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This paper presents an approach to evaluate 3D surface form error of machined surface using high
definition metrology that can measure millions of data points representing the entire surface. A data
preprocessing method was developed to convert the mass data into a height-encoded and position-
maintained gray image. With the converted image, a modified gray level co-occurrence matrix method
was adopted to extract 3D surface form error characteristics, including entropy, contrast and correlation.
Entropy measures the randomness of surface height distribution. Contrast indicates the degree of surface
local deviations. Correlation could be used to identify different machining techniques. These character-
istics can be used with flatness together to evaluate 3D surface form error of large complex surface.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

During the last decade, the evaluation of surface geometric
qualities (surface texture and surface form) gradually changes
from 2D profile to 3D areal characterization [1]. For example,
the evaluation of surface texture has extended from roughness
and waviness to 3D surface texture, from 2D-Motif to 3D-Motif,
and from 2D material ratio curve to 3D material ratio curve.
However, compared with the remarkable evaluation methods
on 3D surface texture, there is limited research on 3D surface
form error. In general, surface form error is evaluated using
surface flatness measured by coordinate measuring machines
(CMMs). As CMM measures only a few scattered points or pro-
files due to economic constraints [2], it cannot sample high-density
points describing 3D surface form error in industrial applica-
tion. Recently, non-contact high definition metrology (HDM) has
been adopted for its 3D inspection of the entire surface as
HDM can generate a surface height map of millions of data
points within seconds [3]. HDM provides possibility to evaluate
3D surface form error in many aspects besides surface flat-
ness. Therefore, the purpose of this research is to develop a
proper method to evaluate the 3D surface form error using HDM
data.

To begin with, we first discuss the scope of 3D surface form
error. In the authors’ point of view, 3D surface form error describes
relatively long-wavelength deviations from a 3D areal character-
ization of an entire machined surface. According to the authors’
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definition, there are differences and similarities between 3D
surface form error and 2D surface texture, 3D surface texture, as
well as flatness measured by CMM. These four types of surface
geometric qualities are classified by a two-dimensional coordinate
system (Fig. 1). The horizontal coordinate is the lateral resolution
of the corresponding measurement techniques, and the vertical
coordinate is the metrology dimension. Therefore, 3D surface form
error differs from flatness measured by CMM in metrology dimen-
sion and 3D surface texture in lateral resolution. As for similarities,
3D surface form error has the same level of lateral resolution with
surface flatness and has the same metrology dimension with 3D
surface texture.

As both 3D surface texture and 3D surface form error are based
on 3D areal measurement, the evaluation methods for 3D surface
texture can be adopted to evaluate 3D surface form error to a
certain degree. 3D surface texture is typically measured by areal-
topography methods (ATM) such as phase-shifting interferometry,
coherence scanning interferometry, and atomic force microscopy
[4]. A serious of successful studies such as “Birmingham 14 param-
eters” [5-8] and international standards on 3D surface texture
[9] were achieved. Among these parameters, certain 3D surface
texture parameters such as height parameters in ISO 25178-Part
2 [9] can be extended to evaluate HDM data. However, other 3D
surface texture parameters are not fit to evaluate HDM data. There
are two reasons. The first reason is the measurement continuity.
ATM usually measures a simple square area that has no holes
or empty zones. Therefore, ATM data are continuously sampled,
so the 3D surface texture parameters can be calculated directly.
On the contrary, HDM measures the entire surface probably with
many holes and empty zones. For instance, engine block faces mea-
sured by HDM in Fig. 1 have cylinder holes, bolt holes and cooling
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Fig. 1. Classification of surface geometrical qualities.

holes. Therefore, HDM data are not continuously measured, so the
3D surface form error cannot be analyzed directly by using 3D
surface texture methods such as 3D frequency filtering. The second
reason is the lateral resolution or deviation wavelength between
HDM and ATM. ATM measures typically a selected area with an
edge of several millimeters with lateral resolution at the scale
of micrometer or even nanometer. However, HDM measures the
entire surface with an edge of several hundred millimeters at sub-
millimeter resolution. Therefore, 3D surface texture parameters,
which focus on the short-wavelength, high-frequency deviation of
local regions, are not designed for evaluating the long-wavelength,
low-frequency deviation of the entire surface. The above two
reasons also explain why we assign HDM measurement to the
scope of 3D surface form error instead of 3D surface texture.

