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Abstract: In surface topography, the detection of edges or surface feature boundary should be made prior
to the characterization process to ensure precise measurement of the surface feature. However, problem
arises when the existing edge detection from the image processing area is being directly adopted on the
surface without firstly defining the exact location of edges. Thus, an approach has been carried out with the
aim of developing the definition of edges to identify its exact location. The process of developing the
definition of edges is conducted based on theoretical understanding and demonstration on the simulated
surface topography data with the help of MATLAB software. Gradient-based edge detection operators are
applied to see their performance on the defined surface feature boundary. Overall findings of this study
showed that there are slight discrepancies of the edge position signified by the gradient-based operators to
manually-defined edges. Despite of such outcome, it is then recommended to use either the Sobel operator
or the Prewitt operator as a tool to signify the edge before proceeding with characterization process in
future study due to their stability and clarity in producing the surface gradient function.
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1. Introduction

Nowadays, the application of surface metrology has brought a remarkable significance in the
industry sectors, especially in manufacturing industry. It is important to produce a better product
performance because it is known that surface measurement can control the manufacturing process
and functional performance of a component. According to X. Jiang et al. [1] from his research study,
surface metrology is defined as the study of measuring small-scale structural features on surfaces
which is the topography of the surface that has historically been known as significant due to its
sturdy connection with other disciplines, including machining control and manufacturing
processes, component quality, tribology, and surface engineering. The ease of providing surface
metrology as one of the measuring systems was certainly seen as the best method to recognize how
special surface topography is and how it plays an important role in a system especially in terms of
component performance. Further down on surface metrology, a surface can be divided into two
groups which are stochastic surface and structured surface. Despite having two groups of surfaces,
structured surface has been widely used in industry for a variety of application due to its
characteristic that has a dominant deterministic structure design with a high respect ratio pattern
able to produce a specific function [2,3,4]. The study of such surface is therefore necessary since
surface quality is able to greatly affects the suitability of components for specific applications [5].

Ideally, in surface topography, the detection of the edges should be developed prior to the
characterization process to ensure precise feature measurement. When object or surface is being
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observed, the clearest part that can be seen firstly is usually edges and lines. Essentially, edges can
allocate the boundaries between regions in a surface which helps in extracting features as they can
provide useful information [6]. Throughout the years, several researchers have proposed many
approaches in identification and extraction of the edges in structured surfaces by developing edge
detection algorithms adopted from image processing in their research [7,8,9]. However, those
approaches may not be suitable to be used directly in the surface metrology field since this field
requires structured surface to be measured, visualized, and quantified of their feature
characteristics on the surface itself. In contrast to the field of surface metrology, image processing
tools provide the position of feature boundary or edges based on discontinuities or major variations
on a grey level of image only [10], and not emphasizing on the importance of vertical or height
positioning.

When the method of image processing is adopted directly to the surface metrology area
without firstly defining the boundary, the problem will arise since the exact location of the
boundary is unknown. This statement can be proven by referring to a study conducted by Nicola
Senin et al. [11] on a method of extracting individual surface features from areal surface topography
maps, where there are errors presence on the surface resulted from the inaccurate identification of
boundary features and the presence of unwanted regions located on features walls. It is very
important to clearly identify the surface feature interior so that it can be separated from the
remaining topography or background to avoid the less significant feature from dominating the
surface which can lead to over-segmentation. Hence, with the presence of error on the surface, the
accuracy of edge lines and appropriateness of edge detection procedure are questionable.

An approach is introduced in this paper with the aim of developing the definition of edges to
identify its exact location on a structured surface. This approach is simply based on the method of
manually identifying the location of edges by using the theoretical concept of changes in slope,
changes in vector direction, and edge detection operators as references to produce a surface feature
boundary. Therefore, the goal of this paper is to develop the definition of edges by manually
identifying its exact location on a surface referring to the theoretical concept before applying the
gradient-based edge detection on the defined surface feature boundary and producing the result of
a clear and thick edge. Defined surface feature boundary is a boundary of feature on a surface that
can clearly be distinguished by human interpretation. On top of that, this paper focuses only on
defining the edges on simulated surface topography data rather than on the surface of the existing
specimen so that the edge detection theory can be carefully observed whether it is applicable or not.

