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The  surface  topography  of workpieces  has  an  important  influence  on the  final performances  of  the  prod-
uct. The  digital  filtering  is  a critical  step  to analyze  the  surface  topography  of  workpieces.  Bi-dimensional
empirical  mode  decomposition  (BEMD)  approach  is superior  to conventional  filtering  approaches  in the
analysis  of non-stationary  and non-linear  data.  High  definition  metrology  (HDM)  can  generate  mas-
sive  point  cloud  data  to  represent  the  three-dimensional  (3D)  surface  topography  of  workpieces,  which
provides a  new  opportunity  for surface  topography  analysis.  This  paper  develops  a  fast  and  adaptive
bi-dimensional  empirical  mode  decomposition  (FABEMD)  approach  for  filtering  of  workpiece  surfaces
using  HDM.  Firstly,  the  neighboring  window  algorithm  is presented  to extract  local  extrema  and  draw
the extrema  spectrum.  Secondly,  the adaptive  window  algorithm  is developed  to  automatically  select
the  optimal  window  size  of  the  order  statistics  filter,  and  plot  the envelope  spectrum.  Finally,  the  average
ecomposition
urface topography analysis

smoothing  filter  is presented  for smooth  filtering  and  generating  of  the  mean  envelope.  The  performance
of  the  proposed  FABEMD-based  filter is validated  by  a simulated  surface  data  and  three  real-world  sur-
face  data.  Compared  with  Gaussian  filter (ISO  11562:1996,  ASME  B46.1-2002),  the  BEMD-based  filter  and
the  recent  shearlet-based  filter  in the  qualitative  and  quantitative  analysis,  the  proposed  FABEMD-based
filter  is superior  for the  separation  and  extraction  of  different  surface  components.

©  2018  Published  by  Elsevier  Ltd on behalf  of The  Society  of  Manufacturing  Engineers.
. Introduction

The surface texture is an important index to evaluate the quality
f workpieces [1,2], and is generally described from the small to the
arge scale: roughness, waviness and form. It is well-known that
ifferent components of the surface texture have different influ-
nces on the functional performance of workpieces. To be specific,
oughness is a good indicator of the surface irregularities, thus can
e applied to detect errors in the material removal process, and also

t has great influence on the workpiece functionality such as wear
nd friction. Waviness, which may  occur from machine or work
eflections, chatter, residual stress, vibrations, or heat treatment,

as influence on tightness of workpieces. Form may  directly affect
he assembling performance of workpieces. Therefore, the motiva-
ion for separating these components derives from the fact that they
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have different origins and influences on workpieces functionalities
in different ways. It is very important to separate the surface texture
into different components before surface topography analysis.

Digital filtering is an essential step to realize the separation
process. Filtering of workpiece surfaces has been a hot research
topic on account of its importance for surface texture analysis.
The traditional filtering approaches such as 2RC filter and Gaus-
sian filter have been firstly studied, and the Gaussian filter is one of
the most widely-used standard filtering approaches. However, it is
well recognized that it is not robust against outliers. To overcome
the shortcoming, some modified approaches such as robust regres-
sion Gaussian filter [3], spline filter [4], robust spline filter [5], and
morphological filter [6] have been developed. Recent advances in
filtering approaches are reviewed in [7,8].

Several researchers develop wavelet-based filtering approaches
and apply them to analyze workpiece surfaces. Different from
the previous filtering approaches, wavelet-based filters can pro-

vide multi-scale analysis since they can divide a surface profile
into different frequency components and investigate each com-
ponent with a resolution matched to its scale. Fu et al. [9]

ngineers.
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dopted the wavelet transform to surface topography analysis
nd compared different wavelet bases. Orthogonal wavelet bases
nd biorthogonal wavelet bases were recommended due to their
ransmission characteristics of the corresponding filters. Jiang
t al. [10] proposed a lifting wavelet representation for char-
cterization of surface topography. Josso et al. [11] proposed a
requency normalized wavelet transform for surface roughness
nalysis and characterization. Wang et al. [12] proposed a modi-
ed anisotropic diffusion filter to separate workpiece surfaces into
arious scale-limited surfaces. Most recently, Du, Liu and Huang
13] presented a shearlet-based filtering approach. The workpiece
urface was decomposed into different sub-bands of coefficients
ith non-subsampled shearlet transform (NSST). Then the surface

omponents at different level were reconstructed based on inverse
SST.

Recently, Huang et al. [14] and Du et al. [15] introduced and
mproved the empirical mode decomposition (EMD) approach to
nalyze one-dimensional non-stationary and non-linear signals
ased on instantaneous frequency. Flandrin [16] proposed the con-
ept of filter banks based on EMD  and the corresponding order
ntrinsic mode functions (IMFs) were combined to achieve the high-
ass, low-pass and band-pass filters. Wu  and Huang [17] confirmed
hat the EMD approach had similar filtering characteristics with the
avelet-based approaches. Boudraa and Cexus [18] used different

hresholds for each IMF  to reconstruct the new filter and realize the
ignal denoising. Nevertheless, EMD  cannot be used to analyze 3D
ata.

Nunes [19] proposed a bi-dimensional EMD  (BEMD) appraoch,
hich is a two-dimensional (2D) extension of the EMD  approach,
ainly used for image processing [20], image denoising [21], image

dge pattern processing [22] and medical image registration [23],
ot used for filtering of workpiece surfaces. Moreover, since the
indow size of order statistic filters in the BEMD approach is not
etermined adaptively, it frequently does not have the best filter-

ng results. Bhuiyan [24,25] proposed a fast and adaptive BEMD
FABEMD) approach. Simulation results demonstrate that FABEMD
s not only faster and adaptive, but also outperforms the original
EMD in terms of the quality of the BIMFs.

With the development of on-line high definition measurement
HDM) technologies, great opportunities are provided for on-line
ontrolling surface quality. A representative of on-line HDM for sur-
ace variation measurement is Shapix based on laser holographic
nterferometry metrology [26], which measures 3D surface height

ap and gains millions of data points within seconds, and has
50 �m resolution in x–y direction and 1 �m accuracy in z direc-
ion. Based on HDM, some researches about surface quality control
nd engineering applications have been successfully conducted,
uch as surface classification [27,28], tool wear monitoring [29],
orm error evaluation and estimation [30,31], volume variation
ontrol [32], and flat surface variation control [33]. However, to
he best knowledge of the authors, there is no BEMD-based filter-
ng approach for workpiece surfaces using HDM. The high density
oint cloud data of HDM is large. About one million measurement
oints are collected from a cylinder head by HDM system. So, HDM
eeds a fast and adaptive analysis. Therefore, this paper presents a
ovel fast and adaptive bi-dimensional empirical mode decompo-
ition (FABEMD) approach for filtering of workpiece surfaces using
DM.

The remainder of this paper is organized as follows: The BEMD
pproach is briefly introduced in Section 2. In Section 3, the pro-
osed approach of filtering workpiece surfaces is presented. In
ection 4, a simulation experiment is conducted to validate the

easibility of the presented approach. In Section 5, three case stud-
es using different kinds of workpiece surfaces are presented to
g Systems 46 (2018) 247–263

show the effectiveness of the proposed approach. In Section 6, the
conclusions of this study are drawn.

2. Brief introduction to BEMD

The BEMD approach decomposes a signal into its bi-dimensional
IMFs (BIMFs) and a residue based on the local spatial scales. Let
the original signal be denoted as I(x, y), a BIMF as F(x, y), and the
residue as R(x, y). The original bi-dimensional signal I(x, y) can be
decomposed by BEMD

I(x, y) =
∑

Fi(x, y) + R(x, y) (1)

where Fi(x, y) is the i-th BIMF obtained from its source signal Si(x,
y), and Si(x, y) = Si−1(x, y) − Ri−1(x, y).

It requires one iteration or more to obtain Fi(x, y), and the inter-
mediate state of a BIMF in j-th iteration can be denoted as FTj(x, y).
The decomposition steps of the BEMD approach are summarized as
follow:

Step 1: Set i = 1 and Si(x, y) = I(x, y).
Step 2: Set j = 1 and STj(x, y) = Si(x, y). STj represents the input

signal of the jth decomposition.
Step 3: Obtain the local maxima map  of FTj(x, y), denoted as Pj(x,

y).
Step 4: Interpolate the maxima points in Pi(x, y) and generate

the upper envelope, denoted as UEj(x, y).
Step 5: Obtain the local minima map  of FTj(x, y), denoted as Qj(x,

y).
Step 6: Interpolate the minima points in Qi(x, y)and generate the

lower envelope, denoted as LEj(x, y).
Step 7: Calculate the mean envelope MEj(x, y) = (UEj(x, y) + LEj(x,

y))/2.
Step 8: Calculate the details of the signal in the decomposition

process,FTj+1(x, y) = FTj(x, y) − MEj(x, y).
Step 9: Check whether FTj+1(x, y) follows the BIMF properties by

finding the standard deviation (SD), denoted as D (Eq. (2)), between
FTj+1(x, y)and FTj(x, y), and compare it with the desired threshold.

