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Abstract. Classical cubic spline interpolation is prone to overshoot and undershoot when used to 
interpolate the envelopes during Empirical Mode Decomposition (EMD). A new method is 
proposed to envelope the signal and to get the potential Intrinsic Mode Function (IMF) 
components, which is called Extremum Center Interpolation (ECI). In ECI, all the extrema will 
be connected with segments to form the envelope area and the centers of it called extremum 
centers will be obtained. The potential IMF component will be gotten by interpolating the 
extremum centers with cubic spline interpolation. When used to decompose signals whose 
extrema are unevenly distributed, whether it is simulation signal or real hydraulic shock signal, 
the newly proposed EMD will have a significant advantage over the original EMD. To evaluate 
the overshoot degree of the envelopes and to decide whether to use the newly proposed EMD or 
the original one to decompose the goal signal, an index called overshoot index is proposed and its 
threshold is obtained by numerical experiments. 
Keywords: empirical mode decomposition, cubic spline interpolation, intrinsic mode function, 
overshoot, undershoot, interpolation, segmental envelope, extremum center. 

1. Introduction 

Empirical Mode Decomposition (EMD) is the core of Hilbert-Huang transformation (HHT), 
which is a kind of self-adaptive signal-processing method firstly proposed by Huang [1, 2] based 
on finite sifting process. In EMD, based on the direct extraction of the energy associated with 
various intrinsic time scales, the original signal will be decomposed to a number of Intrinsic Mode 
Function (IMF) components, and each IMF component could reflect the inherent fluctuation and 
represent real physical information of the signal. Because of its powerful ability to analyze the 
non-stationary and nonlinear signal, it has drawn great attention in the signal processing area and 
has had a great application in various engineering areas [3]. 

But there is an unavoidable deficiency of EMD, which is that it was summarized from 
experiments rather than based on theoretical derivation. The lack of rigorous mathematical 
foundation results in that most of the researches about EMD are based on numerical experiments. 
There are still a lot of issues worthy of further research, such as mode aliasing [4], stopping 
criterion [5, 6], end effect [7], and the overshoot and undershoot phenomenon [8]. 

In EMD, signal envelope and curve fitting are two key steps during the decomposition, and 
they will have great influence on the quality of the decomposition results. Due to its advantages 
of convergence, stability and second-order smooth character, Cubic Spline Interpolation is the 
most used method to fit the signal’s envelopes. However, the envelope obtained by Cubic Spline 
Interpolation is prone to overshoot and undershoot, which is the main reason to cause mode 
aliasing in EMD. In order to have a better envelope and to improve the quality of EMD, some 
researchers have been trying to find a better way to alleviate overshoot and undershoot. Their 
works mainly focused on the interpolation of the upper and lower envelopes, including the using 
of different interpolation method, the improvement of the existing interpolation method and the 
selection of the interpolation points. For example, Chen et al. [9] used B-spline interpolation 
algorithm to analyze EMD, but it was put forward mainly for theoretical analysis, and did not 
improve EMD. Xu [10] proposed Piecewise Parabola Interpolation (PPI) and Fan et al. [11] 
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proposed Piecewise Linear Fractal Interpolation to envelope the signal. Although these methods 
could alleviate the overshoot and undershoot to a great extent, but the average curve of the 
envelopes is not smooth because the upper and lower envelopes are unsmooth. In addition, 
Kokes J. [12] applied constrained Cubic Spline Interpolation instead of natural Cubic Spline 
Interpolation to alleviate overshoot and undershoot, Qin et al. [13] proposed Piecewise Power 
Function interpolation method, Zhu [14] put forward a least-length constrained envelope method, 
Zhang [15] used Cubic Hermite Interpolation instead of Cubic Spline Interpolation for envelopes 
fitting, and doubly-iterative sifting method instead of local extrema for interpolation points 
selection, Liu et al. [16] used Piecewise Cubic Hermite Interpolating Polynomial (PCHIP), and 
Kopsinis Y. [17] tried doubly-iterative sifting schemes, instead of extrema to get the envelopes. 
Almost all of the above methods have two significant defects. The first is that these methods have 
a larger computational complexity than the original method, because when getting the potential 
IMF components, they will use some kind of interpolation method two times to get the upper and 
lower envelopes, which will lead to more computational time. The second is that they could not 
always get a satisfactory decomposition result when applied to signals with various characteristics. 