2. Methodology

This section consists of four sequential steps involved in the process of conducting observation
on the proposed approach. It began with selecting the type of surface feature, followed by the
process of describing the data structure, finding the exact position of pixels that can be defined as
an edge, and lastly implementing the edge detection on the defined surface feature boundary.

| Step 1: Selection of type of surface feature involved |
| Step 2: Construction of Simple 3D Simulated Surface Data |

y
| Step 3: Definition of Edge Location |

]

| Step 4: Implementation of Edge Detection on Defined Boundary |

Figure 1. Procedure of new approach based on defining the edge on the structured surface

2.1. Preparation of Data Structure

Preparation of surface feature is the first step involved in this study. A proper description of
the surface feature is necessary to ensure its extraction. In this study, the type of surface feature
involved was the structured surface with areal surface features that produces topographical surface
and represents the data as height function z(x,y). A construction of a dataset containing topography
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information of variable height values referring to z-axis with random noise arranged along the rows
and columns of the x-axis and y-axis is capable of creating a simulated surface topography data.
The topography data was plotted on a three-dimensional (3D) cartesian coordinate system with 0
origin and a pixel scale of a constant data interval of 1um Ax and 1um Ay as shown in Fig. 2. The
colors in the surface topographical map signify the height of the surface feature.

Simulated Data Structure

Figure 2. Simple 3D simulated surface topography

2.2. Definition of Edge Location

At this point, the logical edge location is manually identified. Theoretically, a feature is defined
as a region that consists of boundary and interior where feature boundary has a constant slope
while the feature interior is located above certain slope [12]. As shown in Fig. 3, using human
interpretation, the dots indicate the boundary location where the maximum curvature is present
while the thicker black lines are an edge bounded by two edge points. However, it is not convincing
for us to just say that the thick lines are the logical edges location because the thick lines are
surrounded by many pixels. The accuracy of that line itself is questionable because the exact
location of edge data points is unknown; whether it is located at the first pixel, the second pixel or
even the third pixel. In order to extract the feature boundary or edge lines, exact pixel locations of
the most significant features of the surface need to be determined. Some parameters that can be
considered when defining the significant edges are changes in slope and changes in vector
direction.

Background Background

Figure 3. Feature with a compound edge surrounded by background

Before going deeper into the definition of the slope, a gradient is a mathematical measurement
used to describe how steep or gradual the slope is. It measures how much elevation changes as you
move horizontally over a surface and it is described as rise over run. On the other hand, the slope
can be described as the steepness of the ramps or stairs by considering the horizontal and vertical
movement along them. There is a whole lot of fancy notation that goes along with it, but to make it
easier, slope is referred to as how steep the line is. Towards detecting and tracing the feature
boundaries, the calculation of slope acts as the first step to achieve the objective. Basically, it
measures the slope by calculating the ratio of the vertical change (y-axis) and horizontal change (x-
axis) between two points on a line.

Ly _ rise _ Y2y 1)

slope,m = = =
Ax run Xo—X1

In three-dimensional approach, the shape of the surface is generated with the function of
z=f(x,y). Since the equation has one dependent variable on the left and two independent variables
on the right, it has a vertical axis z and two horizontal axes, x and y. This point would therefore
have slopes in the direction of x and y. To define these slopes, partial derivatives will be used where
the computation of derivative in x-direction and y-direction will take place. Recalling the f(x,y)
function, its gradient is a vector containing components given by partial derivatives of f.
Conceptually, from the definition of f, the components concerned are f: and f;, where fx(xo,y0) is the
partial derivative of fin relation to x while fy(xo,y0) is the partial derivative of f in relation to y. Both
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partial derivatives are the rate of change of z=f(x,y). The gradient can be seen as always
perpendicular to the surface and the slope is defined to be the angle between the gradient, that is
parallel to and in the direction of the unit vector (x,y,z) = (0,0,1). Since this study focuses on surface
structure, the usual definition of the slope must be reversed where it equals the ratio of the run to
the rise for the normal vector. Because there is a unit rise, the slope can be read as:

slope,m = ffxz + fy2 2)

Other than slope calculation, changes in vector direction can also be considered in order to
define edges. The integral of a vector field flux through a surface requires a direction that will
define an inside and outside relative against a surface that is the boundary between two different
regions such as the feature and its surrounding. Hence, to see how much of the vector field is
escaping from the feature interior to the background area, the vector field can be analyzed into two
orthogonal components which are part normal to the surface and part tangent to the surface [13].

2.3. Implementation of Gradient-based Edge Detection

Edges consist of meaningful features and contain a significant information. To differentiate
between significant and insignificant information, help from edge detectors is very important as it
can aid in reducing and filtering out the features that may be regarded as less relevant [14]. In edge
detection approach, the method of edge detection is classified into two groups which are gradient-
based and Laplacian-based. However, this paper will focus more on gradient-based that comprises
of classical operators such as Sobel, Prewitt, and Roberts. These gradient-based edge detectors
identify the edges by searching for the maximum and minimum intensity values in the first-order
derivative, and evaluating the distribution of intensity values in a given pixel setting [15]. The key
to determine the boundary is then to determine such critical slope value or threshold.