D =
M∑

x=1

N∑
j=1

|FT j+1(x, y) − FT j(x, y)|
|FT j(x, y)|2

2

(2)

where (x, y) is the coordinate, M is the total number of rows and
N is the total number of columns of the 2D data. The value of D is
usually chosen to be 0.5 to ensure that the mean value of BIMF is
close to 0.

Step 10: If FTj+1(x, y) meets the criteria according to step 9, then
Fj(x, y) = FTj+1(x, y), set Si+1(x, y) = Si(x, y) and i = i + 1, and go to step
11. Otherwise set j = j + 1, go to step 3 and continue up to step 10.

Step 11: Determine whether Si(x, y) has less than three extrema
points, and if so, the residual R(x, y) = Si(x, y), and the decomposition
is complete. Otherwise, go to step 2 and continue up to step 11.

In the process of extracting BIMFs, the number of extreme points
in Si+1(x, y) should be less than the number of extreme points in Si(x,
y). Let the BIMFs and the residual of a signal together be named
as bi-dimensional empirical mode components (BEMCs). All the
BEMCs compose the original 2D signal as follow

∑
F(x, y) =

K+1∑
Fi(x, y) = I(x, y) (3)
i=1

where Fi(x, y) is the i-th BEMC, and K is the total number of BEMCs
except the residual.
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Fig. 1. The framework

. The proposed approach

.1. Overview of the proposed approach

This section proposes an FABEMD approach for filtering of
orkpiece surfaces using HDM. Compared with the original BEMD

pproach, three aspects are improved: 1) The proposed approach
oes not need to calculate the minimum Euclidean distance
etween adjacent extreme points and does not need to calcu-

ate adjacent maxima and minima distance array. 2) The proposed
pproach uses the adaptive window algorithm to optimally select
he window size of the order statistics filters. 3) The envelope sur-
ace is drawn by the extremum filters and the average filters, so the
omputation time is greatly saved.

The framework of the proposed approach is shown in Fig. 1, and
he procedure involves the following steps.

Step 1: Read the 3D engineering surface data collected by HDM.
Step 2: Use the neighboring window algorithm to find local

axima and local minima of the original surface, and generate the
xtrema spectrum.

Step 3: Use the developed adaptive window algorithm to select
he optimal window size of the order statistics filters.

Step 4: Apply extremum filters to generate the upper and lower
nvelopes with the optimal window size.

Step 5: Calculate the mean envelope and use the average filter
o smooth filtering.

Step 6: Decompose into roughness, waviness and form.
Step 7: Calculate the 3D surface parameters of the decomposed

omponents, amplitude parameters, shape parameters and spacing
arameters for surface texture analysis.
.2. Detecting local extrema

In detection of local extrema, the local maxima and minima
oints from the given data need to be found. The 2D array of local
e proposed approach.

maxima (minima) points is called a maxima (minima) map. This
paper uses the neighboring window algorithm to find local max-
ima  points Pij and local minima points Qij. In this algorithm, a data
point is considered as a local maximum (minimum), if its value is
strictly higher (lower) than all of its neighbors. Let A(x, y) be an
M × N 2D matrix represented by

A(x, y) =

⎡
⎢⎢⎢⎢⎣

a11 a12 . . . a1N

a21 a22 . . . a2N

...
...  . . .

...

aM1 aM2 . . . aMN

⎤
⎥⎥⎥⎥⎦ (4)

where amn is the element of A(x, y) located in the m-th row and n-th
column.

Let the window size for local extrema determination be
wex × wex. Then, the extrema points are calculated by

amn � Local Maximum,  if amn > akl;

Local Minimum, if amn < akl;
(5)

where

(6)

Generally, a given 2D data only needs a 3 × 3 window to get
an optimum extrema map. A higher window size may result in a
lower number of local extrema points for a given data matrix. In
order to find extrema points at the boundary or corner, the neigh-
boring points within the window that are beyond the boundary are

neglected. For illustration purposes, consider an 8 × 8 matrix given
in Fig. 2(a). The maxima map  given in Fig. 2(b) and minima map
given in Fig. 2(c) are obtained through applying a 3 × 3 neighboring
window for every point in the matrix.
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Fig. 2. A sample 8 × 8 data matrix u

.3. Adaptive window algorithm to select window width for
rder-statistics filters

After obtaining the extrema map, the next step is to draw
he upper and lower envelope. The core of the traditional BEMD
pproach is the order statistics filter, in which the maximum value
lter (MAX Filter) is used to draw the upper envelope, and the min-

mum value filter (MIN Filter) is used to draw the lower envelope.
rder statistics filters are spatial filters whose responses are deter-
ined based on ordering (ranking) the elements contained within

he data area encompassed by the filters. The response of the filters
t any point is determined by the ranking result. For the envelope
stimation approach, the most important part is the order statistics
lter, and for the order statistics filter, the crucial part is to select
n appropriate window size for the filter.

There are four types of the window sizes (d1 ≤ d2 ≤ d3 ≤ d4) for
n order statistic filter determined by the extrema spectrum (Eq.
7)).

wen = d1 = minimum{minimum{dadj-max}, minimum{dadj-min}}

wen = d2 = max  imum{minimum{dadj-max}, minimum{dadj-min}}

wen = d3 = min  imum{maximum{dadj-max}, max  imum{dadj-min}}

wen = d4 = max  imum{maximum{dadj-max}, max  imum{dadj-min}}

(7)

here wen is the window size of an order statistic filter, dadj−maxis
djacent maxima distance array and d is adjacent minima distance
rray.

There is always an optimal window size of an order statistic fil-
er in the interval [d1, d4] for a workpiece surface, which makes the
ABEMD approach have the best filtering results. It is usually diffi-
ult to adaptively choose an optimal window size for a workpiece
urface. Therefore, an adaptive window algorithm is developed to
utomatically select the optimal window size of order statistics fil-
ers. The flow chart of the proposed adaptive window algorithm
s shown in Fig. 3, and the specific implementation process is
escribed as follows.

Step 1: Read the workpiece surfaces data, obtain roughness
sing Gaussian filter and calculate the root mean square roughness
arameter Sqg as the reference value.

qg =
√√√√1

A

∫ ∫
A

z2 (x, y) dxdy (8)

Step 2: Calculate the window size d of order statistics filters and

he original window size d as shown in Eq. (9).

 = 1
2

×
√

M × N

nextrem
(9)
Fig. 3. Flow chart of the adaptive window algorithm.

where M × N is the image size, and nextrem is the sum of the numbers
of localized maxima and minima. A value of d corresponds to the
distance between extrema in case of its uniform distribution.√√ ∫∫

Sqf =√√1

A
A

z2 (x, y) dxdy (10)
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Step 3: According to the original window size d, obtain work-
iece surface roughness using FABEMD filter and calculate the root
ean square roughness parameter Sqf.
Step 4: Calculate the deviation ratio ı (Eq. (11)). When ı < 0.1,

o to step 6, otherwise, go to step 5.

 = |Sqg − Sqf |
|Sqg | × 100% (11)

Step 5: If Sqf < Sqg, then increase the window size of order statis-
ics filters, set d = d + 2, and return to step 3 until ı < 0.1. If Sqf > Sqg,
educe the window size of order statistics filters, set d = d − 2, and
eturn to step 3 until ı < 0.1.

Step 6: If ı < 0.1, stop searching, obtain the optimal window size
opt, and the program ends.