Recently published research has adopted some characteristic
extraction techniques using HDM data for various applications
[10-13]. However, the extracted characteristics are inadequate
for evaluating 3D surface form error. Because characteristics for
surface form error evaluation must have engineering meaning
whereas those for surface classification and surface partition do
not have to. In a short summary, 3D surface form error information
has not been mined and analyzed sufficiently using HDM data.

The evaluation of 3D surface form error should focus on two
problems. The first problem is to process raw HDM data into a suit-
able data type for evaluating the entire surface that has holes or
empty zones. The second problem is to extract meaningful char-
acteristics describing 3D surface form error. In this research, an
evaluation method for 3D surface form error is proposed to tackle
the two problems. First, a HDM data preprocessing method is pro-
posed to convert HMD data into a height-encoded gray image
containing all the height and spatial information of entire surface.
Gray values and positions of pixels in the image are assigned to
height deviations and spatial positions of the measurement points
of the surface, respectively. Second, a modified GLCM method is
developed to evaluate 3D surface form error of machined sur-
face with complex geometry, which eliminates the influence of
the empty zone of the surface. From the modified GLCM, charac-
teristics such as entropy, contrast, and correlation are calculated.
These characteristics having engineering meaning complement 3D
surface form error evaluation.

The remainder of this paper is organized as follows: Section 2
describes an evaluation method for 3D surface form error, includ-
ing the HDM data preprocessing method and the modified GLCM
method. Section 3 presents a case study to show the effectiveness
of the proposed 3D surface form evaluation method in industrial

use. Section 4 draws the conclusions and discusses the future
research.

2. Proposed method

The proposed method for 3D surface form error evaluation
includes two parts: a HDM data preprocessing method and a mod-
ified GLCM method, which are illustrated in Sections 2.1 and 2.2,
respectively.

2.1. HDM data preprocessing method

In this section,a HDM data preprocessing method is proposed to
convert HDM data into a height-encoded and position-maintained
gray image. The height information (Z coordinates of HDM data)
is converted to pixel gray intensities, and the spatial information
(X and Y coordinates) is converted to pixel index. The converted
gray image reduces the data size to about one third of the size of
raw HDM data and serves as a suitable data type for further anal-
ysis. Fig. 2 shows the four steps of the HDM data preprocessing
method, including HDM data alignment, grid generation, grayscale
converting, and empty zone removing.

The first step is obtaining the orthogonal height deviations from
raw HDM data [x;y;z;], wherei=1, 2,. .., Nis the number of the mea-
surement points. The raw HDM data are relative to the reference
plane of HDM. Unless the measured surface is perfectly aligned with
the reference plane, raw data will be titled with respect to the mea-
sured surface. A least square plane P is fitted to acquire the nominal
measured surface:

P:ax+by+c—-z=0 (1)

The original coordinates [x;y;z;] can be transformed to new
coordinates [X;Y;Z;] on the fitted plane P. The orthogonal height
deviation Z; is calculated by:

zi—axi—byi—c
v/ 1+ a2+ b2

The second step is generating a regular grid of height deviation
Z;. A continuous surface is interpolated using coordinates [X;Y;Z;]
by Delaunay triangulation [14]. From the interpolated surface, a

Zi= (2)
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Fig. 2. HDM data preprocessing method.
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two-dimensional grid matrix Z(m, n) is resampled. The index m and
n are calculated as follows, given the resampling interval [:

_ Xi — Xmin
l

Yi - anin
1

The grid matrix Z(m, n) stores both height information and spa-
tial information of the entire surface: the value of Z(m, n) contains
vertical deviation Z; and the index m and n represent the spatial
information X; and Y;.

The third step is converting the grid matrix Z(m, n) into a gray
image G(m, n). Each element of the grid matrix is assigned a pixel
of the image. The spatial index m and n in the grid matrix are corre-
lated to the positions of pixels in the image. The vertical deviations
in the grid matrix Z(m, n) are scaled to pixel gray intensity G(m, n)
with gray interval from O (black) to 255 (white). Gray intensity G(m
n) is calculated as:

Z(m,n)—S;
Su—-SL

3)

n=

G(m, n) = [ y 255} (4)
where [*] is the round operator, and S;, Sy are the lower and upper
specification. S; and Sy should remain unchanged for the same type
of parts for comparison purpose.

