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a b s t r a c t

A novel empirical mode decomposition strategy based on Fourier transform and band-pass filter tech-
niques, contributing to efficient instantaneous vibration analyses, is developed in this study. Two key
improvements are proposed. The first is associated with the adoption of a band-pass filter technique for
intrinsic mode function sifting. The primary characteristic of decomposed components is that their
bandwidths do not overlap in the frequency domain. The second improvement concerns an attempt to
design narrowband constraints as the essential requirements for intrinsic mode function to make it
physically meaningful. Because all decomposed components are generated with respect to their intrinsic
narrow bandwidth and strict sifting from high to low frequencies successively, they are orthogonal to
each other and are thus suitable for an instantaneous frequency analysis. The direct Hilbert spectrum is
employed to illustrate the instantaneous time-frequency-energy distribution. Commendable agreement
between the illustrations of the proposed direct Hilbert spectrum and the traditional Fourier spectrum
was observed. This method provides robust identifications of vibration modes embedded in vibration
processes, deemed to be an efficient means to obtain valuable instantaneous information.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As one of important aspects of scientific research and practical
application in ocean engineering, the methods for data analysis
always attract much attention. Effective data processing are crucial
when dealing with vibration processes and attempting to deter-
mine their physical features. The endeavor of processing data
related to structural vibration generally achieves two purposes: to
identify the critical parameters needed when constructing the
necessarymodel (Liu et al., 2016a) and to verify howwell themodel
represents the given phenomenon (Huang et al., 1998). Some data
may palpably represent physical phenomena that we perceive even
by means of ocular observation, though most datasets may be
elusive and useless before advanced processing. The mechanism
, shr@snu.ac.kr (S.H. Rhee),
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behind certain phenomena must be revealed by way of a proper
analysis.

Generally, the observed raw data from field measurements or
numerical simulations related to structural vibration processes
most likely have one or more of the following imperfect problems:
(a) the available datasets are short and limited, contrasting with a
properly long sampling requirement for an accurate characteristic
analysis; (b) the data are characterized by time-varying amplitudes
and frequencies or strong nonstationarity, particularly duringmode
switching and interactions; and (c) the data represent nonlinear
processes and are difficult to handle for identification of the vi-
bration modes and further vibration energy estimations (Huang
et al., 1998; Michael, 2008; Chen et al., 2015). An accurate modal
analysis, including mode decomposition and identification from
composite data series, is necessary when we encounter structural
vibration processes which are characterized by time-varying or
nonstationary characteristics (Liu et al., 2016b, 2017a). Taking
vortex-induced vibration (VIV) for instance, when “lock-in” occurs,
the VIV of long flexible risers/pipelines is a typical multimode
instead of a monomode process, whether in the in-line or cross-
flow direction (Willden and Grahan, 2004; Chen and Kim, 2010).
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Awell-performed data processing method may be used to evaluate
the efficiency of a data series at its maximum, highlighting the
observation and assessing physical aspects more accurately.

In frequency analysis field, a Fourier Spectrum (FS) analysis has
provided a general means of examining global frequency-energy
distributions, and it has been applied to all types of data soon af-
ter its introduction. As is well known, one of its crucial constraints
is the lack of time-domain information. For time-dependent pro-
cesses, the necessity of a Time-Frequency-Energy (TFE) analysis is
indispensable when seeking to understand the more instantaneous
characteristics of the data. To decompose complex signal into many
components and then obtain instantaneous frequency-energy
distribution is a common technique proposed in the past two
decades.

The Empirical Mode Decomposition (EMD) proposed by Huang
et al. (1998), henceforth Huang-EMD, is an adaptive, data-driven
algorithmic method to decompose a signal into multiple empir-
ical modes, known as Intrinsic Mode Functions (IMFs). It was used
for various purposes, and was even employed to filter net breaking
wave force component from raw data (Jose and Choi, 2017). To
overcome the problem of mode mixing due to Huang-EMD, the
EEMD algorithm (Wu and Huang, 2009) and the noise-assisted
MEMD (Rehman and Mandic, 2011) have been proposed. In
particular, EEMD utilizes the full advantage of the statistical char-
acteristics of white noise to perturb the signal in its true solution
neighborhood, and to cancel itself out after serving its purpose. As a
useful noise-assisted data analysis method, it represents a sub-
stantial improvement over the original Huang-EMD and draws a lot
of attention during the past few years (Liu et al., 2017b; Huan et al.,
2018). In addition, in order to address the sensitivity of the Huang-
EMD algorithm with respect to noise and sampling, some robust
versions have been proposed (Meignen and Perrier, 2007; Yuan
et al., 2018). In essence, in those promoted versions, including
EEMD, the extraction of local extrema and the interpolation for
envelope forming is substituted by more robust constraint opti-
mization techniques. However, the global recursive sifting scheme
of Huang-EMD has been maintained.

One of other interesting recent work pursuing the same goal is
the Empirical Wavelet Transform (EWT) to explicitly build an
adaptive wavelet basis to decompose a given signal into adaptive
subbands (Gilles, 2013). This model relies on robust preprocessing
for peak detection, then performs spectrum segmentation based on
detected maxima, and constructs a corresponding wavelet filter
bank. The proposed filter bank includes flexibility for some molli-
fication (spectral overlap), but EWT may fail to process input signal
which is composed of two chirps which overlap in both the time
and frequency domains. In order to overcome the problems of EWT,
such as the fact that Fourier segments are strongly dependent on
the local maxima of the amplitudes of the FS of a signal, some
improvements were made due to different applications (Liu et al.,
2018; Wang et al., 2018). By paying much attention to the
narrowband property of IMF, a Variational Mode Decomposition
(VMD) method for decomposing a signal into an ensemble of band-
limited IMFs was proposed (Dragomiretskiy and Zosso, 2014). The
VMD is efficiently optimized by using an alternating direction
method of multipliers approach and is more robust to noise and
sampling rate issues (Mohanty et al., 2018; Zhang et al., 2018).
However VMD requires the number of modes to be predefined
before data decomposition. The dataset may be over- or under-
segmented if the number of modes is not the unique one. This is
a vice to limit its wide use by inexperienced users, especially when
the complexity of data sets is not predictable.