.4. Generating envelopes

After determining the optimal window size of order statistics
lter for envelope information, the maximum and minimum filters
re applied to obtain the upper and lower envelopes, UEij and LEij
espectively

Eij(x, y) = MAX
(s,t) ∈ Zxy)

{
Sij(s, t)

}
(12)

Eij(x, y) = MIN
(s,t) ∈ Zxy)

{
Sij(s, t)

}
(13)

In Eq. (12), the value of the upper envelope UEij at any point (x, y)
s the maximum value of the elements in Sij in the region defined by
xy. Zxy is the square region of size Wen × Wen(Wen = dopt) centered
t any point (x, y) of Sij. Similarly, the value of the lower envelope
Eij at any point (x, y) is the minimum value of the elements in Sij
n the region defined by Zxy in Eq. (13). It should be noted that the

aximum filter and minimum filter produce new 2D matrices for
pper and lower envelope surfaces from the given 2D data matrix,
nd they do not alter the actual 2D data. Since smooth continuous
urfaces for upper and lower envelopes are preferable, averaging
moothing operations are carried out on both UEij and LEij by apply-
ng the same window size for corresponding order statistics filters.
he averaging smoothing operations are expressed as

Eij(x, y) = 1
wsm × wsm

∑
(s,t) ∈ Zxy

UEij(s, t) (14)

Eij(x, y) = 1
wsm × wsm

∑
LEij(s, t) (15)
(s,t) ∈ Zxy

here Zxy is the square region of size Wsm × Wsm centered at any
oint (x, y) of UEij or LEij, Wsm is the window width of the averaging
moothing filter and Wsm = Wen = dopt.
mum filter and minimum filter before smoothing.

The operation in Eq. (14) is the arithmetic mean filtering. From
the smoothed envelopes UEij and LEij, the mean or average envelope
MEij is calculated as

MEij = (UEij + LEij)/2 (16)

A 3 × 3 window for maximum and minimum filters is applied to
the data matrix of Fig. 2(a), and the results in the upper and lower
envelope matrices are shown in Fig. 4(a) and (b), respectively. Win-
dow width Wen obtained by Type-3 is 3. The averaging smoothing
operations are applied to Fig. 4(a) and (b), and the results in the
smoothed upper and lower envelope matrices are shown in Fig. 5(a)
and (b), respectively. The mean envelope matrix produced by aver-
aging the matrices of Fig. 5(a) and (b) is shown in Fig. 5(c) according
to Eq. (16).

In the BEMD approach, SD criterion (Eq. (2)) is employed as the
most important stopping criterion, and the maximum number of
allowable iterations is used as an auxiliary stopping criterion to
prevent the occurrence of over-sifting.

The correlation coefficient is used to evaluate the similarity
between two vectors.

r =

∑
m

∑
n

(Amn − A)(Bmn − B)

√√√√(∑
m

∑
n

(Amn − A)
2

) (∑
m

∑
n

(Bmn − B)
2
) (17)

where r is utilized to evaluate the correlation coefficient of the
matrixes or vectors with the same size. A(B) is the mean value of
A (B). The number of rows and columns of A and B is M and N,
respectively. The larger the correlation coefficient is, the bigger the
similarity is. Conversely, the smaller the correlation coefficient is,
the smaller the similarity is.

4. Simulation experiment

To verify the performance of the proposed approach, a sim-
ulated 3D surface is randomly generated and filtered using the
proposed FABEMD approach. Then, the filtering result is compared
with the original BEMD approach. The size of the simulated sur-
face is 42 mm × 42 mm,  the sampling interval is 0.1 mm,  and the
numerical expression of the surface is described as follows.

z(x, y) = 0.8 × x + 0.8 × sin(0.4 × � × y) + 0.5
× normrnd(0,  0.1)0 ≤ x ≤ 42mm,  0 ≤ y ≤ 42mm (18)

where normrnd (�, ı) denotes random number following the nor-
mal  distribution with mean parameter � = 0 and standard deviation
parameter ı = 0.1. 0.5 × normrnd(0, 0.1)(a random noise) is the
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Fig. 5. The envelope matrix after smoothing.

Fig. 6. Simulated surface and its components.

face u

r
i
f
s

t
a
F
t

Fig. 7. Filtering result of simulated sur

oughness component, 0.8 × sin(0.4 × � × y) (a sinusoidal function)
s the waviness component and 0.8 × x(an inclined surface) is the
orm component. The simulated surface and its components are
hown in Fig. 6.

Fig. 7 shows the filtering results using the FABEMD approach to
he simulated surface. From Fig. 7, it can be seen that Figs. 6(b)–(d)

nd 7(b)–(d) have obvious similarity. The correlation coefficients of
igs. 6(b)–(d) and 7(b)–(d) are 0.9423, 0.9701 and 0.9997 respec-
ively. Therefore, the proposed FABEMD approach can properly
sing the proposed FABEMD approach.

separate the simulated surface into different surface components
and can effectively eliminate mode mixing.

The simulated surface is decomposed by the original BEMD
approach and the decomposition results are shown in Fig. 8. From
Fig. 8, it can be seen that two sets of BIMF components (BIMF1 and
BIMF2, BIMF3 and BIMF4) have a similar scale and mutual influ-

ence. According to Eq. (17), the correlation coefficients of BIMF1
and BIMF2, BIMF3 and BIMF4 are 0.9349 and 0.7596 respectively.
The three simulated components cannot be separated into different
BIMFs, and the mode mixing problem occurs.
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. Case studies

In order to further validate the effectiveness of the proposed
pproach, the point cloud data of three different workpiece surfaces
ollected by HDM are used for filtering analysis. Gaussian filter (ISO
1562:1996, ASME B46.1-2002), the FABEMD-based filter and the
EMD-based filter are applied respectively, and then the filtering
erformances of these three filters are analyzed.

The 3D Gaussian filter is a 3D extension of 2D Gaussian filter,
hich is realized by the convolution of 3D surface data and the

D weight function. The weighting function of Gaussian filter for
urface texture analysis is

(x, y) = 1
˛2�xc�yc

exp[−
[

�(
x

˛�xc
)
2

+ �(
y

˛�yc
)
2
]

] (19)

here �xcand �yc are the cutoff wavelengths in the x and y

irections, and  ̨ =
√

ln 2/� = 0.4697. In the paper, set �xc = � =
.64mm.

In order to evaluate the characteristics of 3D surface topography,
ome representative 3D surface parameters are selected, including
urface amplitude parameters Sa, Sq and St, surface shape parame-
ers Sku, and surface spacing parameters Sal and Str.

1) Surface amplitude parameters

Surface amplitude parameter is the description of surface height
eviations. The parameters Sa, Sq and St are selected.

The average roughness parameter Sa reflects the deviation of
rithmetic mean distribution of the mean surface data

a = 1
A

∫ ∫
A

|z(x, y)|dxdy (20)

here Z(x, y) is the height value of the point located in line x and
olumn y and A is the evaluation area.

The root mean square roughness Sq is the standard deviation of
he sample to reflect the surface roughness

q =
√

1
A

∫ ∫
A

z2(x, y)dxdy (21)

The maximum height of texture surface represents the maxi-
um  fluctuation of the sample surface

t = | max(z(x, y))| + | min(z(x, y))| (22)

2) Surface shape parameters

Surface shape parameters reflect the height shape characteris-
ics of surface texture. Surface kurtosis Skureflects the surface height

istribution

ku = 1
sq4

[
1
A

∫ ∫
A

z2(x, y)dxdy] (23)
 using the original BEMD approach.

(3) Surface spacing parameters

Surface spacing parameters reflect the spatial distribution of a
sample surface. The fastest autocorrelation decay length Sal repre-
sents the composition of surface components, and Sal ∈ (0, 1). The
smaller the value of Sal is, the bigger the probability of the sur-
face with low frequency components is. The larger the value of Sal
is, the bigger the probability of the surface with high frequency
components is. Sal is the horizontal distance of the autocorrela-
tion function (ACF) that has the fastest decay in any direction to a
specified threshold value �, and 0 < � < 1 (� = 0.1 in this study).

Sal=Min
�x,�y ∈ R(

√
�2

x + �2
y ) where R = {(�x, �y) : ACF(�x, �y) ≤ � (24)

The ACF of a 3D surface is defined as a convolution of the surface
with itself

ACF(�x, �y) =

∫ ∫
A

z(x, y)z(x − �x, y − �y)dxdy∫ ∫
A

z(x, y)z(x, y)dxdy

(25)

where �x, �y are the x-direction and y-direction shifts respectively.
The surface texture aspect ratio parameter Str (Eq. (26)) reflects

the surface texture characteristics of sample surface. The smaller
the value of Str is, the more obvious the surface texture is. The larger
the value of Str is, the less obvious the surface texture is.

