (7)

y estimating only the local mean and substracting it from the
riginal signal, we have:

˜1 = x − 〈M(xi)〉. (8)

n this way, we obtain a reduction in the amount of noise present
n the modes. We  are replacing the estimations of modes for the
stimations local means, which better reflects what we  have stated
n the first paragraph.

.2. Spurious modes

In the original formulation of CEEMDAN [8], we computed the
rst mode in the same way as in EEMD (i.e., averaging first modes
f signal plus white noise). To extract the rest of the modes we must
dd a different noise to the current residue. That particular noise
s an EMD  mode of white noise. For example, to extract the sec-
nd mode d̃2 we must decompose different copies of r1 + E1(w(i)),
here r1 is the first residue. This produces a strong overlapping

n the scales we are focusing in for the first two  modes (first one

xtracted adding white noise and the second one adding E1(w(i))).
n order to reduce this overlapping, we propose here to make no
irect use of white noise but use instead Ek(w(i)) to extract the kth
ode.
cessing and Control 14 (2014) 19–29 21

3.3. The new algorithm

Taking into account the two previous subsections, here we  pro-
pose a new algorithm for CEEMDAN. We  will make use of the
already introduced operators M(·), Ek(·). Let w(i) be a realization
of white Gaussian noise with zero mean and unit variance. With
this in mind, we  propose the improved CEEMDAN’s algorithm as
follows:

Step 1. Calculate by EMD  the local means of I realizations x(i) = x +
ˇ0 E1(w(i)) to obtain the first residue

r1 = 〈M(x(i))〉.

Step 2. At the first stage (k = 1) calculate the first mode: d̃1 = x − r1.
Step 3. Estimate the second residue as the average of local means

of the realizations r1 + ˇ1 E2(w(i)) and define the second
mode:

d̃2 = r1 − r2 = r1 − 〈M(r1 + ˇ1 E2(w(i)))〉.

Step 4. For k = 3, . . .,  K calculate the kth residue

rk = 〈M(rk−1 + ˇk−1 Ek(w(i)))〉.

Step 5. Compute the kth mode

d̃k = rk−1 − rk,

Step 6. Go to step 4 for next k.

Constants ˇk = εk std(rk) are chosen to obtain a desired SNR
between the added noise and the residue to which the noise is
added. Notice that in EEMD, the SNR between the added noise and
the residue increases with the order k. This is because the energy
of the noise in the kth residue, k > 1, is only a fraction of the energy
of the noise added at the beginning of the algorithm. To emulate
this behavior, in the present work we  will set ˇ0 in a way that ε0
is exactly the reciprocal of the desired SNR between the first added
noise and the analyzed signal: if we  express the SNR as a quotient of
standard deviations, we  have ˇ0 = ε0 std(x)/std(E1(w(i))). In order
to obtain noise realizations with smaller amplitudes for the late
stages of the decomposition, in the rest of the modes we will use
the noise as resulting from its pre-processing by EMD, i.e., without
normalizing them by its standard deviation (ˇk = ε0 std(rk), k ≥ 1).
Studies on the influence of this important parameter can be found
in [14]. A flowchart of this new algorithm can be found in Fig. 1.

In what follows, we will refer the method introduced in
[8] as original CEEMDAN and the improved version here pre-
sented as improved CEEMDAN. In all implementations we  used
the EMD  toolbox available at: http://perso.ens-lyon.fr/patrick.
flandrin/emd.html. An implementation of the original formula-
tion of CEEMDAN can be found at: http://www.bioingenieria.
edu.ar/grupos/ldnlys/.

4. Experiments and results

In this section we illustrate the abilities of the improved CEEM-
DAN here proposed. Analyzing the decompositions of two artificial
signals, we compare the results of this method with those of EMD,

EEMD, and the original CEEMDAN. Additionally, three biomedical
signals are decomposed by the improved CEEMDAN (electroglot-
togram, electrocardiogram and electroencephalogram) in order to
show some of its potential applications.

http://perso.ens-lyon.fr/patrick.flandrin/emd.html
http://perso.ens-lyon.fr/patrick.flandrin/emd.html
http://www.bioingenieria.edu.ar/grupos/ldnlys/
http://www.bioingenieria.edu.ar/grupos/ldnlys/
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Fig. 1. Flowchart describing t

.1. Artificial signals

As a first example, we  propose here a classical mode mixing
xample. A sustained pure tone plus a gapped one with a higher
requency will inevitably lead us to mode mixing when analyzed
ia EMD, due to the local nature of the method. The analyzed signal
s s = s1 + s2 with

1 =

⎧⎨⎩
0 if 1 ≤ n ≤ 500

sin(2� 0.255 (n − 501)) if 501 ≤ n ≤ 750

0 if 751 ≤ n ≤ 1000.