This paper proposes a new method to get potential IMF components. Its main work includes: 
1) In Section 2, it proposed a new method called Extremum Center Interpolation (ECI) to get 

the potential Intrinsic Mode Function (IMF) components. 
2) In Section 3, through experimental comparison, it analyzed the advantage of the newly 

proposed ECI method, and it could have a better performance than the commonly used Cubic 
Spline Interpolation (CSI), especially when used to decompose signals whose extrema are 
unevenly distributed. 

3) In Section 4, it proposed a new index called Overshoot Index to evaluate the overshoot 
degree of the envelopes get by Cubic Spline Interpolation of extrema, and determined its threshold 
by numerical experiments. They could help us to decide which method, the newly proposed one 
or the original one, should be used to decompose the goal signal. 

Because of its lack of theoretical basis, the understanding of EMD came mainly from 
experience and experiments [17]. So in this paper, the study and the evaluation of the performance 
are mainly based on the experiments on typical simulation and real signals. 

2. Extremum center interpolation EMD 

2.1. The problem of overshoot and undershoot 

The distribution of the extrema could reflect not only its shape, but also its frequency 
components, so when a signal is to be decomposed by EMD, all the extrema will be found out 
firstly. Then the upper and lower envelopes will be obtained by some method. A large amount of 
researches show that Cubic Spline Interpolation has a synthetically perfect performance when 
used to fit the extrema because of its high fitting precision and good smoothness, therefore it is 
widely used in EMD. But there are still two unavoidable defects of Cubic Spline Interpolation. 
Firstly, its property of keeping smooth will lead to distinct overshoot and undershoot when the 
extrema distribute unevenly. Secondly, because Cubic Spline Interpolation is a kind of globally 
controlled interpolation curve, so when there is an outlier among the extrema, the shape of the 
envelope will change totally and obviously. 

Take the signal in Fig. 1 as an example, due to the uneven distribution of the extrema, there 
are so many overshoots and undershoots on the upper and lower envelopes. When there is an 
overshoot, the envelope area will exceed the extremum and enclose more area than the signal 
really does. When there is an undershoot, a little part of signal will not be enclosed in the envelope 
area. Obviously, overshoot and undershoot, especially the former, will cause the envelope area 
could not rightly represent the shape of the signal, and thus results in an inaccurate decomposition 
of EMD.  



1685. AN IMPROVED EMD BASED ON CUBIC SPLINE INTERPOLATION OF EXTREMUM CENTERS.  
JIE HUANG, JIAN TANG, MEIJUN ZHANG, XIAOMING ZHANG, TAO HAN 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2015, VOLUME 17, ISSUE 5. ISSN 1392-8716 2395 

 
Fig. 1. Overshoot and undershoot of the envelopes got by cubic spline interpolation 

2.2. Improve EMD by extremum center interpolation 

To alleviate overshoot and undershoot of envelopes, this paper will propose a new 
interpolation method. Its core idea is to get the envelopes by connecting the extrema with  
segments, to find out the centers of the envelope area, and then to fit the centers by Cubic Spline  
Interpolation. 

The processes of the new envelope method are described as following: 
(1) Find out all the extrema, including maxima and minima, of signal (ݐ)ݔ, whose horizontal 

coordinates are ݔଵ, ݔଶ,…, ݔ௠. 
(2) Connect all the maxima with segments to form the upper envelope, and all the minima to 

form the lower envelope as shown in Fig. 2. The upper and lower envelopes will enclose an 
envelope area. 

 
Fig. 2. Connect the extrema with segments to form upper and lower envelopes 

(3) Corresponding to the horizontal coordinate of each extremum ݔ௜, there is a point located 
on the upper envelope, whose vertical coordinate is ݕ௨௣௜ , and a point located on the lower  
envelope, whose vertical coordinate is ݕ௟௢௪௜. Then find out all the middle points (ݔ௜,  ௠௜) of theݕ
envelope area by Eq. (1): ݕ௠௜ = ௨௣௜ݕ − ௟௢௪௜2ݕ . (1)