Str =
Min
�x,�y ∈ R(

√
�2

x + �2
y )

Max
�x,�y ∈ R(

√
�2

x + �2
y )

where R = {(�x, �y) : ACF(�x,�y ) ≤ � (26)

5.1. Case study I

The first workpiece surface is the surface of a pump valve plate,
and its height map  is shown in Fig. 9. A surface sample is arbi-
trarily selected from the surface, the size of the surface sample
is 6.4 mm × 6.4 mm (shown in Fig. 10(a)) and the sampling inter-
val is 0.01 mm.  The results of the FABEMD-based filter are shown
in Fig. 10. Fig. 10(b)–(d) represent roughness, waviness and form
respectively.

Because of the boundary effects caused by the local weighted
average in the Gaussian filter, the evaluation area of the Gaussian
filter needs to be subtracted the first and last wavelengths from the
sum in order to obtain good filtering results, and then the actual
area becomes 5.12 mm × 5.12 mm.  The surface sample is separated
into two components: one component is the mean surface includ-
ing the waviness surface and the form surface, and the other one is
the roughness surface.

Fig. 11 presents a comparison of mean surfaces obtained

by Gaussian filter and FABEMD-based filter without discarding
any boundary region, and the actual size of evaluation area is
6.4 mm × 6.4 mm.  Fig. 11(a) illustrates that the values on the
boundary of the mean surface by Gaussian filter are close to zero
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Fig. 9. The height map  of the valve plate surface.
nd there are obvious distortions on the boundary. This is the result
f the convolution operation. As shown in Fig. 11(b), there is no
istortion in the FABEMD filtering results. Therefore, due to the
oundary effect of Gaussian filter, it is necessary to remove the

Fig. 10. Filtering results of a surface s

Fig. 11. Comparison of mean surfaces obta
g Systems 46 (2018) 247–263

boundary in practical application. It is feasible for the original data
to be long enough. However, when the original data length is lim-
ited, and then the boundary area is given up, there will be inevitably
some influences on the evaluation results. The FABEMD approach
does not need to predict the extrema points on the boundary, so
the boundary distortions are avoided. The FABEMD-based filter is
more applicable than Gaussian filter.

Fig. 12 shows six samples of the oil pump valve, and the size of
each sample surface is 6.4 mm × 6.4 mm.  Then Gaussian filter, the
FABEMD-based filter and the BEMD-based filter are applied to the
six samples, and the filtering results are compared. To be conve-
nient for the comparison, the actual evaluation area of three filters
is set as 5.12 mm × 5.12 mm  and the sampling interval is 0.01 mm.

Table 1 shows the surface amplitude parameters obtained by
Gaussian filter and FABEMD-based filter. It can be found from the
last three columns in Table 1 that the mean differences are close to
5% in Sa values, close to 4% in Sq values and close to 10% in Stvalues.

Table 2 shows the surface amplitude parameters obtained by
Gaussian filter and the BEMD-based filter. It can be found from the
last three columns in Table 2 that the mean differences are close

to 200% in Sa values, close to 190% in Sq values and close to 130%
in St values. It can be seen that the mean differences of the surface
amplitude parameters obtained by Gaussian filter and the FABEMD-
based filter are less than 10%. Nevertheless, the mean differences of

ample using the FABEMD filter.

ined by Gaussian filter and FABEMD.
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Table  1
The comparison of surface amplitude parameters using the FABEMD-based filter and Gaussian filter.

Unit (um) Gaussian filter FABEMD-based filter Difference

Sa Sq St Sa Sq St Sa Sq St

L 1 0.0405 0.0522 0.4367 0.0387 0.0507 0.4866 4.460% 2.779% 11.437%
L  2 0.0488 0.0643 0.6279 0.0468 0.0619 0.6239 4.090% 3.651% 0.632%
L  3 0.0413 0.0527 0.4678 0.0364 0.0478 0.5888 11.965% 9.315% 25.848%
L 4 0.0412 0.0532 0.5390 0.0397 0.0522 0.5570 3.600% 1.955% 3.340%
L  5 0.0422 0.0549 0.4816 0.0415 0.0542 0.5611 1.594% 1.224% 16.506%
L  6 0.0427 0.0556 0.6329 0.0411 0.0548 0.6145 3.809% 1.371% 2.900%
mean 0.0428 0.0555 0.5310 0.0407 0.0536 0.5720 4.920% 3.382% 10.111%

Difference is calculated by: | NFABEMDvalue−Gaussian value
Gaussian value | × 100%.

Table 2
The comparison of surface amplitude parameters using original BEMD-based filter and Gaussian filter.

Unit (um) Gaussian filter Original BEMD filter Difference

Sa Sq St Sa Sq St Sa Sq St

L 1 0.0405 0.0522 0.4367 0.1276 0.1632 1.1715 215.208% 212.657% 168.277%
L  2 0.0488 0.0643 0.6279 0.1453 0.1811 1.1899 197.975% 181.751% 89.513%
L  3 0.0413 0.0527 0.4678 0.1235 0.1558 1.1604 199.075% 195.436% 148.022%
L  4 0.0412 0.0532 0.5390 0.1304 0.1653 1.2846 216.821% 210.692% 138.344%
L  5 0.0422 0.0549 0.4816 0.1215 0.1535 1.0845 187.952% 179.418% 125.184%
L 6 0.0427 0.0556 0.6329 0.1250 0.1573 1.2452 192.632% 182.914% 96.762%
mean  0.0428 0.0555 0.5310 0.1289 0.1627 1.1894 201.610% 193.811% 127.684%

Table 3
The comparison of surface shape and surface space parameters using the FABEMD-based filter and Gaussian filter.

Gaussian filter FABEMD-based filter Difference

Sku Sal Str Sku Sal Str Sku Sal Str

L 1 3.4910 10.7703 0.5038 3.9946 9.4868 0.4543 14.424% 11.917% 9.821%
L  2 4.2383 10.1980 0.4079 4.3547 9.4340 0.3594 2.746% 7.492% 11.893%
L  3 3.5110 10.1980 0.5036 4.4378 8.5440 0.4220 26.399% 16.219% 16.219%
L  4 3.8398 10.0499 0.3766 4.3204 8.9443 0.3720 12.516% 11.001% 1.222%
L 5 3.8443 10.1980 0.4122 3.9735 

L  6 4.2349 10.0499 0.5575 4.4616 

mean  3.8599 10.2440 0.4603 4.2571 

t
t
F
t

o

Fig. 12. The distribution map  of six sample surface.

he surface amplitude parameters obtained by Gaussian filter and
he original BEMD-based filter are about 130%–200%. Therefore, the
ABEMD-based filter can reflect the sample surface amplitude, but

he BEMD-based filter cannot reflect the sample surface amplitude.

Table 3 shows the surface shape and spacing parameters
btained by Gaussian filter and the FABEMD-based filter. It can be
8.9443 0.3874 3.360% 12.294% 6.019%
8.9443 0.4339 5.353% 11.001% 22.173%
9.0496 0.4048 10.800% 11.654% 11.224%

found from the last three columns in Table 3 that the mean differ-
ences are close to 11% in Sku values, close to 12% in Sal values and
close to 11% in Strvalues. In general, the mean differences of shape
parameters and spacing parameters are within 20%.

Table 4 shows the surface shape and spacing parameters
obtained by Gaussian filter and the FABEMD-based filter. It can be
found from the last three columns in Table 4 that the mean differ-
ences are close to 18% in Sku values, close to 100% in Sal values and
close to 15% in Strvalues.

Table 5 lists the comparison results of the window width and
computational time using the BEMD-based filter and FABEMD-
based filter. It can be found that the optimal window width of the
order statistics filters searched by the FABEMD-based filter is 15 or
17. That is to say, the window width of the order statistics filter is
relatively stable in the filtering process, which means that the sur-
face topography of the workpieces is more uniform. However, the
window width of the order statistics filters searched by the BEMD-
based ranges from 57 to 69 and the filter window width changes
greatly, which cannot reflect the surface topography. Moreover,
the filtering time of the FABEMD-based filter is less than 30% of
the filtering time of the BEMD-based filter, so the computational
efficiency is improved.

5.2. Case study II
The second surface is the joint surface of an engine cylinder
head, which is made of aluminum. The height map  of this surface
is shown in Fig. 13. Eight locations are selected (shown in Fig. 14)
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Table 4
The comparison of surface shape and surface space parameters using the BEMD-based filter and Gaussian filter.