(9)

2 = sin(2�  0.065 (n − 1)) (10)

e present a typical decomposition for the five here analyzed
ethods in Fig. 2. Mode mixing is evident in EMD, with modes

hree onwards having very little energy and undesirable oscila-
ions. For the three noise-assisted methods the pure tone is well
ecovered and also the fast component, avoiding the mode mix-
ng. However, in EEMD every realization of signal plus noise was
ompletely decomposed independently from each other and then a
otal number of nine modes was obtained, although from the third

ode onwards they have very small energy, without represent-
ng information of the original signal. Exactly the same problem is
xperienced for Complementary EEMD. The deflationary scheme of
he complete versions (original and improved CEEMDAN) allow us
o evaluate an objective global stopping criterion at every stage and
hus to stop sooner the decomposition, once the IMF conditions are
atisfied. A “spurious” second mode appears for original CEEMDAN.

Because of the stochastic ingredient in the noise-assisted meth-

ds, different decompositions of the same signal are in fact slightly
ifferent. Also, the energy of residual noises should decrease as
nsemble size I increases. In order to quantify the performances of
he methods, we carried out the decompositions 100 times for the
proved version of CEEMDAN.

four noise-assisted EMD  variations (EEMD, Complementary EEMD,
original CEEMDAN and improved CEEMDAN), and obtained statis-
tically significant results. In each case, we used ensemble sizes of
I = 50, 100, 200, 400, 800 (I/2 pairs for Complementary EEMD) and
a recommended value for the noise amplitude of ε0 = 0.2 [2,14].

Notice in (9) that s1 = 0 for 1 ≤ n ≤ 500 and 751 ≤ n ≤ 1000. The
fine to coarse nature of all EMD  methods suggests that the fastest
component (s1 in this case) should be catched by the first mode
(d1). We  measured the residual noise present in the first mode as
the mean energy of the respective first modes (for all three noise-
assisted methods) in those places where it is supposed to be zero.
To reduce the influence of possible border effects, we considered
the intervals between samples 11 and 490, and between 761 and
990. We  named the mean energies of the intervals as el(d1) and
er(d1) respectively.

To evaluate the capabilities of both methods to recover known
components embedded in a composite signal, we use the root rela-
tive squared error of a recovered signal a with respect to a reference
signal b

RRSEb(a) = ||a − b||
||b|| . (11)

The results for el(d1) and er(d1) are presented in Fig. 3. The per-
formance of improved CEEMDAN was superimposed to those of
the other three noise-assisted methods. As expected, improved
CEEMDAN provides less residual noise in the first mode than EEMD
and original CEEMDAN. It can be appreciated that although the
noise content of Complementary EEMD first mode is lesser than

that of EEMD, is still greater than the one present in improved
CEEMDAN first mode. It is noteworthy that improved CEEMDAN
achieves for I = 50 a result similar to the other methods for I =
800.
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Fig. 2. Decomposition of artificial signal s by EMD, EEMD, co

Results of the performances when recovering known compo-
ents are presented in Fig. 4. Improved CEEMDAN presents better
esults than the other methods. Here, the difference with Com-
lementary EEMD is more evident, especially for the recovery
f s2. Finally, we present the reconstruction errors in Fig. 5. As
xpected, the error for improved CEEMDAN is negligible when
ompared with that of EEMD. What is somewhat surprising is
he increasing error with the ensemble size I for Complementary
EMD. These can be explained for the fact that different noisy
opies of the signal produce different number of modes. Thus, as
he number of realizations increases, the probability of having dif-
erent number of modes increases, and so does the reconstruction
rror.

A more complicated artificial signal is used as a second exam-
le. It consists of two Gaussian atoms and an FM sinusoidal

 = x1 + x2 + x3, with

x1 = 3 e
−
(

n − 500
100

)2

�

cos

(
2�

5
16

(n − 1000)

)
,

x2 = cos

(
2�

fmax + fmin

2
(n − 1000) + fmax − fmin

2
1000

(
sin

2� n

1000
+ � − sin �

))
,

x3 = e
−
(

n − 1000
200

)2

�

cos

(
2�

7
256

(n − 1000)

)
,

entary EEMD, original CEEMDAN and improved CEEMDAN.

for 1 ≤ n ≤ 1000, fmax = 3/32, fmin = 9/128 and � =
− arccos

(
3fmin+fmax
fmax−fmin

)
The signal was decomposed via EMD, EEMD, Complementary

EEMD and the original and improved versions of CEEMDAN using in
all cases the recommended value for the noise amplitude of ε0 = 0.2
[2,14] and an ensemble size of I = 50 (I/2 =25 pairs for Complemen-
tary EEMD). Results for improved CEEMDAN (in black) and EEMD
(in red [gray]) are presented in Fig. 6, where they were overlapped
for comparison purposes, along with the frequency spectra of the
improved CEEMDAN modes. It is worthy to mention the fact that
the second EEMD residue was obtained by summing the modes
third to last. This is because it is impossible to impose an objective
global stopping criterion, since every realization of signal plus noise
is decomposed independently from each other. In the case of EEMD
the second residue was artificially created, summing up the modes
three to last, only for comparison purposes.