The middle points are marked as “•” in Fig. 3, and are named as Extremum Centers. 
(4) Fit all the Extremum Centers with Cubic Spline Interpolation, and the Extremum Center 

Interpolation curve, ݉ଵ(ݐ), could be obtained as shown in Fig. 3. 
(5) Get the first IMF component. 
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Calculate ℎଵ(ݐ)  by Eq. (2), in which, (ݐ)ݔ  is the original signal, ݉ଵ(ݐ)  is the Extremum 
Center Interpolation curve obtained by step (4): ℎଵ(ݐ) = (ݐ)ݔ − ݉ଵ(ݐ). (2)

If ℎଵ(ݐ) satisfies the IMF criterion [5], let it to be the first IMF component of signal (ݐ)ݔ, and 
name it as ܿଵ(ݔ). If ℎଵ(ݐ) does not satisfy the IMF criterion, regard ℎଵ as a signal, and keep on 
process it by Eq. (3) until it satisfies the IMF criterion: ℎଵ௞(ݐ) = ℎଵ(௞ିଵ)(ݐ) − ݉ଵ௞(ݐ). (3)

In Eq. (3), ݉ଵ௞(ݐ) is the extremum center interpolation curve of ℎଵ(௞ିଵ)(ݐ). 

 
Fig. 3. Extremum center interpolation curve obtained by cubic spline interpolation 

(6) Let ܿଵ(ݐ) = ℎଵ௞(ݐ) and calculate the residual ݎଵ(ݐ) by Eq. (4): ݎଵ(ݐ) = (ݐ)ݔ − ܿଵ(ݐ). (4)

Then ܿଵ(ݐ) is the first IMF component of signal (ݐ)ݔ, which represents the first frequency 
component. 

(7) Repeat step (2)-(6) to get the 1st, 2nd,…, ݊th IMF components until ݎ௡(ݐ) is a monotonic 
curve and no more IMF component could be extracted from it. The 1st, 2nd,…, ݊ th IMF 
components are respectively named as ܿଵ(ݐ), ܿଶ(ݐ),…, ܿ௡(ݐ). 

Eq. (5) describes the relationship between the IMF and residual components of each stage. If 
all the IMF components and the ݊th residual component are reconstructed by Eq. (6), the original 
signal (ݐ)ݔ could be regained: 

൝ݎଶ(ݐ) = (ݐ)ଵݎ − ܿଶ(ݐ),⋮ݎ௡(ݐ) = (ݐ)௡ିଵݎ − ܿ௡(ݐ), (5)

(ݐ)ݔ = ෍ ܿ௜௡
௜ୀଵ (ݐ) + .(ݐ)௡ݎ (6)

The newly proposed method to get ݉௜ is mainly based on the Cubic Spline Interpolation of 
Extremum Centers, so it is named as Extremum Center Interpolation method, and also named as 
ECI for short in this paper, and the new EMD based on ECI is called ECI EMD. 

3. Performance of ECI EMD 

Two typical simulation signals and one real hydraulic shock signal will be used to test whether 
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ECI could effectively suppress overshoot and undershoot, and whether the decomposition ability 
of ECI EMD could be better than the original EMD. 

3.1. Example 1 – a simulation signal prone to overshoot and undershoot 

3.1.1. Signal-I 

Signal-I it is an amplitude modulated signal constructed by Eq. (7), which includes 50 Hz and 
15 Hz sine components and 30 Hz cosine component [18]: (ݐ)ݔ = ሾ1 + 0.2 sin(2ݐ7.5ߨ)ሿሾ1.5 cos(2ݐ30ߨ) + sin(2ݐ15ߨ) + sin(2ݐ50ߨ)ሿ,0 ≤ ݐ ≤ 0.5. (7)

 
Fig. 4. The envelopes obtained by Cubic Spline Interpolation (Signal-I) 

The envelops of Signal-I obtained by Cubic Spline Interpolation is shown in Fig. 4. Due to the 
uneven distribution of the extrema, there are so many overshoots and undershoots on the upper 
and lower envelopes. Obviously, overshoot is much more serious than undershoot both in degree 
and in number. As for overshoot, the envelope is always not monotonous between two maxima 
(minima), and there is inevitable to be a point whose slope is 0, which will bring additional 
frequency into the signal and result in frequency aliasing. 