Gaussian filter BEMD-based filter Difference

Sku Sal Str Sku Sal Str Sku Sal Str

L 1 3.4910 10.7703 0.5038 3.3864 21.1896 0.4156 2.998% 96.741% 17.517%
L  2 4.2383 10.1980 0.4079 2.8532 18.9737 0.3518 32.680% 86.052% 13.761%
L  3 3.5110 10.1980 0.5036 3.1626 19.6469 0.4154 9.923% 92.654% 17.522%
L 4 3.8398 10.0499 0.3766 3.3659 21.8403 0.3608 12.342% 117.319% 4.201%
L  5 3.8443 10.1980 0.4122 3.0063 19.1050 0.3835 21.799% 87.340% 6.974%
L  6 4.2349 10.0499 0.5575 3.0917 20.2485 0.4129 26.996% 101.480% 25.935%
Mean  3.8599 10.2440 0.4603 3.1443 20.1673 0.3900 17.790% 96.931% 14.318%

Table 5
The comparison of window width and computational time using the BEMD-based filter and FABEMD-based filter.

Comparative
item

Gaussian filter BEMD-based filter FABEMD-based filter Time
scale

Time/s Original window size Time/s Optimal window size Time/s

L 1 88 59 412 17 94 22.82%
L  2 145 57 407 17 172 42.26%
L  3 93 63 407 15 96 23.59%
L  4 90 69 546 15 90 16.48%
L  5 87 59 326 17 99 30.37%
L 6 89 61 437 17 95 21.74%
mean 98.67 – 422.5 – 107.67 26.20%

Time scale is calculated by: | NFABEMD Time−BEMDTime
BEMDTime | × 100%.

Fig. 13. The height map  of the engine cylinder head.
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Fig. 14. The distribution

rom this surface with the same size and then eight small surfaces
re obtained. Then Gaussian filter, the FABEMD-based filter and
EMD-based filter are applied to the eight sample surfaces and the
urface texture parameters are obtained by the three filters.

Table 6 shows the surface amplitude parameters obtained by
aussian filter and the FABEMD-based filter. It can be found from
he last three columns in Table 6 that the mean differences are
lose to 4% in Sa values, close to 5% in Sq values and close to 13% in
tvalues. Table 7 shows the surface amplitude parameters obtained
y Gaussian filter and the BEMD-based filter. It can be found from
f eight sample surfaces.

the last three columns in Table 7 that the mean differences are close
to 320% in Sa values, close to 320% in Sq values and close to 250% in
Stvalues.

Table 8 shows the surface shape and spacing parameters
obtained by Gaussian filter and the FABEMD-based filter. It can be
found from the last three columns in Table 8 that the mean differ-

ences are close to 17% in Sku values, close to 15% in Sal values and
close to 18% in Str values. In general, the mean differences of shape
parameters and spacing parameters are within 20% [7,8].
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Table  6
The comparison of surface amplitude parameters using the FABEMD-based filter and Gaussian filter.

Unit (um) Gaussian filter FABEMD-based filter Difference

Sa Sq St Sa Sq St Sa Sq St

L 1 0.0534 0.0690 0.6682 0.0539 0.0707 0.7618 0.976% 2.507% 14.008%
L  2 0.0539 0.0685 0.5922 0.0565 0.0731 0.636 4.838% 6.595% 7.396%
L  3 0.0558 0.0728 0.7431 0.0583 0.0785 0.8556 4.482% 7.783% 15.139%
L 4 0.0589 0.0752 0.5977 0.0591 0.0764 0.655 0.266% 1.650% 9.587%
L  5 0.0540 0.0698 0.6117 0.0516 0.0681 0.7514 4.344% 2.469% 22.838%
L  6 0.0651 0.0863 0.8597 0.0617 0.0846 0.9325 5.253% 1.976% 8.468%
L  7 0.0605 0.0796 0.8109 0.0640 0.0869 0.9489 5.717% 9.196% 17.018%
L  8 0.0682 0.0880 0.7744 0.0724 0.0949 0.854 6.253% 7.950% 10.279%
mean  0.0587 0.0761 0.7072 0.0597 0.0792 0.7994 4.016% 5.016% 13.092%

Table 7
The comparison of surface amplitude parameters using the BEMD-based filter and Gaussian filter.

Unit (um) Gaussian filter BEMD-based filter Difference

Sa Sq St Sa Sq St Sa Sq St

L 1 0.0534 0.0690 0.6682 0.2002 0.2601 2.0383 274.797% 276.852% 205.047%
L  2 0.0539 0.0685 0.5922 0.2136 0.2861 2.2826 295.948% 317.471% 285.447%
L  3 0.0558 0.0728 0.7431 0.2466 0.3125 2.4807 341.940% 329.037% 233.842%
L 4 0.0589 0.0752 0.5977 0.2733 0.3446 2.3799 363.976% 358.349% 298.162%
L  5 0.0540 0.0698 0.6117 0.2565 0.3266 2.8264 375.294% 367.791% 362.017%
L  6 0.0651 0.0863 0.8597 0.2912 0.3512 2.2874 347.392% 307.100% 166.080%
L  7 0.0605 0.0796 0.8109 0.2234 0.2915 2.2083 269.052% 266.361% 172.310%
L  8 0.0682 0.0880 0.7744 0.2888 0.3607 2.6552 323.665% 310.142% 242.867%
mean  0.0587 0.0761 0.7072 0.2492 0.3167 2.3948 324.008% 316.638% 245.721%

Table 8
The comparison of surface space parameters using FABEMD filter and Gaussian filter.

Gaussian filter FABEMD-based filter Difference

Sku Sal Str Sku Sal Str Sku Sal Str

L 1 3.7896 10.2956 0.3463 4.2491 8.4853 0.2666 12.125% 17.584% 23.010%
L  2 3.2838 9.4340 0.2964 3.8343 8.4853 0.2606 16.763% 10.056% 12.073%
L  3 3.9827 9.8995 0.3255 5.1213 8.4853 0.2666 28.588% 14.286% 18.093%
L  4 3.3280 9.8995 0.3041 3.6743 8.4853 0.2553 10.404% 14.286% 16.049%
L  5 3.6304 10.6301 0.3067 4.1058 8.4853 0.2352 13.094% 20.177% 23.306%
L  6 4.2649 9.8995 0.2791 5.0170 8.4853 0.2306 17.633% 14.286% 17.380%
L  7 4.1878 10.0000 0.2881 5.4650 8.4853 0.2599 30.497% 15.147% 9.784%
L 8 3.6529 10.6301 0.3220 3.8548 9.8489 0.2616 5.528% 7.350% 18.740%
mean  3.7650 10.0860 0.3085 4.4152 8.6557 0.2546 16.829% 14.146% 17.305%

Table 9
The comparison of surface space parameters using the BEMD-based filter and Gaussian filter.

Gaussian filter BEMD-based filter Difference

Sku Sal Str Sku Sal Str Sku Sal Str

L 1 3.7896 10.2956 0.3463 3.6244 25.0000 0.4595 4.359% 142.821% 32.699%
L  2 3.2838 9.4340 0.2964 4.3492 28.2843 0.4650 32.445% 199.813% 56.875%
L  3 3.9827 9.8995 0.3255 3.6657 27.2029 0.4415 7.960% 174.791% 35.629%
L  4 3.3280 9.8995 0.3041 2.9795 30.4795 0.4771 10.473% 207.889% 56.896%
L  5 3.6304 10.6301 0.3067 3.5005 29.1548 0.3586 3.578% 174.265% 16.907%
L  6 4.2649 9.8995 0.2791 2.3775 29.6985 0.3420 44.254% 200.000% 22.531%
L  7 4.1878 10.0000 0.2881 3.6887 21.6333 0.3529 11.919% 116.333% 22.517%
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L  8 3.6529 10.6301 0.3220 3.0149 

mean  3.7650 10.0860 0.3085 3.4000 

Table 9 shows the surface shape and spacing parameters
btained by Gaussian filter and the FABEMD-based filter. It can be
ound from the last three columns in Table 9 that the mean differ-
nces are close to 17% in Skuvalues, close to 175% in Sal values and
lose to 32% in Str values.