A novel EMD strategy, based on Fourier Transform (FT), band-
pass filter and narrowband IMF criterion, is developed in this pa-
per aiming at meaningful identifications of the instantaneous
modes from structural vibration processes. One of the key im-
provements is the adoption of a band-pass filtering technique
which is designed to exclusively pass a certain subbands. The other
improvement is the narrowband constraint condition imposed on
the IMF criterion, specifically the maximum intrinsic bandwidth for
signal sifting, so that the narrowband will act as an essential
requirement for the IMF criterion to make it meaningful in a
physical sense. The proposed EMD strategy is designed to generate
IMF components from the high to the low frequency range suc-
cessively via band-pass filtering, rigorously following the band-
width rule.

Subsequently, the direct Hilbert Spectrum (HS) is employed to
illustrate the TFE distribution. Good agreement between the rep-
resentation of the marginal spectrum of the presented TFE-HS and
the traditional FS is observed. By means of this newly developed
EMD method and the TFE-HS, new insights about the observed
vibration data are obtained.
2. Time-frequency analysis and instantaneous frequency
estimation

2.1. Hilbert Transform (HT)

The HT is an orthogonal filter system. If we define a complex
signal xðtÞ as follows, with xðtÞ and yðtÞ as the real and imaginary
parts, respectively,

xðtÞ¼ xðtÞ þ iyðtÞ; (1)

where xðtÞ is the time-domain signal, yðtÞ denotes the HT of xðtÞ,
and xðtÞ is the analytical form of xðtÞ. The FT of xðtÞ can be expressed
as

ZðuÞ¼ FT ½xðtÞ� ¼
8<
:

2XðuÞ u>0
XðuÞ u¼0
0 u<0

; (2)

where XðuÞ represents the FT of xðtÞ. Undoubtedly, the inverse FT of
ZðuÞ is xðtÞ. Eq. (2) does not only provide an efficient means of
determining the HT of xðtÞ, but also discloses an important rela-
tionship between the FT and the HT. It is indeed a uniquely
convenient way to define yðtÞ via the FT and inverse FT. Based on
Eqs. (1) and (2), the instantaneous amplitude rðtÞ and frequency
f ðtÞ can then be obtained as follows:

rðtÞ ¼
h
x2ðtÞ þ y2ðtÞ

i1=2
(3)

f ðtÞ ¼ d4ðtÞ
2pdt

(4)

Here, 4ðtÞ denotes the instantaneous phase angle based on xðtÞ and
yðtÞ. A brief tutorial on the HT with emphasis on its physical
interpretation can be found in relative literature (Bendat and
Piersol, 2010).
2.2. Instantaneous Frequency (IF)

There is considerable controversy regarding the definition of the
IF according to Eq. (4). Existing opinions range from editing it out of
existence to accepting it for special “monocomponent” signals
(Boashash, 1992a, 1992b; Omidvarnia et al., 2013). Hence, Cohen
(1995) introduced the term “monocomponent function” in rela-
tion to this. In principle, several data limitations are necessary, as
the instantaneous frequency given in Eq. (4) is a single-value



Fig. 1. 2D Hilbert spectrum using Huang-IMF.
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function of time. Due to the lack of a precise definition, “narrow-
band” was adopted as a data limitation for the IF to make sense
(Schwartz et al., 1966).

Two previousmethods to define the bandwidth are based on the
moments of the spectrum (Longuet-Higgins, 1957; Cohen, 1995).
Both define the bandwidth in a global sense, leading to overly
restrictiveness and insufficient precision at the same time. Conse-
quently, a bandwidth limitation for xðtÞ to result in a meaningful IF
has not yet been firmly established. If the narrow bandwidth
constraint could focus on the local characteristic of the vibration
mode and self-adapt to the identifiable intrinsic mode, the
“narrowband” requirement may be met and the physical signifi-
cance of the eigenmode can be known simultaneously.

A detailed review of IF estimation algorithms can be found in the
relative literature (Boashash, 1992a, 1992b). The most straightfor-
wardmeans of extracting the IF is to determine the derivative of the
instantaneous phase angle over time. In this paper, the IF is esti-
mated by using the phase derivative of the analytic associate ex-
pressions, as shown in Eq. (4). The phase angles are corrected by
using an unwrapping method to produce smoother instantaneous
phase traces.
3. Narrowband IMF criterion and band-pass filter

3.1. Bandwidth requirement for IMF

In Huang-EMD, a criterion for IMF (hence Huang-IMF) was
proposed. It is not subject to narrowband constraint and can be
modulated in terms of both the amplitude and the frequency;
hence, the HT applied to these types of IMFs is bound to be
specious. An idealized second-order Stokes wave is selected to
demonstrate the awkward situation of the Huang-IMF. Its equation
is expressed here as Eq. (5),

xðtÞ¼ 1
2
a2kþ a cos ukþ 1

2
a2k cos 2 ut þ ,,,; (5)

where a ¼ 1, ak ¼ 0:2, and u ¼ 2p=32 r/s (Lamb, 1975). It is indeed
composed of two monocomponents with real-time frequencies of
f1 ¼ 1=32 Hz, f2 ¼ 1=16 Hz and a constant term.

If we focus on the two constraint conditions related to the
Huang-IMF criterion, it is shown that the composite Stokes wave
signal can never be decomposed into IMFs. This implies that the
original composite dataset can be regarded as an IMF. It appears to
be certain that the corresponding IF can be calculated by Eq. (4)
directly.

The 2D HS shown in Fig. 1 illustrates the instantaneous fre-
quency characteristic, and the obtained frequency variation is in
fact described as a blurry frequency range around 0.03 Hz with no
harmonics. It indicates that the Huang-IMF criterion confuses the
identification of the monocomponents with composite signals,
leading to the low authenticity of the time-frequency distribution
by HS. If complicated data consisting of components of disparate
frequency scales was provided, the mode mixing might be popular.