3.1.2. Analysis on the decomposition results 

Fig. 5 shows the segmental envelopes of Signal-I. Compared with the Cubic Spline 
Interpolation envelopes, the problem of overshoot and undershoot is mitigated to a great extent, 
and the envelope area is more in line with the real shape of the signal. 

 
Fig. 5. The envelopes obtained by Cubic Spline Interpolation and extremum segments 
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Fig. 6 shows the decomposition results obtained by the original EMD (in Fig. 6(a)) and ECI 
EMD (in Fig. 6(b)). There is obvious frequency aliasing in Fig. 6(a), and the components of 50 Hz, 
30 Hz and 15 Hz are not effectively separated from each other. Comparatively, the frequency 
aliasing is mitigated greatly by ECI EMD. 

 
a) EMD 

 
b) ECI EMD 

Fig. 6. Decomposition results of Signal-Ⅰ by EMD and ECI EMD 

Fig. 7 shows the energy spectrum of Signal-I’s IMF1 obtained respectively by EMD and ECI 
EMD. To analyze the decomposing ability of the two methods, the energy spectrum of Signal-I is 
also shown in Fig. 7(a). 

 
Fig. 7. Energy spectrum of IMF1 obtained by EMD and ECI EMD 

In the energy spectrum of IMF1 separated by EMD (Fig. 7(b)), there are energy of 15 Hz and 
a small amount of 30 Hz. At the same time, the energy of 30 Hz is weakened to a large extent. But 
as for the IMF1 got by ECI EMD (Fig. 7(c)), except for 15 Hz, there isn’t other obvious frequency 
component. The higher frequency in IMF1 means that the envelopes got by Cubic Spline 
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Interpolation bring unnecessary frequency into the envelope area. 
Fig. 8 and Fig. 9 are respectively the energy spectrums of IMF2 obtained by EMD and ECI 

EMD. IMF2 obtained by EMD still contains the components of 50 Hz and 30 Hz, frequency 
aliasing is obvious. Comparatively, IMF2 obtained by ECI EMD contains only the frequency of 
50 Hz, and the frequency aliasing is alleviated effectively. 

 
Fig. 8. Energy spectrum of IMF2 obtained by EMD 

 
Fig. 9. Energy spectrum of IMF2 obtained by ECI EMD 

3.2. Example 2 – a simulation signal not prone to overshoot and undershoot 

3.2.1. Signal-II 

Signal-II (Eq. (8)) is a common used simulation signal [19], which contains frequency of 
1/25 Hz, 1/50 Hz and 1/200 Hz: 

(ݐ)ݔ = 0.6cos ൬225ߨ ൰ݐ + cos ൬250ߨ ൰ݐ + 0.5sin ൬ 200ߨ2 ൰ݐ , ݐ ∈ ሾ0, 135ሿ, ଵݔ(8) = 0.6cos ൬225ߨ ,൰ݐ ଶݔ(9) = cos ൬250ߨ ൰. (10)ݐ

The Cubic Spline Interpolation envelopes and the extremum segmental envelopes of Signal-II 
are shown in Fig. 10. The overshoot and undershoot phenomenon is not as obvious as Signal-I. 

3.2.2. Analysis on the decomposition results 

The decomposition results of Signal-II by EMD and ECI EMD are respectively shown in 
Fig. 11(a) and (b). Because only 135 points are intercepted from the Signal-II, which is shorter 
than the cycle of 1/200 Hz, so all the two methods failed to separate 1/200 Hz from the original 
signal. 
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Fig. 10. Cubic spline interpolation envelopes and extremum segmental envelopes of Signal-II 

a) EMD 
 

b) ECI EMD 
Fig. 11. Decomposition results of EMD and ECI EMD 

 
a) 

 
b) 

Fig. 12. Comparison between IMFs obtained by EMD and the corresponding components of Signal-II 

 
a) 

 
b) 

Fig. 13. Comparison between IMFs obtained by ECI EMD and the corresponding components of Signal-II 
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Regardless of the end effect, all the IMFs, no matter obtained by EMD (shown in Fig. 12) or 
by ECI EMD (shown in Fig. 13), could well coincide with its corresponding components, ݔଵ and ݔଶ. So as for Signal-II, the improvement of the ECI method is not distinct. 