Table 10 shows the comparison results of the window width

nd computational time using the BEMD-based filter and FABEMD-
ased filter. It can be seen that the optimal window width of the
rder statistics filters searched by the FABEMD-based filter is 15 or
0.4138 0.3679 17.466% 186.109% 14.272%
7.7334 0.4081 16.557% 175.253% 32.291%

17. That is to say, the window width of the order statistics filter is
relatively stable in the filtering process, which means that the sur-
face topography of the workpieces is more uniform. The window
width of the order statistics filters searched by the BEMD-based
filter ranges from 63 to 99 and the filter window width changes
greatly, which cannot reflect the surface topography of the work-

pieces. Moreover, the filtering time of the FABEMD-based filter is
less than 15% of the BEMD-based filter’s filtering time, so the com-
putational efficiency is improved.
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Table 10
The comparison of window width and computational time using the BEMD-based filter and FABEMD-based filter.

Comparative
item

Gaussian filter BEMD-based filter FABEMD-based filter Time
scale

Time/s Original window size Time/s Optimal window size Time/s

L 1 115 77 602 15 130 21.59%
L  2 79 83 677 15 82 12.11%
L  3 129 81 1521 15 134 8.81%
L 4 247 99 1546 15 267 17.27%
L  5 88 89 864 15 88 10.19%
L  6 59 75 587 15 57 9.71%
L  7 79 63 400 15 101 25.25%
L  8 56 91 840 17 61 7.26%
mean 106.5 – 879.63 – 115 14.02%

Fig. 15. The distribution map  of eight sample surface.
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Fig. 16. The height map  of the to

.3. Case study III

The third surface is the top surface of an engine cylinder block,
hich is made of cast iron FC250. Eight locations (shown in Fig. 15)

rom three top surfaces of engine blocks A, B, and C using HDM
shown in Fig. 16) are selected. Then Gaussian filter, the FABEMD-

ased filter and BEMD-based filter are applied to the eight sample
urfaces and the surface texture parameters are obtained by the
hree filters.
face of an engine cylinder block.

Table 11 shows the surface amplitude parameters obtained by
Gaussian filter and the FABEMD-based filter. It can be found from
the last three columns in Table 11 that the mean differences are
close to 6% in Sa values, close to 6% in Sq values and close to
15% in Stvalues. Table 12 shows the surface amplitude parameters
obtained by Gaussian filter and the BEMD-based filter. It can be

found from the last three columns in Table 12 that the mean dif-
ferences are close to 80% in Sa values, close to 70% in Sq values and
close to 20% in Stvalues.
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Table  11
The comparison of surface amplitude parameters using the FABEMD-based filter and Gaussian filter.

Unit (um) Gaussian filter FABEMD-based filter Difference

Sa Sq St Sa Sq St Sa Sq St

A 1 0.1156 0.1651 2.6943 0.1116 0.1554 2.4564 3.459% 5.898% 8.828%
A  2 0.1183 0.1622 2.1284 0.1104 0.1563 1.9070 6.710% 3.620% 10.401%
A 3 0.1398 0.1887 2.0661 0.1315 0.1756 1.7277 5.955% 6.957% 16.380%
A 4 0.1399 0.1901 1.8789 0.1322 0.1819 2.1565 5.529% 4.310% 14.774%
A  5 0.1600 0.2139 2.4569 0.1513 0.2017 2.1235 5.440% 5.699% 13.569%
A  6 0.1119 0.1581 2.1261 0.1096 0.1544 2.4022 2.108% 2.296% 12.988%
A  7 0.1379 0.1848 1.9595 0.1321 0.1746 1.5903 4.233% 5.538% 18.843%
A  8 0.1428 0.1935 1.9830 0.1318 0.1772 1.7560 7.735% 8.422% 11.447%
mean  0.1333 0.1821 2.1616 0.1263 0.1721 2.0150 5.146% 5.343% 13.404%
B 1 0.1452 0.1994 2.0488 0.1361 0.1858 2.2308 6.262% 6.818% 8.883%
B  2 0.1361 0.1854 2.3379 0.1220 0.1679 2.2269 10.320% 9.461% 4.748%
B  3 0.1468 0.1960 1.7773 0.1392 0.1860 1.6384 5.163% 5.115% 7.816%
B  4 0.1557 0.2109 2.2060 0.1455 0.1970 2.0811 6.557% 6.572% 5.663%
B  5 0.1622 0.2219 2.7310 0.1513 0.2060 2.2255 6.761% 7.162% 18.509%
B  6 0.1447 0.1910 2.0815 0.1415 0.1877 1.7823 2.198% 1.749% 14.374%
B  7 0.1601 0.2105 2.0696 0.1507 0.1985 2.1003 5.897% 5.686% 1.484%
B  8 0.1563 0.2093 2.2703 0.1497 0.1975 1.8803 4.191% 5.596% 17.178%
mean  0.1509 0.2031 2.1903 0.1420 0.1908 2.0207 5.918% 6.020% 9.832%
C 1 0.1474 0.2101 2.9192 0.1390 0.1925 2.4003 5.738% 8.388% 17.776%
C  2 0.1266 0.1719 2.0016 0.1320 0.1765 1.7630 4.277% 2.661% 11.924%
C  3 0.1308 0.1794 2.2440 0.1267 0.1709 2.0207 3.153% 4.749% 9.950%
C  4 0.1370 0.1885 2.3623 0.1362 0.1902 2.8634 0.615% 0.925% 21.213%
C  5 0.1369 0.1872 2.2162 0.1389 0.1864 1.9199 1.441% 0.429% 13.370%
C  6 0.1211 0.1648 1.7526 0.1192 0.1605 1.6505 1.577% 2.596% 5.822%
C  7 0.1397 0.1883 2.1512 0.1419 0.1898 1.9103 1.522% 0.784% 11.198%
C 8 0.1476 0.2032 2.3495 0.1473 0.2023 2.1238 0.188% 0.419% 9.604%
mean  0.1359 0.1867 2.2496 0.1351 0.1836 2.0815 2.314% 2.619% 12.607%

Table 12
The comparison of surface amplitude parameters using the BEMD-based filter and Gaussian filter.

Unit (um) Gaussian filter BEMD-based filter Difference

Sa Sq St Sa Sq St Sa Sq St

A 1 0.1156 0.1651 2.6943 0.1833 0.2410 3.0396 58.471% 45.918% 12.816%
A  2 0.1183 0.1622 2.1284 0.2337 0.3000 2.5406 97.484% 84.992% 19.369%
A  3 0.1398 0.1887 2.0661 0.2306 0.2873 2.2990 64.982% 52.206% 11.273%
A  4 0.1399 0.1901 1.8789 0.2288 0.2944 2.3113 63.567% 54.861% 23.011%
A  5 0.1600 0.2139 2.4569 0.2410 0.3034 2.4455 50.683% 41.843% 0.463%
A  6 0.1119 0.1581 2.1261 0.2089 0.2708 2.9939 86.706% 71.322% 40.821%
A 7 0.1379 0.1848 1.9595 0.2240 0.2786 2.0193 62.363% 50.697% 3.050%
A  8 0.1428 0.1935 1.9830 0.2379 0.2992 2.3661 66.599% 54.662% 19.320%
mean  0.1333 0.1821 2.1616 0.2235 0.2843 2.5019 68.857% 57.062% 16.265%
B  1 0.1452 0.1994 2.0488 0.2356 0.3034 2.6825 62.252% 52.123% 30.926%
B  2 0.1361 0.1854 2.3379 0.2404 0.3073 2.5096 76.705% 65.719% 7.342%
B  3 0.1468 0.1960 1.7773 0.2428 0.3052 2.1047 65.424% 55.710% 18.425%
B  4 0.1557 0.2109 2.2060 0.2516 0.3191 2.2775 61.613% 51.315% 3.243%
B  5 0.1622 0.2219 2.7310 0.2836 0.3584 2.7291 74.820% 61.539% 0.068%
B  6 0.1447 0.1910 2.0815 0.2413 0.3031 2.6128 66.786% 58.665% 25.527%
B  7 0.1601 0.2105 2.0696 0.2443 0.3056 2.4334 52.525% 45.148% 17.581%
B  8 0.1563 0.2093 2.2703 0.2435 0.3045 2.6625 55.805% 45.525% 17.274%
mean  0.1509 0.2031 2.1903 0.2479 0.3133 2.5015 64.491% 54.468% 15.048%
C  1 0.1474 0.2101 2.9192 0.2371 0.3012 2.7601 60.801% 43.347% 5.452%
C  2 0.1266 0.1719 2.0016 0.2377 0.2972 2.0208 87.728% 72.879% 0.955%
C  3 0.1308 0.1794 2.2440 0.2027 0.2565 2.1661 54.949% 42.966% 3.471%
C  4 0.1370 0.1885 2.3623 0.2533 0.3296 3.5874 84.893% 74.879% 51.859%
C  5 0.1369 0.1872 2.2162 0.2471 0.3083 2.3451 80.539% 64.743% 5.816%
C  6 0.1211 0.1648 1.7526 0.2093 0.2595 1.9339 72.831% 57.537% 10.347%
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C  7 0.1397 0.1883 2.1512 0.2631 