It can be appreciated the data-driven filter bank behavior for
EEMD and improved CEEMDAN. The signal x1 is correctly isolated,
as well as x2 and x3 which are very close in frequency. Although
similar results can be obtained with a linear filter bank, in this
case it was  no necessary to specify the number of filters, nor its

central frequencies, nor its bandwidths. The “spontaneously” gen-
erated filter bank separating components with different spectra
with no a priori known distribution is a valuable property of these
methods.
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Fig. 3. Performances of the four noise-assisted methods on artificial signal s. 

Full decompositions of signal x for EMD  and the four noise-
ssisted methods are presented in Fig. 7. As before, EMD  presents
trong mode mixing. For EEMD and Complementary EEMD, modes
our onwards have little energy and they do not represent rel-

vant information of the signal. They appear because different
ealizations of signal plus noise have produced a different num-
er of modes. The original version of CEEMDAN have produced a
purious second mode. The improved version instead, have well

Fig. 4. Performances of the four noise-assisted methods on artificial signal s. To
w: energy of the first half of d1. Bottom row: energy of the last quarter of d1.

recovered the three components of the original signal. As in the pre-
vious example, here it can be also appreciated that modes one and
three in improved CEEMDAN contain less noise than those obtained
with the other noise-assisted EMD  methods. For both, original and

improved CEEMDAN the decompositions were stopped once the
IMF  conditions were satisfied for the current residue.

We achieved a method that provides modes with less noise and
avoids the spurious modes present in the original formulation of

p row: error when recovering s1. Bottom row: error when recovering s2.
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Fig. 5. Performances of the four noise-assisted

EEMDAN. We  will next apply the improved version of CEEMDAN
o several biomedical signals, illustrating its potential as an analysis
ool for this kind of applications.

.2. Electroglottogram

The electroglottograph (EGG) is a very widespread technique
hich allows the investigation of the contact area of the phonating

ocal folds, in a simple and non-invasive way. It is characterized by
n increasing in the amplitude of the signal in the glottal closing
nstant [15]. Its study allows a fundamental frequency tracking in
oiced phonemes. Therefore, it would be desirable to have a noise
nd trend free signal to better estimate the glottal opening and
losing instants.

A segment of an EGG signal from the Keele database [16] can
e appreciated in Fig. 8. Its fifth improved CEEMDAN mode was

uperimposed. The parameters were ε0 = 0.2 and I = 100. Also, the
pectra from both signals are shown, and it can be noted that the
nergy present in the low frequency part of the signal (trend) is
s high as the energy present in the fundamental frequency. The

ig. 6. Artificial signal x, with its reassigned spectrogram and marginal spectrum. EEMD
arginal improved CEEMDAN spectra. (For interpretation of the references to color in th
I

ods on artificial signal s: reconstruction error.

improved CEEMDAN method captures in only one mode most part
of the signal information, preserving important waveform features
as a slightly asymmetry, where the increasing in the amplitude due
to the glottal closure is faster than the decreasing in the amplitude
due to the opening [15]. All modes of the decomposition are shown
in Fig. 9. The first two  modes contain mainly noise, and the sixth
mode onwards capture the low frequency content present in the
trend of the signal. Valuable high frequency information associated
to the closing of the vocal folds appears in the third mode, and also
in the fourth with less relevance.

A different EGG signal with a clear trend from the same database
is shown in the top plot of Fig. 10. As before, we  have superimposed
its fifth improved CEEMDAN mode. Same values for the parameters
were used. In this case, the energy of the fundamental frequency
is much smaller than the energy of the low frequency noise, and
still improved CEEMDAN captures in one mode the most impor-

tant information of the signal, preserving waveform characteristics.
Moreover, a decreasing in the frequency of the signal which is per-
fectly catched in the fifth mode, as it can be observed. All modes
are shown in Fig. 11. While the first mode contains mainly noise,

 (in red [gray]) and improved CEEMDAN (in black) results are shown along with
is figure legend, the reader is referred to the web version of this article.)
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is a ventricular tachycardia that rapidly progresses to ventricular
fibrillation [17]. One third of these patients could survive with the
n n

Fig. 7. Decomposition of artificial signal x by EMD, EEMD, co

he modes sixth onwards capture the trend of the signal. The third
ode contains high frequency information associated to the closing

f the vocal folds. The clear trend mentioned before is well captured
y the last mode.