3.3. Example 3 – a real hydraulic shock signal 

3.3.1. Signal-III 

Signal-III (shown in Fig. 14(a)) is a shock signal measured from hydraulic system. It was 
caused by a sudden rise of hydraulic pressure. Its sampling frequency is 5000 Hz and its length is 
2048. Fig. 14(b) shows the point of 780-1000 intercepted from Signal-III. 

 
a) 

 
b) 

Fig. 14. Hydraulic shock signal 

Fig. 15 is the energy spectrum of Signal-III. It contains complex frequency components 
including obvious ones, such as 996.3 Hz, 883.1 Hz, 679.3 Hz, 362.3 Hz, 113.2 Hz, and other 
inconspicuous ones, such as 158.5 Hz and 22.64 Hz. 

 
Fig. 15. Energy spectrum of the hydraulic shock signal 

3.3.2. Analysis on the decomposition results 

Fig. 16 and Fig. 17 show the decomposition results obtained respectively by EMD and ECI 
EMD. Five IMFs were obtained by EMD as shown in Fig. 16(a) and 8 IMFs were obtained by 
ECI EMD as shown in Fig. 17(a).The energy spectrums of all the IMFs are also shown in  
Fig. 16(b) and Fig. 17(b). In order to make the comparative analysis more easy, the frequency 
components obtained by EMD and ECI EMD are listed in Table 1. The frequency components of 
the real signal are sorted according to their amplitude in the first column of Table 1. 
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a) IMFs and RES 

 
b) Energy spectrum 

Fig. 16. Hydraulic shock signal’s decomposition results by EMD 

 
a) IMFs and RES 

 
b) Energy spectrum 

Fig. 17. Hydraulic shock signal’s decomposition results by ECI EMD 

Obviously, frequency aliasing of EMD is much serious than ECI EMD. As for EMD, It could 
be seen from Fig. 16(b) and Table 1 that: 1) there are 3 IMFs, i.e.,IMF1, IMF2 and IMF4, 
containing more than two frequency components, and IMF2 even contains three frequency 
components; 2) the most important component, 113.2 Hz, is lost by EMD, and two low 
frequencies, 67.93 Hz and 22.64 Hz, are lost too; 3) 294.4 Hz is replaced by two frequencies, 
226.5 Hz and 203.8 Hz (which are in bold); 4) IMF4 and IMF5 contain the same frequency 
component, i.e., 90.59 Hz. 

Comparatively, in Fig. 17(b) and Table 1, it could be seen that: 1) except for the first two IMFs, 

-4-2
02
4

Si
gn

al

-4
-2
0
2
4

IM
F1

-2
0
2

IM
F2

-2
0
2

IM
F3

-2
0
2

IM
F4

-2
0
2

IM
F5

0 50 100 150 200
-2
0
2

R
ES

Point

0

5

10 X: 883.2
Y: 11.43

IM
F1

X: 996.5
Y: 10.77

0

10 X: 362.4
Y: 16.48

IM
F2

X: 226.5
Y: 5.291

X: 679.4
Y: 4.079

0

5 X: 226.5
Y: 7.235IM

F3

X: 158.5
Y: 7.959

0

5

X: 90.59
Y: 5.223

IM
F4 X: 203.8

Y: 4.062

0 500 1000
0

20 X: 90.59
Y: 33

Frequentcy(Hz)
IM

F5

-5
0
5

Si
gn

al

-2
0
2

IM
F1

-2
0
2

IM
F2

-2
0
2

IM
F3

-2
0
2

IM
F4

-2
0
2

IM
F5

-2
0
2

IM
F6

-2
0
2

IM
F7

-2
0
2

IM
F8

0 50 100 150 200
-2
0
2

R
ES

Point

0
5

10

X: 883.2
Y: 9.337

IM
F1

X: 996.5
Y: 10.36

0
2

X: 362.4
Y: 1.503

IM
F2 X: 679.4

Y: 3.468

0
5

10
X: 362.4
Y: 11.89IM

F3

0

5
X: 271.8
Y: 5.378IM

F4

0

10 X: 113.2
Y: 14.21IM

F5

0
10
20

X: 90.59
Y: 22.06IM

F6

0
1
2 X: 67.94

Y: 2.714IM
F7

0 500 1000
0

0.5 X: 22.65
Y: 0.8186

Frequency(Hz)