The last step is removing the empty zone of the gray image G(im,
n). As the empty zone is also interpolated in the second step, it
should be removed by comparing the inner and outer edge of the
measured surface. The final gray image I(m, n) is achieved by mul-
tiplying G(m, n) with a selective parameter 6(m, n), which decides
whether pixels belong to the surface or not:

I(m, n) = G(m, n) - 8(m, n) (5)

(6)

smn— 4 © i3/ Xemin + 11— X, + (Yo + 1= Y, > ,¥i=1,...,N
1, otherwise

where ¢ is the selective margin.

Through the above four steps, HDM data is converted to a gray
image by establishing correspondence relationship between coor-
dinates [x;y;z;] and pixels in gray image I(m, n). Then the gray image
I(m, n) that contains all the height and spatial information of HDM
data can be analyzed by image-analysis techniques directly for 3D
surface form error evaluation purpose.

2.2. Modified GLCM method

In this section, a modified gray level co-occurrence matrix
(GLCM) is adopted to evaluate 3D surface form error using the con-
verted gray image. GLCM describes how frequent one gray level
appears in a specified relationship to another gray level of the
image [15], which is a successful image analysis technique to study
textural features. Given the gray image I(x, y), the normalized co-
occurrence frequencies p(i, j) between gray level i and j are defined
as:

P(i, j)

ey e— (7)
S S P )

p(i,j) =

P(i, j) = #{I(x1,y1) = 1, I(x2, 2)
Y2 =y1 +dsinf},i#+0,j#0 (8)

where Ng is the number of gray levels, i and j are corresponding gray
levels of pixels I(x1, y1) and I(x,, ¥ ) with a distance d and an angle
6, and # denotes the number of pixel pairs satisfying the conditions.
As computing GLCM for all distances d and angles 8 would require a
lot of calculation, GLCM calculated for angles quantized to 45° and

=j, Xy =x1 +dcosb,
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Fig. 3. Calculating modified GLCM: (a) a gray image of machined surface, (b) the
general form of GLCM with conditioni # 0,j # 0, (c) four GLCMs of d=1 and 0=0°,
45°,90°, 135°.

distance of one or two pixels are suggested [15]. The dimension of
p(i,j) is equal to the gray levels Ng in the image. For example, if the
gray levels are between 0 and 255, the size of the p(i, j) will be 256
by 256. Note that the calculated GLCMs vary for different numbers
of gray level Ng. Along with the decrease of gray levels from 256,
the spatial and height information will lose. Therefore, gray levels
equal to 256 is suggested to make most of the information form the
converted gray image.

Unlike the traditional definition of GLCM, a further condition
i # 0,j # Oisadded when calculating GLCM of machined surfaces.
This condition ensures that pixel pairs with either one pixel equal
to zero are not counted in calculating GLCM. Because the pixel val-
ues of the measured surface are usually at the middle range of the
gray interval [0255], only the empty zone can have zero values.
Therefore, pixel pairs with one zero-pixel represent the edge of
the surface and those with two zero-pixels represent the empty
zone, which should be eliminated when evaluating 3D surface form
information.

Fig. 3 shows an example of how to calculate the modified GLCM
of a 4-by-6 gray image. The image with zero pixels in the middle is
a simple illustration of a machined surface with a hole (Fig. 3a). The
hole will look like a smooth circle in the image provided enough pix-
els especially millions of HDM data points. As the gray level of the
image is 4, the dimension of corresponding GLCM is 4-by-4. Fig. 3b
shows the general form of the modified GLCM, where # denotes
the number of pixel pairs satisfying the conditions. Considering the
additional conditioni # 0,j # 0, the pixel pairs (0, 0), (0, j), and (i,
0) are not counted in the GLCM to eliminate the information of the
hole. Four GLCMs for a distance equal to one and an angle equal to
0°,45°,90°, 135° are shown in Fig. 3c. More specifically, the value of
element (1, 2) in the GLCM of d=1, =0° is 2 because horizontally
adjacent pixels with the values 1 and 2 appear twice. Continuing
this procedure will fill in the values in GLCM.

From the modified GLCM, three uncorrelated features, entropy,
contrast, and correlation, are calculated as follows:

entropy = —ZZp(i,j) log(p(i, j)) 9)
i

Ng—1
contrast = Z (i —j)2
n=0

Ng Ng
) (10)

i=1 j=1

DO pG ) - pxmy

correlation = (11)
0x0y
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(a)

Fig. 4. Simulated plates with the same flatness: (a) contrast=>5.11, entropy = 6.35, (b) contrast =0.54, entropy = 6.30.

where py and py are marginal probability of p(i, j), and px, iy, Ox,
and oy are the mean and standard deviation of pyx and py.