C  8 0.1476 0.2032 2.3495 0.2584 

mean  0.1359 0.1867 2.2496 0.2386 

Table 13 shows the surface shape and spacing parameters
btained by Gaussian filter and the FABEMD filter. It can be found
rom the last three columns in Table 13 that the mean differences
re close to 15% in Sku values, close to 10% in Sal values and close
o 10% in Str values. Table 14 shows the surface shape and spacing

arameters obtained by Gaussian filter and the FABEMD-based fil-
er. It can be found from the last three columns in Table 14 that the

ean differences are close to 40% in Sku values, close to 60% in Sal
alues and close to 20% in Str values.
0.3264 2.1417 88.277% 73.282% 0.439%
0.3273 2.5157 75.072% 61.081% 7.074%
0.3008 2.4338 75.636% 61.339% 10.677%

Table 15 shows the comparison results of the window width
and computational time using the BEMD-based filter and FABEMD-
based filter. It can be seen that the optimal window width of the
order statistics filters searched by the FABEMD filter is 17 or 19. That
is to say, the window width of the order statistics filter is relatively

stable in the filtering process, which means that the surface topog-
raphy of the workpieces is more uniform. However, the window
width of the order statistics filters searched by the BEMD-based
filter ranges from 41 to 53 and the filter window width changes
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Table 13
The comparison of surface shape and surface space parameters using the FABEMD-based filter and Gaussian filter.

Gaussian filter FABEMD-based filter Difference

Sku Sal Str Sku Sal Str Sku Sal Str

A 1 9.1148 9.8995 0.8682 6.7925 9.8489 0.8705 25.478% 0.512% 0.263%
A  2 5.0939 10.2956 0.8435 5.6636 9.2195 0.7199 11.185% 10.452% 14.645%
A 3 4.5250 8.9443 0.6293 4.0407 8.4853 0.5970 10.703% 5.132% 5.132%
A 4 4.5382 10.1980 0.9014 4.7112 9.8489 0.9105 3.811% 3.424% 1.014%
A  5 4.5811 8.9443 0.6984 4.1437 8.6023 0.6717 9.549% 3.823% 3.823%
A  6 5.6777 9.4340 0.9434 5.7261 8.9443 0.9701 0.853% 5.191% 2.835%
A  7 4.3867 9.2195 0.7656 3.8753 9.2195 0.8086 11.657% 0.000% 5.612%
A  8 4.4407 8.6023 0.6083 4.1878 7.8102 0.5254 5.695% 9.208% 13.629%
mean  5.2948 9.4422 0.7823 4.8926 8.9974 0.7592 9.867% 4.718% 5.869%
B 1 4.7258 9.8489 0.8179 4.7322 9.8489 0.8638 0.136% 0.000% 5.612%
B  2 5.3655 9.8489 0.9105 5.2404 9.2195 0.8673 2.331% 6.390% 4.747%
B  3 4.2510 9.2195 0.6487 4.0750 8.4853 0.5970 4.140% 7.964% 7.964%
B  4 4.4152 10.4403 0.9338 4.5338 10.0499 0.9454 2.686% 3.740% 1.243%
B  5 5.0360 9.2195 0.6778 4.3764 9.2195 0.7199 13.098% 0.000% 6.210%
B  6 3.9728 10.0499 0.9761 3.8823 9.8489 0.9849 2.278% 2.000% 0.897%
B  7 3.9866 9.4340 0.8274 3.9565 9.4340 0.8274 0.755% 0.000% 0.000%
B  8 4.5384 8.9443 0.6576 3.9084 8.4853 0.6307 13.881% 5.132% 4.089%
mean  4.5364 9.6257 0.8062 4.3381 9.3239 0.8046 4.913% 3.153% 3.845%
C 1 7.3363 9.8489 0.8638 5.3702 9.8489 0.9105 26.800% 0.000% 5.409%
C  2 5.0942 9.8489 0.8638 4.2327 9.8489 0.8179 16.911% 0.000% 5.314%
C  3 5.2124 8.4853 0.5970 4.4603 8.4853 0.5708 14.430% 0.000% 4.395%
C  4 5.3706 10.0499 0.8883 6.0444 10.0499 0.9454 12.545% 0.000% 6.430%
C  5 5.0714 9.2195 0.6853 4.2062 8.9443 0.6648 17.061% 2.986% 2.986%
C  6 4.7760 9.8489 0.9849 4.2548 9.8489 0.9849 10.913% 0.000% 0.000%
C  7 4.4940 9.4340 0.7834 4.0786 9.8489 0.8638 9.243% 4.398% 10.256%
C 8 5.0301 8.4853 0.5708 4.4833 8.4853 0.5708 10.871% 0.000% 0.000%
mean  5.2981 9.4026 0.7797 4.6413 9.4200 0.7911 14.847% 0.923% 4.349%

Table 14
The comparison of surface shape and surface space parameters using BEMD filter and Gaussian filter.

Gaussian filter BEMD-based filter Difference

Sku Sal Str Sku Sal Str Sku Sal Str

A 1 9.1148 9.8995 0.8682 4.6746 13.8924 0.8786 48.715% 40.335% 1.197%
A  2 5.0939 10.2956 0.8435 3.5070 15.0000 0.4779 31.152% 45.693% 43.335%
A  3 4.5250 8.9443 0.6293 2.9224 13.4164 0.6448 35.416% 50.000% 2.453%
A  4 4.5382 10.1980 0.9014 3.3547 14.0357 0.8158 26.079% 37.631% 9.494%
A  5 4.5811 8.9443 0.6984 3.0721 12.5300 0.7640 32.940% 40.089% 9.383%
A  6 5.6777 9.4340 0.9434 4.0292 15.2971 0.7351 29.035% 62.148% 22.076%
A 7 4.3867 9.2195 0.7656 2.8634 14.1421 0.8771 34.725% 53.393% 14.552%
A  8 4.4407 8.6023 0.6083 3.0115 12.2066 0.6028 32.183% 41.898% 0.894%
mean 5.2948 9.4422 0.7823 3.4294 13.8150 0.7245 33.781% 46.398% 12.923%
B  1 4.7258 9.8489 0.8179 3.3730 13.9284 0.7726 28.627% 41.421% 5.538%
B  2 5.3655 9.8489 0.9105 3.1891 15.5242 0.8082 40.562% 57.624% 11.243%
B  3 4.2510 9.2195 0.6487 2.9632 13.0000 0.6055 30.294% 41.005% 6.662%
B  4 4.4152 10.4403 0.9338 3.1491 13.9284 0.7726 28.676% 33.410% 17.263%
B  5 5.0360 9.2195 0.6778 3.0794 15.0333 0.7622 38.853% 63.059% 12.449%
B  6 3.9728 10.0499 0.9761 3.0651 14.3178 0.6501 22.848% 42.468% 33.396%
B  7 3.9866 9.4340 0.8274 2.9785 13.6015 0.9212 25.288% 44.175% 11.336%
B  8 4.5384 8.9443 0.6576 2.9789 12.2066 0.7334 34.363% 36.473% 11.531%
mean 4.5364 9.6257 0.8062 3.0970 13.9425 0.7532 31.189% 44.954% 13.677%
C  1 7.3363 9.8489 0.8638 3.4618 14.1421 0.8623 52.813% 43.592% 0.178%
C  2 5.0942 9.8489 0.8638 2.8783 15.2315 0.6325 43.499% 54.653% 26.782%
C  3 5.2124 8.4853 0.5970 3.1265 12.0416 0.6303 40.019% 41.912% 5.572%
C  4 5.3706 10.0499 0.8883 3.8724 15.8114 0.8380 27.896% 57.329% 5.661%
C  5 5.0714 9.2195 0.6853 2.9632 14.5602 0.7828 41.570% 57.928% 14.225%
C  6 4.7760 9.8489 0.9849 2.8417 15.1327 0.7921 40.501% 53.650% 19.576%
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C  7 4.4940 9.4340 0.7834 2.7657 

C  8 5.0301 8.4853 0.5708 3.0339 

mean 5.2981 9.4026 0.7797 3.1179 

reatly, which cannot reflect the surface topography of the parts.
oreover, the filtering time of FABEMD filter is less than 50% of

he BEMD filter’s filtering time, so the computational efficiency is
mproved.