Firstly, as mentioned above, the operation based on the FT and
the inverse FT provides an efficient way to define HT of any time
series, instead of performing HT directly. More importantly, the FT
is itself a complex-valued function of frequency, giving integrated
frequency domain representation for further data processing. Sec-
ondly, if we could decompose any complicated time series into
amount of components according to their frequency successively,
e.g., via band-pass filtering, each component may have distinct
bandwidth, and then it may be a possible way to avoid mode
mixing due to dramatically disparate frequency scales in a single
IMF and avoid frequency interlacing between adjacent IMFs.
Thirdly, if the decomposed IMFs are narrowband-designed, it could
ensure that the IF analysis is meaningful and IMFs have physical
significance. Based on the above consideration, a new type of EMD
technique based on FT, band-pass filter and well-designed
narrowband IMF constraints is developed in this paper, inheriting
merits of the other kinds of EMD strategies.We named it as FB-EMD
to distinguish it from others.
3.2. Band-pass filter

If we define the fast band-pass filter as follows,

WðuÞ ¼

8>>>><
>>>>:

1 uj <u<uk

1
2

u¼uj and u¼uk

0 u<uj and u>uk

; (6)

the corresponding FT of analytical signal xðtÞ becomes

~ZðuÞ¼ ZðuÞWðuÞ ¼
8<
:

2XðuÞ uj <u<uk
XðuÞ u¼uj and u¼uk
0 u<uj and u>uk

; (7)

and the inverse FT of ~ZðuÞ is

~xðtÞ¼ IFT
h
~ZðuÞ

i
¼ ~xðtÞ þ i~yðtÞ: (8)

Therefore, ~xðtÞ ¼ Re½~xðtÞ� is the specially band-pass filtered
signal corresponding to the bandwidth of uj <u<uk, representing
a component of the original data series xðtÞ, and ~yðtÞ ¼ Im½~xðtÞ� is
the HT of ~xðtÞ, where Re½� and Im½� denote the operation to obtain
the corresponding real and imaginary parts from a complex signal.

For a discrete signal xn ¼ xðn,DtÞ, n ¼ 0;1;2;,,,;N� 1, the fast
FT (hence FFT) Xm of xn can be expressed as follows:

Xm ¼
XN�1

n¼0

xne�i2pmn=N m ¼ 0;1;2; ,,,; j; ,,,; k; ,,,N � 1: (9)

By imposing a band-pass filter WðuÞ in this case, the corre-
sponding FT becomes



Fig. 2. 2D Hilbert spectrum use the FB-IMF.
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~ZðuÞ ¼

8>>>><
>>>>:

0 0�m<mj
Xmj mj
2Xm mj <m<mk
Xmk mk
0 mk <m�N =2;

(10)

wheremj andmk are located in the range of 0� mj <mk � N=2. The
relationship between u and m is expressed as

u ¼ m
N

2p
Dt

; (11)

and if m ¼ N=2, u will become the Nyquist circular frequency
uNq ¼ p=Dt. It is important to note that the band-pass filter shown
in Eq. (6) is exclusive. Only the component signal whose frequency
is located in uj <u<uk could be reserved, and other components
outside this frequency domain would be swept away. If the mean
value of the raw data is not zero, zero-mean preprocessing should
be conducted with the observed data in advance. The zeroing form
of the data series can be expressed as x0n ¼ xn � x, where x ¼
1
N
PN�1

n¼0 xn.
By means of this band-pass filtering technique, we may define

the IMF in terms of the special bandwidth constraint. We can
decompose any composite multimode dataset into a series of IMFs
by sifting the IMFs by complying with particular order successively.
This is the crucial decomposing strategy we have adopted in this
paper.

3.3. Narrowband constraint for the IMF criterion

By means of frequency filtering, the band-pass filter has the
ability to sift narrowband IMFs when their bandwidth is deter-
mined to be sufficiently narrow. For practical applications, how
narrow the decomposed IMF components can be primarily
dependent on the sample interval Dt during the data collection.
According to Eq. (11), the narrowest bandwidth for an IMF candi-
date is 1=ðNDtÞHz in theory, and it can be a possible mono-
component in the domain of the present data sampling frequency.
However, the amount of decomposed IMF components, N=2, would
be exceedingly large when the dataset is relatively long.

A common bandwidth needs to be defined as narrowband in
order to make it fit for processing various datasets. It would be
better to be calculated by some effective algorithm, but not by
subjective judgment. Here, a basic bandwidth (henceforth BBW),
defined as the maximum permissible bandwidth of a signal
component whose number of extreme and number of zero cross-
ingsmust be equal, or differ at most by one, is proposed. The BBW is
dynamically adjusted to different frequency domains for complex
datasets. Here, the first constraint condition for narrowband is
expressed in terms of the comparison the real bandwidth of any
IMF component with the product of a coefficient Cp and BBW ,

fupper � flower � Cp,BBW : (12)

Here, fupper and flower denote the upper and lower frequency
boundaries of an IMF component. The left side, fupper � flower , is
referred to as the intrinsic bandwidth of the IMF. The right side, Cp,
BBW , is referred to as maximum intrinsic bandwidth and the Cp is
called the coefficient of maximum intrinsic bandwidth. The band-
width, Cp,BBW , can be adjusted according to the frequency range
of interest. Therefore, Cp may be regarded as an empirical constant
or variable depending upon BBW and the IMF frequency domain
whether the user focuses on it or not. This constraint condition
ensures that the decomposed IMFs will be “narrowband” and
reciprocally orthogonal.
For naive user, it may be difficult to determine the value of Cp in
advance. Another more direct constraint condition is added.
Because there are many intrinsic vibration frequencies related to
structural vibration processes, the lowest requirement for IMF
decomposition should be apt to prevent a multipeak from arising in
the spectrum of a single IMF. Here, “peak” refers to the local spectral
maxima. Based on this consideration, the subband width of any IMF
should be at least narrower than half of the minimum bandwidth
(BWmin) which is demarcated by two neighbor identifiable spectral
peaks we care for. It should be rendered certain that there is no
apparent multimode phenomenon in the FS related to some IMF
whose intrinsic bandwidth is shown in Eq. (12), or themodemixing
is inevitable. Therefore, a direct power spectral analysis through
ocular estimation is usually necessary before the determination of
the BWmin. In fact, the Cp,BBW should also be not larger than half of
the BWmin.

We refer to this IMF criterion as FB-IMF to distinguish from
others. Here, the narrowband constraints for the FB-IMF are
expressed as follows:

1) The intrinsic bandwidth of any IMF should be not larger than the
maximum intrinsic bandwidth, shown by Eq. (12).

2) The intrinsic bandwidth of any IMF should be at most half of the
minimum defined by neighbor two apparent spectral peaks.
There is only a single apparent peak in its power spectrum.

For instance, if one ensures BWmin ¼ 1=32Hz, as calculated ac-
cording to the difference between two adjacent spectral peaks f1 ¼
1=32Hz and f2 ¼ 1=16Hz, the second-order Stokes wave signal can
be decomposed into the three prominent components, IMF-1, IMF-2
and a constant in accordance with the newly proposed IMFs cri-
terion. The instantaneous frequency characteristics of IMF-1 and
IMF-2 with two distinct frequency bands are illustrated in Fig. 2. A
comparison between Figs. 1 and 2 preliminarily indicates that the
narrowband constraint condition authentically realizes a critical
improvement by decomposing multimodal structural processes.