Since edge detection approach takes the idea from the image processing method, the edge part
is usually being declared when the gray value of intensity rapidly changes. The basic formula for all
the first order derivative or gradient edge detectors is shown below.

o

v = Gl = [ 2] = |5 ©)

9y

Note that Vf is the gradient vector points towards the maximum rate of change of f(x,y). The
magnitude of that vector is an important parameter in edge detection. Gradient magnitude is
shown with:

G| = /ze +G,° ~ |G| +16G, 4)

The magnitude defines the strength of the edge on certain location. To determine its direction,
the gradient direction is then given as:

6 =tan™?! (g—y) (5)

Theoretically, along with having to work with the basic formula mentioned above, the
gradient-based edge detectors such as Sobel, Prewitt, and Roberts also transform the input image
with their respective convolution masks to produce the gradient [16,17] as summarized in Table 1.
Such convolutions masks are designed to respond to the edges that run vertically and horizontally
relative to the pixel grid at maximum. The angle of orientation for both Sobel and Prewitt used the
same basic formula with 3X3 convolution masks. However, there is a slight difference for Roberts
operator as shown below since it uses convolution masks of 2X2. Despite having a small size of
convolution masks that is able to make the edge detection process very fast, this will also create
weaknesses such as Roberts will respond weakly to the edges, unless the edges difference is very
sharp [18]. For the results, gradient-based edge detectors such as Sobel and Prewitt are expected to
produce clearer edges.
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Table 1. Convolution mask and the angle of orientation involved

Convolution Mask 3 .
Operator C C Angle of orientation
x 3
-1 -2 -1 -1 0 1 G
Sobel 0 0 o0 -2 0 2 9=tan‘1(6—’)
1 2 1 -1 0 1 x
-1 -1 -1 -1 0 1 G,
Prewitt 0 0 0 -1 0 1 6 =tan! ((—)
14 - 1 —(1) 011 T
_1 p—
Gy
Roberts [0 1] [1 0] 6=tan“(;‘)—%" ®)
x

3. Results and Discussion

This section discusses the results into two parts which are the result of definition of edge
location and the result of implementation of edge detection operators on the defined surface feature
boundary. For the first part, when simple 3D surface topography has been simulated, the data are
analysed to manually define the edge location. The need in defining the edge location first is
necessary in order to overcome the problem that may occur if the image processing method is being
applied directly on the surface. Figure 4 shows the top view of the logical edge location based on
human interpretation. The white lines indicate the feature boundary that separates the feature
interior area from its surrounding. To ensure the truth of the statement, the process of manually
defining the edge location is conducted based on the theoretical concept of change in slope and

change in vector direction.

Figure 4. Logical edge location based on human interpretation

To make it easier in developing the definition of edges on the surface, the simulated 3D surface
topography data is being viewed in contour plot as shown in Fig. 5 so that the location of a steep
and gradual slope between the contour lines can be clearly seen. The colour of the contour lines
indicates the surface height of the topographical map while the dotted line indicates the centre of
the surface. In order to find out where the slope is very steep, an area with a big change of location
is determined based on observation at which area the contour lines is close to each other since the
closer the lines, the steeper the slope will be. In this case, it is to compare the areas A and C which
have loosely packed lines that are inconsistently spread out, while the parallel lines that are close to
each other are definitely in area B. Hence, the area A and C had a flatter slope. Referring to the three
lines on the left side of the topographic map, the orange coloured line is at the highest height
compared to the other two lines with green and light blue colours. To calculate the gradient of a
slope between point X and point Y on the topographic map, the inclination changes and distance
between those two points are observed carefully. In MATLAB, the gradient is automatically
calculated using gradient function. An early overview of the development of the surface feature
boundary can be seen through the process of identifying the location of slope by observing the
contour plot. As a result, it can be seen that the place where the slope change takes place proves
that the location of the edge identified through human interpretation earlier is the same.