In these two examples we have illustrated the capabilities of

mproved CEEMDAN for data-driven filtering EGG signals. The
nformation related to the fundamental frequency appears in only
ne mode. High frequency related to the glottal closure is revealed
n the obtained modes.
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4.3. Electrocardiogram with ventricular fibrillation

In most cases, the mechanism of sudden cardiac arrest onset
timely employment of a defibrillator. Hence, automatic detection
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Fig. 12. Top: ECG signal (black) and second improved CEEMDAN mode (red [gray]).
Bottom: amplitude spectra of EGG (black) and second improved CEEMDAN mode
(red [gray]). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

 

ig. 11. Improved CEEMDAN decomposition of the EGG signal shown in Fig. 10.
0 = 0.2. I = 100.

f these events by analyzing electrocardiogram (ECG) signals is of
ital importance [18].

A segment of an ECG record from the Creighton University (CU)
entricular tachyarrhythmia database 1 is shown in Fig. 12. The
brillation event starting at the half of its length can be appreci-
ted. The second improved CEEMDAN mode was  superimposed. It
ust be noticed how this mode identifies the heart beats (QRS com-

lexes) for the first half of the signal, while remains almost zero for

he second half where no heart beat occurs. This mode is a reli-
ble heart beat detector and could be used to identify the moments
f ventricular fibrillation, characterized for the lack of beats. The

1 Available at www.physionet.org
Fig. 13. Improved CEEMDAN decomposition of the ECG signal shown in Fig. 12.
ε0 = 0.2. I = 100.

spectra of both the ECG and its second improved CEEMDAN mode
are also shown in Fig. 12. Although the mode contains mainly high
frequencies, its energy is spread all over the spectrum, and a sim-
ple high pass or band pass filtering of the original signal cannot
retrieve it.

All modes of the decomposition are presented in Fig. 13. The
fourth mode contains the most part of the fibrillation event infor-
mation. The first half of seventh mode captures almost perfectly the
fundamental frequency of the heart, while its second half evidences
the lost of sinus rhythm.

4.4. Electroencephalogram with epileptic seizure

The electroencephalograph (EEG) is a testing method that con-
tains very useful information relating to the different physiological

states of the brain [19]. Sudden crisis such as epileptic seizures are
reflected on EEG recordings, and then they are suitable for auto-
matic detection.

http://www.physionet.org
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Fig. 14. Top: EEG signal (black) and first improved CEEMDAN mode (red [gray]).
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A real physiological signal recorded using stereo electroen-
ephalography (EEG) with eight multilead electrodes (2 mm long
nd 1.5 mm apart) was studied. It was filtered and amplified using

 1–40 Hz band pass filter. A four pole Butterworth filter was used
s antialiasing low pass filter. This signal was digitized at 256 Hz
hrough a 10 bits A/D converter. A physician accomplished the anal-
sis of pre-ictal and ictal data by visual inspection of the EEG record.
ccording to the visual assessment of the EEG seizure recording, the
atient presented an epileptogenic area in the hippocampus with

mmediate propagation to the girus cingular and the supplementary
otor area, on the left hemisphere.

The intracranial EEG recording is shown in Fig. 14, where

he starting and ending moments of three epileptic seizure were
arked with vertical lines. The first improved CEEMDAN mode
as superimposed in red (gray). This mode seems to identify the

 

ig. 15. Improved CEEMDAN decomposition of the EEG signal shown in Fig. 14.
0 = 0.2. I = 100.
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seizures, and its analysis (with tools such as complexity measures
[20,21]) can lead to automatic detection. From the spectra, it can
be appreciated that the mode cannot be retrieved by a simple high
pass filtering. All modes of the decomposition are shown in Fig. 15.

5. Conclusions

We  proposed two  major improvements on the CEEMDAN
method. The avoidance of the spurious modes and the reduction in
the amount of noise contained in the modes are important features
which grant more physical meaning to the obtained results.

In general, the addition of noise sets a global reference for the
EMD method. Then, the noise-assisted variations of EMD  are less
local and less data-driven (because they are also driven by the
noise) than noiseless version.

We  have shown the capabilities of the improved CEEMDAN
method on artificial signals, confirming the theoretical improve-
ments with respect to the original formulation. We  have also
illustrated the potentiality in the analysis of real biomedical sig-
nals, extracting relevant information associated with physiological
processes of the systems involved in its production.

Finally, we propose this improvement to become the new
standard for CEEMDAN and a reference method for the noise-
assisted variation of empirical mode decomposition.
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