The narrowband constraint conditions are bound to be a sig-
nificant improvement for decomposing multimode structural sig-
nals. As long as Cp and BWmin are appropriately selected to ensure
that every IMF was of narrowband, the decomposed IMFs will aptly
match the orthogonal requirement for the HT. In fact, because the
two constraint conditions should be satisfied simultaneously, the
actual bandwidth of the IMF component based on the first may be
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narrower than the second if the skilled users properly select Cp.
3.4. TFE-HS

In nearly all studies on the HS by the Huang-EMD method, the
HS is usually illustrated in a 2D pattern which is rendered by the
accumulating elements of the instantaneous amplitude vectors in a
Cartesian coordinate of time-frequency. We term this as Huang-HS
henceforth. Even when referring to the original literature written
by Huang et al., one may have some difficulty describing accurately
the characteristics of earthquake processes and identifying the
participant vibration mode information.

For an analysis of nonstationary signals, the TFE distribution is
one of the most suitable tools, as it provides 3D representations that
reflect the time-varying spectral characteristics of nonstationary
signals and shows how the energy of such signals is distributed over
the time-frequency space (Omidvarnia et al., 2013).

A suitable and easy-to-understand illustration is the essence of
any data analysis method. Referring to the vibration power
expression used in the FT, here the true 3D TFE-HS using the
instantaneous amplitude is proposed to denote the magnitude of
the vibration power. This not only provides information about
when (via time) and where (via frequency) the participant vibra-
tion modes emerge, but also unambiguously displays how (via
energy distribution) the mode participates. It can therefore offer a
vivid 3D TFE distribution.
4. EMD via a fast band-pass filter

4.1. Decomposition procedure

By means of rigorous constraints and a unique data processing
sequence, the decomposition procedure of the newly introduced
FB-EMD is described as follows:

1) Conduct zero-mean preprocessing, by xn ¼ xrawn � x, where xrawn
is the raw dataset and x is the mathematical expectation of xrawn .

2) Perform the FT XðuÞ ¼ FT ½xn� of the discrete dataset xn.
3) Plot the FS and predetermine BWmin by calculating the mini-

mum bandwidth which is demarcated by two neighbor identi-
fiable spectral peaks we care for.

4) Obtain the Fourier transform ZðuÞ related to xðtÞ as defined by
Eq. (2) or by Eq. (7) by setting mj ¼ 0 and mk ¼N=2.

5) Start the sifting process via a band-pass filter from the high
frequency domain to zero. The upper angular frequency limit of
the first IMF component IMF1 is defined as the Nyquist circular

frequency u
ð1Þ
upper ¼ uNq ¼ p=Dt (namely, f ð1Þupper ¼ 1=ð2DtÞ), and

the corresponding upper truncation point is mð1Þ
upper ¼ mNq ¼

N=2.
6) Define the maximum intrinsic bandwidth for IMF1. Assign

~u
ð1Þ
lower ¼ ~m

ð1Þ
lower
N

2p
Dt , where ~mð1Þ

lower ¼ N=2� 1, N=2� 2, ,, , , as the
lower angular frequency limit of IMF1 sequentially. Finally, one
can find neighbor two values mj ¼ N=2� j and mjþ1 ¼ N=2�
ðjþ 1Þ, where the sifted signal related to the truncation portion

ðmj; m
ð1Þ
upperÞ is consistent with the basic requirement for the

BBWð1Þ but where the sifted signal related to the other trunca-

tion portion ðmjþ1; m
ð1Þ
upperÞ is not. According to the requirement

that the maximum intrinsic bandwidth, Cp,BBWð1Þ, should not
larger than half of the BWmin, assign the Cp to a proper value. By

assigning u
ð1Þ
lower ¼ mi

N
2p
Dt (namely, f ð1Þlower ¼ mi

NDt), the narrowband
constraint for the FB-IMF is satisfied. Here, what is termed the
IMF1 component is indeed the real part of the left side of Eq. (8).
The bandwidth

f ð1ÞBW ¼u
ð1Þ
upper � u

ð1Þ
lower

2p
¼ mNq �mi

NDt
� Cp,BBWð1Þ (13)

is regarded as the intrinsic bandwidth of IMF1. The band-pass filter

W1 ¼

8>>>><
>>>>:

1 mð1Þ
lower <m<mð1Þ

upper

1
2

m¼mð1Þ
lower and m¼mð1Þ

upper

0 for others

(14)

is also termed the “intrinsic band-pass filter” of IMF1.

7) Assign the upper truncation point mð2Þ
upper of IMF2 as the lower

truncation point mð1Þ
lower of IMF1 in advance, and repeat the

procedures described in steps 5) and 6). In a similar manner, the
determination of the second IMF component IMF2 can easily be
performed. The attempt to determine the lower truncation point

mð2Þ
lower of IMF2 should be terminated when neighbor two values,

termed mk ¼ N=2� k and mkþ1 ¼ N=2� ðkþ 1Þ, appear again.

The sifted signal related to the truncation section ðmk; m
ð2Þ
upperÞ is

consistent with the requirement for the BBWð2Þ, but the sifted

signal related to the other truncation portion ðmkþ1; m
ð2Þ
upperÞ is

not. By assigning u
ð2Þ
lower ¼ ml

N
2p
Dt , the narrowband constraint for

the FB-IMF is satisfied. Then, the bandwidth

f ð2ÞBW ¼mð2Þ
upper �mð2Þ

lower
NDt

¼ mi �ml

NDt
� Cp,BBWð2Þ (15)

is referred to as the intrinsic bandwidth of IMF2. For the next step,

the lower truncation pointmð2Þ
lower in the previous loop is assigned as

the upper truncation point mð3Þ
upper for the next loop, and another

new coefficient loop starts subsequently.
8) Treat the final residual term as a modeless component. Even

when the datasets are zero-mean preprocessed, the final residue
may still be different from zero. It should be noted that at the end of

the entire decomposition process, when mðnþ1Þ
lower ¼ 0, the last sifted

component related to the bandwidth f ðnþ1Þ
BW ¼ mðnþ1Þ

upper�mðnþ1Þ
lower

NDt is mostly
inharmonic. This is referred to as a “modeless component”
fMmodelessg here (Chen et al., 2015). It may be either a monotonic
function or a constant, representing the primary trend of the
original signal left undecomposed again.

Hence, the entire signal can be denoted as follows:

fxðtÞg¼fIMF1g þ fIMF2g þ ,,,þ fIMFng þ fMmodelessg (16)

9) Calculate the phases and frequencies for every IMF compo-
nent, except for the modeless term.