IM
F8



1685. AN IMPROVED EMD BASED ON CUBIC SPLINE INTERPOLATION OF EXTREMUM CENTERS.  
JIE HUANG, JIAN TANG, MEIJUN ZHANG, XIAOMING ZHANG, TAO HAN 

 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2015, VOLUME 17, ISSUE 5. ISSN 1392-8716 2403 

the rest IMFs contains only the one frequency component which means that the original signal is 
well decomposed; 2) although 294.4 Hz is also replaced by frequency, 271.8 Hz, but it is closer 
than 226.5 Hz and 203.8 Hz obtained by EMD; 3) only one frequency component, 158.5, are lost 
by ECI EMD. 

Table 1. Frequency components in each IMF 

Importance 
sorting 

Frequency 
components 
in Signal-III

Frequency components in each IMF 
EMD ECI EMD 

IMF1 IMF2 IMF3 IMF4 IMF5 IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8 
6 996.3 996.5     996.5        
5 883.1 883.2     883.2        
10 679.3  679.4     679.4       
2 362.3  362.4     362.4 362.4      

9 294.4  226.5       271.8     
   203.8          

8 158.5   158.5   lost 
1 113.2 lost     113.2    
3 90.57    90.59 90.59      90.59   
4 67.93 lost       67.94  
7 22.64 lost        22.65 

4. Evaluation of the overshoot degree and the selection of decomposition method 

Based on the analysis in Section 3, it could be known that, as for the signals whose extrema 
are evenly distributed, the ECI method could not improve the decomposition significantly. It will 
show great advantage only when the signal’s extrema have an uneven distribution. So before we 
decide to select which method to decompose the goal signal, we’d better evaluate its overshoot 
degree firstly. Although human judgment is an alternative approach, but to a large extent, it 
depends on the human’s subjective judgment and experience accumulation, so we will propose an 
index called Overshoot Index to qualify the overshoot degree and to make the evaluation easier to 
be realized by computer program.  

4.1. Overshoot index 

Overshoot Index proposed by this paper is calculated as following: 
(1) Find out all the extrema of the signal, and obtain the envelopes by Cubic Spline 

Interpolation. The upper and lower envelope are respectively named as ݕ௨௣  and ݕ௟௢௪ . Then 
calculate the energy of the area enveloped by ݕ௨௣ and ݕ௟௢௪ according to Eq. (11): 

ݕܧ = න ൫ݕ௨௣(ݐ) − ்ݐ൯ଶ݀(ݐ)௟௢௪ݕ
଴ . (11)

(2) Obtain the envelopes by connecting the extrema with segments, the upper and lower 
segmental envelope are respectively named as ݖ௨௣ and ݖ௟௢௪. Then calculate the energy of the area 
enveloped by z௨௣ and ݖ௟௢௪ according to Eq. (12): 

ݖܧ = න ൫ݖ௨௣(ݐ) − ்ݐ൯ଶ݀(ݐ)௟௢௪ݖ
଴ . (12)

(3) Overshoot Index, denoted as ݁, will be calculated by Eq. (13): 

݁ = ݕܧ| − ݖܧ|ݖܧ . (13)
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Now, ݁ is a quantification of the envelope’s overshoot degree. A threshold of ݁ could be set 
and to be used to judge whether the original EMD or ECI EMD should be used to decompose the 
goal signal. The threshold will be obtained by data experiments as described in Section 4.2. 

4.2. Threshold of overshoot degree 

4.2.1. Orthogonality Index 

Frequency aliasing is the main reason to lead to the poor decomposition, and overshoot is the 
main reason to lead to frequency aliasing [20]. Theoretically, an excellent decomposition 
algorithm should make all of the IMF components to be orthogonal with each other [21]. And 
numerous studies also show that all the IMF components are locally orthogonal. Therefore, 
orthogonal parameters are widely used to measure the quality of EMD decomposition. 