Entropy evaluates the randomness of the surface height dis-
tribution of the measured points. If the height of the measured
points is regularly distributed within a narrow range, entropy will
be small. If the height of the measured points is randomly dis-
tributed, entropy will be large. Specifically, entropy will be zero
for a surface of which the measured points have the same height,
and entropy will reach its maximum for a surface with completely
random height distribution.

Contrast measures the amount of local surface height difference
between a pixel and its neighbor over the whole image. Since the
height difference i —j is magnified to (i —j)2, contrast is sensitive
to the local height difference. Therefore, contrast can be used to
distinguish whether surface flatness is caused by global variation
or local variation. For example, suppose two surfaces A (Fig. 4a) and
B (Fig. 4b) with same flatness but caused by local variations and
global trend, respectively. As the local height difference of surface
A is greater than that of surface B, contrast of surface A is greater
than contrast of surface B. In a similar perspective, low flatness
is a sufficient, but not necessary condition to keep low contrast
[16].

Correlation reflects the degree of how correlated a pixel to
another pixel in certain direction and distance. It indicates direc-
tionality of surface height distribution in the row or column.
High correlation implies significant directionality of the sur-
face in that direction and vice versa. Correlation could be used
to distinguish surfaces machined by different processing tech-
niques.

These characteristics, entropy, contrast, and correlation, can
be used with flatness together to evaluate 3D surface form error
measured by HDM. Through 3D surface form error evaluation,
engineers can better understand quality of machined surface from
various angles and making due adjustment of the machining pro-
cess. Moreover, these characteristics also provide possibility to
evaluate certain 3D form error related properties, for example, the
mechanical sealing property for large sealing surfaces.

3. Case study

In this section, a case study on engine block faces was presented
to illustrate the evaluation of 3D surface form error using HDM
data. The extracted 3D form error characteristics were compared
with the flatness, and the usefulness of the proposed method was
discussed.
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3.1. Experimental conditions

The experimental parts were engine blocks, the face of which
is a major sealing surface in automotive powertrain. The mate-
rial of the engine block is Cast Iron FC250. The milling process was
carried in an EX-CELL-O Machining Center using a CBN milling cut-
ter with a diameter of 200 mm. Quaker 370 KLG cutting fluid was
used. The cutting speed was 816.4 m/min, the depth of cut was
0.5 mm, and feed rate was 3360 mm/min. Ten engine blocks were
sampled from different production lines and measured by a 3D
laser holographic system (ShaPix® Surface Detective™, Ann Arbor,
MI) with lateral resolution 0.15 mm. About 0.8 million points on
an area of 320 mm x 160 mm were acquired for each engine block.
The flatness of the ten engine blocks was calculated using the least
square method. The numbers of engine blocks were rearranged in
an ascending order of flatness: the engine block with smallest flat-
ness is marked as Block1 and that with largest flatness is marked as
Block 10. However, Block 10 was removed as its flatness was out of
flatness tolerance (50 wm). Flatness of the rest nine blocks is shown
is Fig. 5.

3.2. Experimental results

The HDM data preprocessing method in Section 2.1 was applied
to convert HDM data into gray images. The interpolation interval
I was 0.2 mm. The lower and upper specification S; and Sy were
assigned from —30 wm to 30 wm to 256 gray levels of the image.
Fig. 6 shows a converted gray scale image of the engine block face.

50 T ]

w » »
o o [
L L

Flatness (um)

15 “1 5 6
Engine Blocks

Fig. 5. Engine blocks rearranged in an ascending order of flatness.
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Fig. 6. A gray image of engine block face.

The GMCMs of the nine blocks were calculated using the modi-
fied GLCM method in Section 2.2 with pixel distance equal to 1, 2,
3, 4, and 5 and the angles equal to 0°, 45°, 90°, 135°. Fig. 7 shows
GLCMs of Block 1 to Block 9 with pixel distance of 1. We find that
the non-zero elements of the GLCMs are centered near the matrix
diagonal; the length of matrix diagonal is longer for the surface with

M. Wang et al. / Precision Engineering 38 (2014) 230-236

larger flatness. Other research pointed out that the surface flatness
is inverse propositional to the width of the matrix diagonal [17,18],
which is also correct for large pixel distance.