10) Describe the vibration energy distribution in the time-
frequency coordinate system.

11) Drawmarginal spectrum and evaluate its agreement with FS.
If apparent discrepancy was found, the Cp should be reduced
and subsequently perform the whole sifting process again.

An illustrative example of decomposition processing of the FB-
EMD strategy is demonstrated in Fig. 3. Because the entire



Fig. 3. Illustrative example of decomposition processing of the FB-EMD strategy.
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decomposition process depends on the FT and inverse FT, the
average value of every IMF is clearly equal to zero. Taking advantage
of this FB-EMD strategy characterized by the FT, the band-pass filter
and the rigorously redefined FB-IMF criterion, we may obtain a
series of IMF components by a special bandwidth constraint
respecting the intrinsic vibration characteristics from the high to
the low frequency domain successively. The FB-EMD has the ability
to decompose any structural vibration process into a series of
narrowband IMFs when their bandwidth is suitably narrow. It is
more efficient and feasible to decompose nonstationary datasets,
superior to any other methods.

4.2. Basic characteristics and merits

In the Huang-EMD, the sifting process is terminated when the
‘residue’ (specifically the modeless term in this paper) becomes
much less than the predetermined value to a substantial conse-
quence; otherwise, it becomes a monotonic function or constant
fromwhich no additional IMFs can be extracted. In the FB-EMD, the
sifting process ends when the lower circular frequency boundary
ulower of the decomposed component equals zero. The modeless
component is also exclusive, meaning that every decomposed
component, either IMFs or modeless terms, has rigorous band-
width limitations.

The FB-EMD follows an empirical data-driven scheme which
needs a priori knowledge about the raw signal; indeed, a FS analysis
by ocular observation in advance is necessary. However, in contrast
tomost existingmethods, the strategy is an adaptivemethodwhich
breaks down a nonstationary and nonlinear signal into a series of
true narrowband IMFs. The IMFs then can represent simple oscil-
latory modes with time-varying amplitudes and frequencies.
Therefore, mode identification may apply to the fields in which
intrinsic local vibrations have attracted particular attention.

The objective of the proposed FB-EMD method is to decompose
a complicated signal into a series of IMFs according to their intrinsic
narrow bandwidths. Essentially, the following characteristics of the
FB-EMD are drawn:

1) The combination of FT and its inverse form provides an efficient
way to obtain the HT of a signal.

2) The band-pass filter has the ability to sift any signal component
within a certain range and rigorously rejects frequencies outside
of that range; thus, every IMF has a sense of bandwidth.
Therefore the mode mixing encountered in other methods may
be well solved.

3) The FB-IMF criterion, characterized by a predetermined
maximum intrinsic bandwidth and a half of the minimum
bandwidth which is demarcated by two neighboring identifi-
able spectral peaks for signal sifting, ensures that the IMFs are
narrowband components or even monocomponents. The
orthogonal requirement for the HT and the narrow bandwidth
requirement for the IF are met.

4) The IMF components are generated according to their intrinsic
narrow bandwidths respectively and are strictly sifted from the
high to the low frequency domain successively.

5) The IMF sifting process is conducted by moving intrinsic band-
width successively and repeating FFT. The boundary effect
encountered in Huang-EMD does not experience in FB-EMD. As
it terminates when the lower limit of a band-pass filter reaches
zero, the stop criteria is also explicit. Generally, because hun-
dreds of IMFs may be decomposed, the computational cost is
thus heavier than Huang-EMD, but is much less than VMD with
the same amount of IMFs.

5. Efficiency verification and simple engineering application

5.1. Processing data selection

In the following sections, the efficiency of the FB-IMF and FB-
EMD will be verified. Three nonstationary strain datasets for a
shear current VIV experiment of a large-scale flexible pipe model
carried out at by KORDI were selected in this study. In this exper-
iment, the pipe was towed to move in a semicircular manner. The
experimental setup and more information about vibration mode
analysis may refer to relative literature (Choi et al., 2008; Chen and
Rhee, 2019).

5.2. Verification of the FB-IMF criterion and maximum intrinsic
bandwidth

For complex datasets, the determination for BWmin may vary
with different individuals, owing to their diversified requirement
for calculation accuracy and efficiency. An effective solution is to
assign a smaller value to Cp, which will ensure that the FS related to
any IMF component is single-peak and computation costs are
acceptable. In this section, the efficiency of the proposed maximum
intrinsic bandwidth for FB-IMF criterion will be verified through a
randomly selected dataset related to towing speeds Vmax ¼ 1.0m/s
(specifically dataset-1). Five standards have been adopted as IMF
criterion candidates. The first is the Huang-IMF, which is coupled
with the Huang-EMD strategy. The second, third, fourth and fifth
are termed FB-IMF-DC1, FB-IMF-DC2, and FB-IMF-DC3 and FB-IMF-
DC4 by assigning four Cp candidates ~Cp equal to 1, 1=5, 1=10 and
1=15, respectively, leaving aside the fact that BWmin ¼ 0.1 Hz
(calculated by difference of 8.4 Hz and 8.5 Hz belonging to two
adjacent identifiable spectral peak in FS). The last four IMF criterion
candidates are labeled with the prefix “FB-” and are coupled with
the FB-EMD strategy.

Five series of IMF candidates were decomposed according to
Huang-IMF and FB-IMF-DC1 to FB-IMF-DC4, in that order, as shown
in Table 1. There is a general rule that the smaller the coefficient of
maximum intrinsic bandwidth is, the greater the amounts of
decomposed IMF will be.

For the sake of comparing the discrepancy of the five IMF
criteria systematically, the trajectories and FS of several decom-
posed IMF candidates are chosen as illustrative examples. Only
three IMF candidates corresponding to each IMF criterion were
selected. Here, the special IMF candidate representing the first



Table 1
Comparison of IMF amounts based on different IMF criterions and EMD strategies.

IMF criterion EMD strategy IMFs

Huang-IMF Huang-EMD 12

FB-IMF-DC1 (~Cp¼1) FB-EMD 26

FB-IMF-DC2 (~Cp¼1/5) FB-EMD 166

FB-IMF-DC3 (~Cp¼1/10) FB-EMD 327

FB-IMF-DC4 (~Cp¼1/15, FB-IMF) FB-EMD 488
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apparent dominant vibration mode was invariably selected,
whereas the other two were selected randomly in the five corre-
sponding illustrations.