In literature [1], Huang et al. used Orthogonality Index ܱܫ (shown Eq. (14)) to evaluate the 
quality of decomposition: 

ܱܫ = ෍ ۈۉ
ۇ ෍ ܿ௜(ݐ) ௝ܿ(ݐ)/ݔଶ(ݐ)௡ାଵ

௜,௝ୀଵ௜ஷ௝,௜ழ௝ ۋی
்ۊ

௧ୀ଴ , (14)

in which, ܿ௜(ݐ) is the ݅th IMF component. 
They thought that the smaller ܱܫ  is, the higher the orthogonality degree of the IMF 

components are, and the higher the quality of the decomposition is. In fact, ܱܫ could not fully 
reflect the quality of the decomposition, because there are two situations which will lead to 
frequency aliasing: 1) different IMFs may contain the same frequency component; 2) one IMF 
may contain different frequency components. 

a) EMD 
 

b) ECI EMD 
Fig. 18. The decomposition result of the same example signal by EMD and ECI EMD 

Take the signal in Fig. 18 as an example, the decomposition results obtained by the original 
EMD and ECI EMD are respectively shown in Fig. 18(a) and (b). If evaluated by ܱܫ , the 
performance of EMD is better than ECI EMD, because the ܱܫ of the former is 0.011 and the ܱܫ 
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of the later is 0.035. But the conclusion is not consistent with the facts, and the performance of 
the later is obviously better than the former. EMD did not do a good decomposition because IMF1 
is almost the same with the original signal and the other IMFs are almost 0. The reason cause ܱܫ 
to be small is that ܿ௜(ݐ) ௝ܿ(ݐ)  is almost 0 when ݅ ≠ 1 or ݆ ≠ 1. So only ܱܫ  could not take a 
comprehensively evaluation to the degree of frequency aliasing. 

4.2.2. New indexes designed to evaluate the degree of frequency aliasing 

A new method to evaluate the degree of frequency aliasing will be proposed.  ߪ (Eq. (15) is designed to evaluate the degree of the first kind of frequency aliasing. The 
smaller ߪ is, the less the same frequency components ܿ௜(ݐ) and ݎ௜(ݐ) contain, and the higher the 
decomposition quality is: 

ߪ = ෍ ෍ ܿ௜(ݐ)ݎ௜(ݐ)ݔଶ(ݐ)௡
௜ୀଵ

்
௧ୀ଴ . (15)

In Eq. (15), ݎ௜(ݐ) = (ݐ)ݔ − ܿ௜(ݐ), is the ݅th residual. ߦ  ௜  (Eq. (16) is designed to evaluate the degree of the second frequency aliasing. It could 
measure the correlation between ܿ௜(ݐ) and (ݐ)ݔ. The worse the signal is decomposed, the more 
the same frequency components ܿ௜(ݐ) and (ݐ)ݔ contain, and the bigger ߦ௜ will be: 

௜ߦ = ෍ ൬ܿ௜(ݐ)ݔ(ݐ)ݔଶ(ݐ) ൰ , ݅ = 1, 2, … , ݊.்
௧ୀ଴ (16)

4.2.3. Threshold of overshoot index 

Now, we will get the threshold of Overshoot Index by experiments. To simplify the analysis, 
a signal group is designed by Eq. (17), which contains two sine components whose frequency are ଵ݂  and ଶ݂ . The shape of the signals' envelopes will change with ଵ݂ , ଶ݂  and ݇ . Here, ݇  is the 
amplitude of the second sine component. Because the amplitude of the first sine component is 1, 
so ݇ is also the ratio of the amplitudes of the two sine components: (ݐ)ݔ = cos(2ߨ ଵ݂ݐ) + ݇cos(2ߨ ଶ݂ݐ). (17)

If ଵ݂ and ଶ݂ are set, the aforementioned indexes, ߦଵ, ߪ and ݁, will change with ݇. Fig. 19 shows 
the changing of these indexes when the signal is decomposed respectively by EMD and ECI EMD. 
In Fig. 19(a), (b) and (c), ଵ݂  and ଶ݂  are correspondingly (30 Hz, 45 Hz), (40 Hz, 60 Hz) and  
(60 Hz, 90 Hz). 

In each figure of Fig. 19, almost all indexes have a sudden change at ݇ = 0.44. It is because 
that the lower envelope of the signal will become a straight line when ݇ = 0.44 (as shown in 
Fig. 20). The place of the sudden change and the corresponding value of ݇ is decided by the ratio 
between ଵ݂ and ଶ݂. 