To ensure it is clearly understood, an observation on vector field direction can also be made.
Figure 6 shows a contour plot of the vector field where it helps in analysing whether the slope
location mentioned in Figure 5 is at the right location or not. From previous discussion, area B has
been defined as where the location of edges might be. By analysing Figure 6, it can be seen that the
vector field is perceived as thickening as it directs from area B towards the centre or highest point of
the surface topographical map in area C. Therefore, this proves that the concept of surface feature
boundary corresponds to what has been theoretically discussed as shown in Fig. 3. As already said,
an approach with the aim of developing the definition of edges to identify its exact location
manually is carried out in order to avoid those edges from being obtained accidently. Therefore,
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this paper focuses solely on manually identifying the edges based on theoretical concepts
mentioned in section 2.2.

Simulated Djita Structure

P | 1

2 4 6 8 10 12 14
x-axis [um]

Figure 5. Contour plot of 3D simulated topography data
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Contour Plot of Vector Field

x-axis [um]
Figure 6. Contour plot of the vector field

The second part of this section discusses on the implementation of gradient-based edge
detection on defined surface feature boundary. This part describes how the step of implementing
edge detection operators on the defined surface feature boundary is performed in MATLAB
software. MATLAB software is chosen due to its ability to plot functions and data. After the
preparation of simple 3D simulated surface topography data has been completed and the edge has
been manually identified, the next step is to implement the gradient-based edge detection operators
on the defined boundary. The data had gone through filtering and levelling processes using High
Pass Gaussian Filter method where both processes were run simultaneously to remove an outlier
presence on the surface and at the same time level the surface, producing an output for scale limited
surface. Fig. 7 depicts the result of the defined surface feature boundary that has been manually
identified, filtered, and levelled. Meanwhile, the white lines indicated the surface feature boundary.

EECREENETTEE

Figure 7. Manually-defined surface feature boundary

After that, the task is proceeded with the implementation of gradient-based edge detection
such as Sobel, Prewitt, and Roberts operators. The purpose of conducting this implementation is to
investigate how the defined surface feature boundary is affected when the gradient-based edge
detection is being implemented on it. Fig. 8 displays the results of the three gradient-based edge
detection operators when dealing with the defined edge on the simulated 3D surface topography
data. Traditionally, the gradient-based edge detection is done by finding the highest values or
intensities in the gradient function as indicate by bright area in Fig. 8. On the other hand, as
theoretically stated in section 2.3, the edge part is usually being declared when the brightness
intensity of gray value rapidly changes. Hence, further analysis on the gradient function may
enable the detection of the edges that comparable to the manually-defined edges of the original
surface topography.
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All edge detection operators have the same function which is to find the boundaries of objects
by separating feature interior from its background to differentiate between significant and
insignificant information. However, the results of performance for each operator are not really the
same after being applied on the defined surface feature boundary. As seen in Fig. 8(a) and Figure
8(b), Sobel and Prewitt operators have clearer result of feature boundary compared to Roberts
operator. Roberts cross kernels containing a set of 2X2 convolution masks are relatively small to
compare with 3X3 convolution masks used by both Sobel and Prewitt operators. Therefore, based
on the theoretical background of edge detectors, it can be proven that by using 3X3 convolution
masks, Sobel and Prewitt operators are superior because of their ability to respond to the edges
running vertically and horizontally at maximum performance and producing clear separation of
feature boundary between significant and insignificant regions. Even though the edge detection
process using Roberts operator is faster because of its small convolution masks size, it still has
weaknesses where Roberts operator can result in highly susceptible to noise in the detection of the
edges and their orientation, as well as producing very weak responses to genuine edges unless the
presence of edges are very sharp. The results of the process when using Roberts operator can be
seen in Fig. 8(c) where the magnitude of the edges is ultimately degraded. The uneven feature
boundary line has caused the separation of feature interior and its background to be obscured.
Hence, it can be concluded that the performance of Roberts operator is not up to the mark
compared to the other two operators when it is being applied on a defined surface feature
boundary.

Position of
manually-
defined
edge

a) Result of Sobel Result of Prewitt ¢) Result of Roberts
Figure 8. The gradient function of the 51mulatec1 surface topography by Sobel, Prewitt and Roberts

Obscured
edge line

4. Conclusion

To sum up this paper, an approach to develop the definition of the edges by manually
identifying its location on the structured surface has been successfully carried out. The results show
that the edges or feature boundary could be defined at the location where pixels have maximum
brightness value representing the high gradient value where the position of the slope is very steep.
Hence, proving the theoretical concept of changes in slope and changes in vector direction is
acceptable to be referred. To compare with Roberts which has lots of noise detected on the pixels,
the detection of feature boundary is clearer when Sobel and Prewitt are being used. The edge
signified by the gradient-based operators are deviated from the manually-defined edges of the
original surface data, but the gradient function surface has a characteristic that shows the possibility
of positive result in the future study.
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