With regard to the power spectra, it was found that the IMF
components via FB-IMF-DC1 to FB-IMF-DC4 coupled with the FB-
EMD strategy show distinct bandwidth limitations, however
mode mixing is severe between IMFs attributed to Huang-IMF
coupled with Huang-EMD, as shown in Fig. 4. The decomposed
IMF candidates shown in Fig. 5 have the primary characteristic of a
bandwidth limitation, but they are still not narrowband candidates.
Fig. 4. Trajectories and FS comparison of three. Randomly selected IMFs based on -IMF.

Fig. 5. Trajectories and FS comparison of three randomly Huang selected IMF datasets
based on FB-IMF-DC1.
The so-called narrowband signal here at least should have the
characteristics of a finite bandwidth and a single spectral peak. The
phenomena of multispectral peaks can be found in IMF-24 and IMF-
22, as shown in Fig. 5. It has been proved that the absence of the
narrowband constraint condition for the FB-IMF may unavoidably
lead to multicomponent IMFs. Generally, the bandwidths illus-
trated in Fig. 6 are much narrower than those illustrated in Fig. 5.
However, the IMF candidates obtained by FB-IMF-DC2 are not still
actual narrowband examples. The multispectral peak phenomena
can be found in IMF-114 in Fig. 6 and IMF-222 in Fig. 7, indicating
those IMF candidates are composed of at least two mono-
components with very close frequencies. Therefore, any attempt to
execute Eq. (4) based on those IMF candidates is infeasible. It is
important to note that any endeavor to decompose IMFs by
defining the constraint condition but ignoring the bandwidth will
be in vain.

As shown in Fig. 8, the IMFs show fairly narrowband charac-
teristics, although most of the IMF candidates shown in left subplot
are characterized by an undulating amplitude according to their
trajectories. IMF-371 and IMF-416 even show typical characteristics
of simple harmonic signal. It is worth noting that not only the three
Fig. 6. Trajectories and FS comparison of three randomly selected IMF datasets based
on FB-IMF-DC2.

Fig. 7. Trajectories and FS comparison of three. Randomly selected IMF datasets based
on FB-IMF-DC3.



Fig. 8. Trajectories and FS comparison of three randomly selected IMF datasets based
on FB-IMF-DC4.

Fig. 9. Spectral comparison of dataset-1.
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IMFs illustrated in Fig. 8 but also the other 485 IMFs not demon-
strated, in accordance with the FB-IMF criterion, are prone to have
narrow bandwidths. Therefore, the narrowband constraint for FB-
IMF ensures that the decomposed IMFs are in fact narrowband
components or monocomponents. Here assign 1=15 to Cp.

If the Cp is reduced to a much smaller value, the illustrations of
trajectories and FS may show a result similar to that in Fig. 8.
Because vortex shedding obeys the Strouhal law and VIV easily
locks into some eigenmode of flexible pipeline/risers, the vibration
process should have distinctly intrinsic characteristics. Although
the coefficient Cp is given a smaller value, the effect of this nar-
rower band does not appear to be distinct. It has been verified that
these types of IMFs via the FB-IMF criterion are suitable for true IMF
decomposition. In this case, the predetermined Cp for VIV to be 1=
15 is sufficient. Of course, the smaller the Cp is, the slower the
decomposition speed will be. This can occasionally lead to unnec-
essarily heavy computation costs.
Fig. 10. Unwrapped phase angle vs. time of dataset-2 via FB-EMD in a bandwidth of
0e125 Hz.
5.3. Efficiency verification of FB-EMD

Firstly, the efficiency of the newly developed FB-EMD is verified
though dataset-1 by spectral analysis. The agreement of marginal
TFE-HSwith FS can be used as a useful tool to verify the efficiency of
various data decomposition methods mentioned above (Huang
et al., 1998). The results of a comparison of the FS, the marginal
TFE-HS via Huang-EMD, FB-EMD (with Cp¼ 1=15, here), EEMD,
VMD (with K ¼ 13 and 30) and EWT methods are systematically
shown in Fig. 9. Here, the marginal TFE-HS represents the mea-
surement of the total amplitude (or energy) contribution from each
frequency value. It also denotes the cumulated amplitude over the
entire data span in a probabilistic sense. As found via the FS (blue
continuous line), it is obvious that there are two intrinsic vibration
modes, with a series concurrent randomly excited vibration mode
due to vortex shedding. The marginal spectra via HS based on the
FB-IMF and FB-EMD is in good agreement with the FS. However, the
marginal spectrum of the TFE-HS based on Huang-EMD and EEMD
deviates considerably from the FS. The discrepancy of the power
density exceeding one order of magnitude was also observed in the
original study by Huang et al. (1998). The VMD with K ¼ 30 shows
good agreement with FS around the apparent subordinate vibration
mode, but show inferior agreement around the dominant vibration
mode. VMD with K ¼ 13 and EWT shows worse agreement with FS.
Secondly, the efficiency of the newly developed FB-EMD is
verified via the analysis of the unwrapped phase angles of IMFs.
Because the same IMF criterion is adopted in Huang-EMD and
EEMD, the analysis of the unwrapped phase angles related to EEMD
was omitted. Here, two datasets related to the VIV experiment with
towing speeds Vmax ¼ 0.5m/s and 1.5m/s, termed dataset-2 and
dataset-3, respectively were processed. Figs. 10 and 11 illustrate the
unwrapped phase angles vs. time of dataset-2 via FB-EMD and VMD
with K¼ 30, respectively. Every line denotes the variation infor-
mation of the instantaneous unwrapped phase angle of every IMF.
Because the IF is calculated by the differential of the local instan-
taneous phase angle vs. the time, it indeed may be regarded as the
local slope value of those lines. As shown in Fig. 10, it seems that
each line is close to be straight, indicating that the band-pass filter
and narrowband constraint condition to the FB-IMF criterion
indeed work well. Benefiting from the special FB-EMD strategy, the
lines are radially distributed and the overlapping of neighbor lines
seems hard to happen. This is a crucial improvement to avoid the
occurrence of a widely overlapping IF in the frequency range. The



Fig. 11. Unwrapped phase angle vs. time of dataset-2 via VMD with K ¼ 30 in a
bandwidth of 0e125 Hz, with special section enlarged.