As aforementioned, ߦଵ could be used to measure the similarity between ܿଵ(ݐ) and (ݐ)ݔ. Large 
amount of experiments indicated that if ߦଵ is bigger than 0.8 (marked by solid line, A), it could be 
thought that ܿଵ(ݐ) and (ݐ)ݔ are almost the same, and the original signal is almost not decomposed. 

As shown in all figures of Fig. 19, in the area enclosed by dotted frame B, line b is under line 
a, and line e is under line d, which means the decomposition of ECI EMD is better than EMD. In 
figure (a), (b) and (c), there is an intersection between frame B and line c, and the horizontal 
coordinate of this intersection is about 0.1, so the threshold of ݁, named as ݁∗, is about 0.1. 



1685. AN IMPROVED EMD BASED ON CUBIC SPLINE INTERPOLATION OF EXTREMUM CENTERS.  
JIE HUANG, JIAN TANG, MEIJUN ZHANG, XIAOMING ZHANG, TAO HAN 

2406 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2015, VOLUME 17, ISSUE 5. ISSN 1392-8716  

 
a) ଵ݂ = 30, ଶ݂ = 45 

 
b) ଵ݂ = 40, ଶ݂ = 60 

 
c) ଵ݂ = 60, ଶ݂ = 90 

Fig. 19. Indexes used to evaluate the decomposition quality and the decision of threshold ݁∗ 

4.2.4. Application of overshoot index 

The ܧ௦, ܧ௭ and ݁ of Signal-I, Signal-II and Signal-III are listed out in Table 2. The Overshoot 
Index of Signal-I is 0.1829 and Signal-III is 0.13, which are all bigger than ݁∗, so it could be 
judged that the overshoot degree of the envelopes got by Cubic Spline Interpolation is serious and 
ECI EMD is suggested to be used to decompose Signal-I and Signal-III. As for Signal-II, ݁ is 
0.0009, which is much smaller than ݁∗ , so the original EMD could make a satisfactory 
decomposition. The evaluation got by Overshoot Index is consistent with the results of the 
experiments described in Section 3. 
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Table 2. Overshoot index of Signal-I, Signal-II and Signal-III 
Signal ܧ௦ ௭ܧ ݁

Signal-I 1.429×104 1.208×104 0.1829 
Signal-II 553.07 552.57 0.0009 
Signal-III 137.65 121.81 0.13 

 
Fig. 20. Straight under envelope when ݇ = 0.44 

5. Conclusions 

Overshoot is the main reason to lead to frequency aliasing when Cubic Spline Interpolation is 
used to interpolate the envelopes during original EMD, especially when it is used to decompose 
the signals whose extrema are distributed unevenly. This paper proposed a new interpolation 
method called Extremum Center Interpolation to alleviate the overshoot problem, and its main 
innovations are reflected as following: 

1) It proposed a new interpolation method to get the possible IMF components. Firstly, the 
new method will get the upper and lower envelopes by connecting the extrema with segments 
rather than Cubic Spline Interpolation. Secondly, it will find the centers of the area enclosed by 
the segmental envelopes. Thirdly, it will get the possible IMF component by interpolating the 
centers with Cubic Spline Interpolation. 

2) As for the signals whose extrema are distributed unevenly, this new method could display 
better decomposition ability than the original EMD. Its advantage mainly lies that it effectively 
alleviates the overshoot and undershoot phenomenon which are prone to happening when the 
envelopes are obtained by Cubic Spline Interpolation. At the same time, the computational 
complexity of the new method is lower than the original one, because the original one requires 
two times of Cubic Spline Interpolation, but the new method requires only one time. In fact, during 
the EMD, Cubic Spline Interpolation will consume a large amount of computation resources and 
time. 

3) It proposed a new index ݁, called Overshoot Index, as a quantitative indicator to evaluate 
the degree of overshoot. To decide the threshold of the Overshoot Degree, it firstly proposed two 
more scientific indexes, ߪ and ߦ௜ , to evaluate the orthogonality between the IMF and residual 
components. And then, through numerical experiments, the threshold of the Overshoot Degree, ݁∗, is determined to be about 0.1. Based on the threshold, we could easily decide to use which 
method, the original EMD or the newly proposed ECI EMD to decompose the goal signal. 
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