Entropy, contrast and correlation were calculated as an aver-
age of GLCM in four directions for pixel distance d equal to 1,
2, 3, 4, and 5 (Fig. 8). For the same engine block, entropy and
contrast increase and correlation decreases with the increase of
pixel distance. The reason is that the distribution of two concur-
rence pixels for larger pixel distance becomes more disordered and
less correlated. However, for all the nine engine blocks, entropy,
contrast, and correlation show a similar trend with various pixel
distances. Therefore, pixel distance equal to one is suggested
for surface face milling, when the spatial and height informa-
tion of two adjacent pixels in all the four directions is of most
concern. Moreover, if the machined surface has highly periodic
feed marks, such as turned surfaces, a power spectral density
technique could be used to choose the proper pixel distance
[19].

A more detailed analysis of the results showed that entropy
increased with flatness for the nine blocks except Block 6 and Block
8. For those surfaces with flatness more than 40 wm (Blocks 5 to

0 45 0° 45° 0° 45°
N \ N AN \ \
90° 135° 90° 135° 90° 135°
“ o \ N \ \
1 2 3
0 45° 0° 45° 0’ 45°
AN N \ \ N h
N\ N\
90° 135 90° 135° 90’ 135
AN AN \ \ Y AN
\ \ N\ N\
4 5 6
o 45° 0 45° 0 45
\\ \‘\ \ \\. \ \
90° 135° 90° 135° 90° 135°
\\‘ \ LY \\ \ \
7 8 9

Fig. 7. GLCMs of Block 1 to Block 9 with pixel distance of 1.
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Block 9), Block 8 had the least random height distribution. Thus, we
can predict that Block 8 has different functional properties in cer-
tain areas with respect to Block 5, 6, 7,and 9. Contrast also showed a
correlation with flatness except Block 4 and Block 8. The relatively
lower contrast of Block 4 and 8 implied that surface form error
of Block 4 and 8 were more likely caused by global deviations of
the entire surface than local deviations. This implies that engineers
can make systematic adjustment to the corresponding production
line that manufactured Block 4 and 8. Correlation showed weak
correlation with flatness but could be used to distinguish surface
processing methods such as milling, turning, and grinding. Corre-
lation of all the nine face-milled parts was high because each pixel
was neighbored by another pixel with a similar gray level with pixel
distance equal to one.

4. Conclusions and future work

This paper has developed an evaluation method for 3D sur-
face form error using high definition metrology. An HDM data
preprocessing method is proposed to convert millions of three
dimensional data points into a height-encoded and position-
maintained gray image. The height information (Z coordinates) is
converted to pixel gray intensities, and the spatial information (X
and Y coordinates) is converted to the pixel index. Then a modified
GLCM is adopted to evaluate 3D surface form error using the con-
verted gray image. Gray level of 256 and pixel distance of one are
suggested when calculating GLCMs for machined surface. Entropy,
contrast and correlation are calculated as an average of GLCM in
four directions 0°,45°,90°, and135°. Entropy indicates randomness
of the surface height distribution and it is proportional to flatness.
Contrast measures the degree of surface local deviation, which
is the amount of local surface height difference between a pixel
and its neighbor over the image. Correlation reflects the degree
of how correlated a pixel is to another pixel in certain a direc-
tion and distance. These characteristics, including entropy, contrast
and correlation, are complementary to surface flatness and provide
a comprehensive evaluation of 3D surface form error. Moreover,
these characteristics help engineers in better understanding of the
surface quality from various angles and making due adjustment of
the process.

Starting from 3D surface form error evaluation, three directions
of further research are outlined. First, latest image analysis meth-
ods should be studied to evaluate 3D form error using HDM data.
Second, 3D surface form error can be extended to machining pro-
cess diagnosis, such as the wear of wiper insert in face milling and
erroneous fixation of tool or part. Third, the relation of 3D surface
form error and surface functional properties should be studied. For
example, flatness is required to prevent the potential leakage of
combustion gas, coolant and lubricant in the mating surfaces of
engine blocks and engine heads. However, sometimes leakage may
still happen with qualified flatness. Therefore, 3D surface form error
characteristics could have more potentials than flatness to describe
the sealing performance.
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