Fig. 13. Unwrapped phase angle vs. time of dataset-3 with EWT in a bandwidth of
0e125 Hz, with enlarged section.
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superiority of the controllable narrowband constraint for FB-IMF is
verified. Although VMD is aiming at decomposing a signal into an
ensemble of band-limited intrinsic mode functions, the obtained
IMFs still not band-limited. As shown in Fig. 11 with a partial
enlarged view on the upper-left corner, the overlap among
unwrapped phase curves may still be observed, implying the fre-
quency interlacing between neighbor IMFs.

Figs. 12 and 13 illustrate the unwrapped phase angle vs. the time
of dataset-3 via Huang-EMD and EWT methods, respectively. The
overlapping of the curves for Huang-EMD occurs readily. For those
unwrapped phase curves, the local slope values are indeed dis-
turbing and irregular, deviating greatly from their general trends,
which represents the IF bands. This indicates that the IF value
would spread to a very wide frequency range, leading to severe
overlap of the IF among different IMFs. By contrast, those
unwrapped phase lines attributed to EWT is fairly straight in Fig. 13,
meaning that the IF values of each IMF are located in a special band-
limited domain. The sporadic emergence of singularity on several
unwrapped phase lines may be observed, shown in the partially
Fig. 12. Unwrapped phase angle vs. time of dataset-3 with Huang-EMD in a bandwidth
of 0e125 Hz.
enlarged view (in upper-left) of Fig. 13. It implies the emergence of
IF overlap.

As a rule, the FB-EMD can serve to decompose complicated
datasets into IMFs with a special bandwidth, superior to other
related methods. In addition, the more rigorous the IMF criterion is,
the narrower of bandwidth for each IMF is, with a greater number
of IMFs. Consequently, the requirement of a narrowband compo-
nent or monocomponent may be suitably met.

Thirdly, the efficiency of the newly developed FB-EMD is verified
via the analysis of the 2D Huang-HS. For the sake of an impartial
comparison between the HS based on FB-EMD and other data
decomposition methods mentioned above, the Huang-HS
approach, which accumulates elements of the instantaneous
amplitude vectors to the rendered spectral density, is adopted here.

Four 2D Huang-HS cases in relation to dataset-3 via the FB-EMD,
VMDwith K¼ 30, Huang-EMD and EWT strategies are illustrated in
Figs. 14e17, respectively, based on the IF expressions in Eq. (4). The
brightly colored pixel dots, i.e., yellow and red, denote the location
of IF with considerable amplitudes, and the dot density represents
the appearance continuity of those IFs. It is clear that the four 2D
Huang-HS illustrations are entirely different.

The 2DHuang-HS of IMF cells via the FB-EMDmethod illustrates
the relatively unambiguous distribution of the energy peak, as
shown in Fig. 14. The brightly colored pixel dots are belt-like
distributed. There are two extremely strong peak belts at 4 Hz
Fig. 14. Huang-HS by FB-EMD.



Fig. 15. Huang-HS by VMD with K¼ 30.

Fig. 16. Huang-HS by Huang-EMD.

Fig. 17. Huang-HS by EWT.
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and 12Hz, which corresponded to the fifth and tenth eigenmodes,
providing evidence of the strong and persistent dominant vibration
status throughout the vibration process. From this clear illustration,
an easy conclusion can be reached regarding the waveforms and
vibration mode along the pipe span.

As shown in Figs. 15e17, there are some apparent time-
frequency path lines rendered by the bright colors related to
VMD, Huang-EMD and EWT. It is obvious that the boundary of the
time-frequency path lines attributed to VMD with K¼ 30 is more
distinct than those related to Huang-EMD and EWT around the
belt-like peaks at 4 Hz and 12 Hz. However the overlap of them is
still favorable in frequency domain. As shown in Fig. 16, the dis-
tribution of IF are prone to spread to a wide frequency range. The
pixel dots attributed to Huang-EMD shows that they are interlaced
and highly intermittent. One can find there is an energy peak zone
which ranges from 2Hz to 6 Hz. This likely indicates that lock-in
oscillation may occur in this region, but it is not to be accurately
predicted. Although another relatively concentrating energy peak
belt may be found gleamingly from 8Hz to 16 Hz, it is challenging
to describe the detailed distribution characteristics of the energy
peak. It looks hard to observe some steady belt-like distribution
curves, and even sometimes those pixel dots are discrete anywhere
in the time-frequency space. It becomes very difficult to explain
those phenomena in physics. The quality of Fig. 17 is between those
of Figs. 15 and 16. Although brightly colored pixel dots may be
observed, illustrated by IF with considerable accumulated instan-
taneous amplitudes, the pixel dots are generally intermittent.

Therefore, the 2D Huang-HS via the FB-EMDmethod appears to
provide more meaningful information, superior to those via other
three methods. It appears that FB-EMD is more efficient to conduct
spectrum-overlapped signals than other three methods if the
maximum intrinsic bandwidth is well-designed. Although the
comparison between Figs. 14e17 ensures the efficiency of the FB-
EMD strategy, the 2D Huang-HS method does not appear to be a
feasible means of providing a good interpretation of a nonsta-
tionary structural process in fact. In order to investigate the energy
distribution located in these brightly colored belts more compre-
hensively, the vivid 3D TFE-HS is constructed in next section for
mode identification.

5.4. Mode identification by TFE-HS

In this section, TFE-HS combined with the FB-EMD strategy and
the FB-IMF criteria is adopted to investigate the intrinsic local
characteristics of the IF of vibration processes. The comparisons of
the FS, marginal TFE-HS via Huang-EMD and FB-EMD based on
datasets-2 and 3 are conducted simultaneously, as shown in Fig. 18.
Similar to the conclusion drawn based on Fig. 9, the marginal
spectra of TFE-HS via FB-EMD joined with FB-IMF shows fairly good
agreement with the FS, whereas those via Huang-EMD still deviate
greatly from the FS.

As is well known, the FS is indeed designed to demonstrate the
power density of vibration processes statistically in the time
domain. This means that if we take some data segments rarely
related to the true vibration process into account, this approach
may underestimate the power density. As shown in Fig. 18, the
power densities of the dominant vibrationmode are 17.8 and 137 in
the left and right subplots, respectively, but both values are very
sensitive to the length and selected segment of the dataset in the
time domain. Therefore, the FS is more apt to give an approximate
estimation of the power density for a vibration process. This does
not indicate that the estimator of the vibration mode by the FS is
incorrect, but it does mean that the detailed real-time vibration
information due to time-averaged processing has beenwiped away
thoroughly. On the other hand, the existence and lengths of blank
recording segments have no effect on the illustration of the final 3D
TFE-HS, meaning that there would be no or a very small discrep-
ancy between users using datasets of different lengths with the
same vibration process.