It can be seen from the above three cases that the differences

f the surface texture parameters between Gaussian filter and the
EMD-based filter are relatively large. So the BEMD-based filter
annot be directly applied to workpiece surface separations. Nev-
rtheless, for Gaussian filter and the FABEMD-based filter, their
6.0312 0.7491 38.456% 69.931% 4.386%
3.4164 0.6202 39.685% 58.114% 8.653%
4.5459 0.7384 40.555% 54.638% 10.629%

differences of the average roughness parameter Sa and the root
mean square roughness parameter Sq are close to 6%, and the max-
imum height of texture surface St is less than 20%. Moreover, the
surface shape parameters Sku and the surface spacing parameters
Sal and St are also less than 20%. Because the difference of 10–20% is

very common as reported in [7,8], so the results of three real-world
surface data show that the performance of the FABEMD-based fil-
ter is similar to the performance of the standard Gaussian filer, but
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Table  15
The comparison of window width and computational time using the BEMD-based filter and FABEMD-based filter.

Comparative item Gaussian filter BEMD-based filter FABEMD-based filter Time scale

Time/s Original window size Time/s Optimal window size Time/s

A 1 132 47 292 19 149 51.03%
A  2 136 47 278 17 140 50.36%
A 3 213 49 622 19 220 35.37%
A 4 176 45 268 19 204 76.12%
A  5 179 43 249 19 185 74.30%
A  6 197 47 484 17 220 45.45%
A  7 248 47 293 19 294 100.34%
A  8 101 47 361 17 109 30.19%
mean  172.75 – 355.88 – 190.13 57.90%
B 1 144 51 460 19 154 33.48%
B  2 145 51 393 17 150 38.17%
B  3 157 53 479 19 170 35.49%
B  4 138 47 312 19 151 48.40%
B  5 196 55 385 19 200 51.95%
B  6 143 47 330 19 162 49.09%
B  7 123 41 260 19 140 53.85%
B  8 157 47 285 19 174 61.05%
mean  150.375 – 363 – 162.63 46.43%
C 1 233 45 437 19 258 59.04%
C  2 212 47 587 19 240 40.89%
C  3 199 41 442 19 210 47.51%
C  4 317 51 525 19 321 61.14%
C  5 123 51 407 19 152 37.35%
C  6 137 47 312 19 142 45.51%
C  7 159 51 366 19 172 46.99%
C 8 163 51 367 19 189 51.50%
mean  192.86 – 430.38 – 210.5 48.74%

Table 16
The comparison of surface amplitude parameters using shearlet-based filter and Gaussian filter.

Unit (um) Shearlet filter Gaussian filter Difference

Sa Sq St Sa Sq St Sa Sq St

L 1 0.036 0.047 0.524 0.041 0.052 0.437 12.099% 9.770% 19.876%
L  2 0.043 0.058 0.663 0.049 0.064 0.628 12.500% 9.798% 5.654%
L  3 0.037 0.049 0.512 0.041 0.053 0.468 10.412% 7.590% 9.470%
L  4 0.037 0.049 0.525 0.041 0.053 0.539 11.165% 8.835% 2.579%
L  5 0.038 0.051 0.499 0.042 0.055 0.482 9.953% 8.015% 3.571%
L  6 0.039 0.052 0.778 0.043 0.056 0.633 9.602% 6.115% 22.926%
mean 0.038 0.051 0.583 0.043 0.055 0.531 10.955% 8.354% 10.679%

Table 17
The comparison of surface shape and surface space parameters using shearlet-based filter and Gaussian filter.

Shearlet filter Gaussian filter Difference

Sku Sal Str Sku Sal Str Sku Sal Str

L 1 4.333 8.944 0.640 3.491 10.770 0.504 24.128% 16.954% 27.114%
L  2 5.095 8.544 0.540 4.238 10.198 0.408 20.211% 16.219% 32.483%
L  3 4.289 8.246 0.592 3.511 10.198 0.504 22.156% 19.139% 17.554%
L  4 4.337 8.246 0.478 3.840 10.050 0.377 12.951% 17.947% 26.845%
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L  5 4.464 8.246 0.566 3.844 

L  6 5.751 8.246 0.633 4.235 

mean 4.711 8.412 0.575 3.860 

uperior to the BEMD-based filter, moreover, the FABEMD-based
lter does not have the boundary distortions.

.4. Comparison with the shearlet-based filter

Take the surface of case study I as an example. The recent devel-
ped shearlet-based filter [13] has good filtering performances and
s applied to further comparison analysis. The cutoff wavelength of
hearlet is 0.64 mm.  Table 16 shows the surface amplitude parame-

ers obtained by Gaussian filter and the shearlet-based filter. It can
e found from the last three columns in Table 16 that the mean
ifferences are close to 11% in Sa values, close to 9% in Sq values
nd close to 11% in St values. Table 17 shows the surface shape and
.198 0.471 16.107% 19.139% 20.199%

.050 0.558 35.793% 17.947% 13.453%

.244 0.470 21.891% 17.891% 22.941%

spacing parameters obtained by Gaussian filter and shearlet-based
filter. It can be found from the last three columns in Table 17 that
the mean differences are close to 21% in Skuvalues, close to 18% in
Salvalues and close to 23% in Strvalues. The results in Tables 1 and 16
indicate that the FABEMD-based filter and shearlet-based filter
have no distinct difference from each other in the surface amplitude
parameters. The results in Tables 3 and 17 indicate that the FABEMD
filter is better than the shearlet-based filter in the surface shape and
spacing parameters. Table 18 shows the differences of the surface

amplitude parameters Sa between Gaussian filter and the Shearlet
filter, BEMD-based filter and FABEMD-based filter. It can be found
that the differences between Gaussian filter and FABEMD-based fil-
ter are close to 4.9% in Sa values, which is the smallest. It can also be
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Table 18
The comparison of surface amplitude parameters and time using Gaussian filter, shearlet-based filter, BEMD-based filter and FABEMD-based filter.

Unit (um) Gaussian filter Shearlet filter BEMD-based filter FABEMD-based filter

Sa Difference Time(s) Time(s) Difference Time(s) Difference Time(s)

L 1 0.041 88 12.099% 115 215.208% 412 4.460% 94
L  2 0.049 145 12.500% 121 197.975% 407 4.090% 172
L  3 0.041 93 10.412% 99 199.075% 407 11.965% 96
L 4 0.041 90 11.165% 97 216.821% 546 3.600% 90
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L  5 0.042 87 9.953% 1
L  6 0.043 89 9.602% 1
mean  0.043 98.67 10.955% 1

ound that the time of FABEMD-based filter is shorter than Shearlet
lter and BEMD-based filter, but slightly longer than Gaussian filter

. Conclusions

In this paper, a novel filter based on FABEMD approach for
orkpiece surfaces using HDM is proposed. The neighboring win-
ow algorithm is presented to extract local extrema and draw
he extrema spectrum. The adaptive window algorithm is devel-
ped to realize the automatic acquisition of the window size of the
rder statistics filters. The average smoothing filter is presented for
mooth filtering and generating of the mean envelope. The perfor-
ance of FABEMD-based filter is validated by the simulated surface

ata and real-world 3D surface data using HDM. Some conclusions
an be drawn.

1) The FABEMD-based filter can effectively decompose the simu-
lated surface into three components: roughness, waviness and
form, and has good applicability for workpiece surface filtering.

2) Compared with the BEMD-based filter, the optimal window
width of the order statistic filters searched by the adaptive
window algorithm shows its stability and effectiveness, which
indicates that the FABEMD-based filter has higher accuracy. The
envelope surface in the FABEMD-based filter is drawn by the
extremum filters and the average filters, so it has higher effi-
ciency than the BEMD-based filter has. Moreover, the proposed
approach does not need to calculate the minimum Euclidean
distance between adjacent extreme points and calculate adja-
cent maxima distance array and adjacent minima distance
array.

3) Compared with Gaussian filter that has obvious distortion at
the surface boundary, the FABEMD-based filter has no boundary
distortions, and the filtering results are basically same as those
of Gaussian filter.

4) Compared with the shearlet-based filter, the results of the
FABEMD-based filter on the surface amplitude parameters are
similar, and the results on the surface shape and spacing param-
eters are better than the shearlet-based filter.
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