The 3D TFE-HS for datasets-2 and 3 is illustrated in Fig. 19.
Numerous characteristics of the IF and power density distribution
can be obtained based on this outcome. It shows us an absolutely
different pattern of the instantaneous power spectra in the time-
frequency space, superior to the FS. Thus, it provides another
means of obtaining the instantaneous vibration characteristics for
the entire vibration process, from beginning to end. It is too vivid to
be helpful to identify the vibration frequency/mode and the cor-
responding amplitude on the same time axis, providing when



Fig. 18. Comparison of the marginal HS via FB-EMD and Huang-EMD with the Fourier spectrum based upon dataset-2 (left) and dataset-3 (right).

Fig. 19. Contour of the 3D TFE-HS of dataset-2 (left) and dataset-3 (right).
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(time), where (frequency) and how (energy distribution) the
participant structural modes vibrate.

The real-time varying characteristics of the participant vibration
modes can be distinctly observed via the 3D TFE-HS shown in
Fig. 19. With the left subplot as an example, several apparent peak
frequencies with values of 1.3 Hz, 1.7 Hz, 3.0 Hz, 3.8 Hz, 4.3 Hz,
5.9 Hz and 8.8 Hz can be found. By means of a structural model
analysis, we find that the frequencies with values of 1.3 Hz, 3.0 Hz,
3.8 Hz and 4.3 Hz, are the eigenfrequencies, as determined by the
structural system itself. The others are induced by vortex shedding.
Although the mode with a frequency of 1.7 Hz is dominant in FS, it
is characterized by time-varying amplitude, so do other modes. It
means there is no vibration mode with a persistent intensity level
from the beginning to the end, even with an unvarying towing
speed.

A vibration mode switching/transfer occurs occasionally, either
in the in-line or cross-flow direction, and either at a low or high
towing speed. During the data collecting process, many instanta-
neous dominant modes appear and disappear in turn. This is
mainly associated with an irregular vibration energy transfer of
structure-fluid interaction and partially attributed to energy
diffusion among the participant modes. As shown in Fig. 19, when
the former takes place, the total vibration intensity may be
increased or reduced from its average level, as illustrated in the
0se6s and the 8se22s segments in the left subplot. On the other
hand, when the latter occurs, the total vibration intensity may
remain nearly invariant, whereas the vibration intensity change of
some mode may influence others, as illustrated distinctly in the
right subplot.

A typical instance of synchronization vibration that is taking
place can be found, characterized by a dominant frequency (a
spectral belt of 4 Hz) and another recognizable subordinate fre-
quency (a spectral belt of 12 Hz), based on the FS illustration in the
right subplot of Fig. 18. Slightly different from the conclusion drawn
via the FS, the 3D TFE-HS approach shows the fairly well-developed
vibration mode waveform of the dominant frequency, with the
vibration energy scarcely varying during the recording period due
to the occurrence of the lock-in phenomenon, as shown in the right
subplot of Fig. 19. An intermittent burst of the subordinate case is
also found. It even dominates the vibration process, with a
considerable spectral peak value ranging from 2s to 8s and from 22s
to 24s. In the case related to dataset-3, even taking the beginning
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and ending blank record segments into account, the illustration of
3D TFE-HS may provide similar inspiring conclusions.

In a word, by means of TFE-HS via the well-designed FB-EMD
combined with the FB-IMF criterion, the vibration modes may be
suitably identified, and one can find more information about the
time-varying characteristics of the vibration processes. The effi-
ciency of the FB-EMD strategy, the maximum intrinsic bandwidth
constraint on the FB-IMF, and the ability of TFE-HS for mode
identification have been well demonstrated above.

6. Conclusion

A new EMD method characterized by the FT, band-pass filter
and well-designed IMF criterion was proposed in this paper. The
narrowband constraint, known as the maximum intrinsic band-
width for IMF, has been rendered, making the obtained IMF com-
ponents more in accord with the primary qualification for an IF
calculation and the mode decomposition more efficient. Combined
with the proposed TFE-HS method, it can be applied to decompose
raw data into a series of IMFs, manifesting the imbedded true
intrinsic mode and consequently providing a straightforward
means of mode visualization.

1) The FT and band-pass filter have been introduced as the
fundamental decomposing techniques in the newly proposed
FB-EMD method. The FT and its inverse form not only provide
the frequency information of any data series, but also provide an
efficient way to obtain the HT of those data series. By the
combination of them, it is able to sift any signal component
within a certain range, with the Nyquist frequency as the
possible uppermost threshold. Therefore, every IMF has a pri-
mary sense of the bandwidth.

2) The constraint conditions for IMF make the sifting process have
an unambiguous standard. Two constraint conditions for the FB-
IMF criterion, a predetermined maximum intrinsic bandwidth
and a half of the minimum bandwidth which is demarcated by
two neighbor identifiable spectral peaks, ensure that the
decomposed IMFs are narrowband components or even mon-
ocomponent. Thus, they effectively eliminates the apparent
multimode phenomena in the FS related to each IMF, and then
well solving the problem of mode mixing. Because the orthog-
onal requirement for the HT and the narrow bandwidth
requirement for the IF are met, the obtained IMFs have physical
sense.

3) The IMF components are generated with respect to their
intrinsic narrow bandwidth and strictly sifted from the high to
the low frequency domain successively. When the lower limit of
a band-pass filter reaches zero, the FB-EMD process terminates.
The last term is referred to as the modeless term. Because the
decomposed IMFs suitably represent the intrinsic vibration
characteristics in the designed frequency band, it ensures that
the IF is effective and that the HS analysis results are believable
as well.

4) The coefficient of maximum intrinsic bandwidth Cp may be a
constant or a self-adaptive value, depending upon the problem
to be solved. Commonly, for some bandwidths of concern here
or which bear comparative large vibration energy, the Cp value
should be as small as possible to demonstrate a well-behaved
HS; otherwise, a relatively large value of Cp may be permitted
to assure a higher processing speed. The efficiency of Cp value
should be evaluated based on the agreement between marginal
TFE-HS and FS.

5) A true 3D TFE-HS approach which uses the instantaneous
amplitude to denote the magnitude of the vibration energy is
proposed. It provides unambiguous information about when
(time), where (frequency) and how (energy distribution) the
participant vibration modes taking part in. It offers a vivid 3D
TFE distribution, superior to the FS and Huang-HS approaches. It
provides a very efficient and different way to understand the
mystery of complex vibration process. Mode identification via
the proposed method is also inspiring.
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