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ABSTRACT

In geometrical metrology, morphological filters are useful tools for the surface
texture analysis and functional prediction. Although they are generally accepted and
regarded as the complement to mean-line based filters, they are not universally
adopted in practice due to a number of fatal limitations in their implementations —
they are restricted to planar surfaces, uniform sampled surfaces, time-consuming and
suffered from end distortions and limited sizes of structuring elements.

A novel morphological method is proposed based on the alpha shape with the
advantages over traditional methods that it enables arbitrary large ball radii, and
applies to freeform surfaces and non-uniform sampled surfaces. A practical algorithm
is developed based on the theoretical link between the alpha hull and morphological
envelopes. The performance bottleneck due to the costly 3D Delaunay triangulation is
solved by the divide-and-conquer optimization.

Aiming to overcome the deficits of the alpha shape method that the structuring
element has to be circular and the computation relies on the Delaunay triangulation, a
set of definitions, propositions and comments for searching contact points is proposed
and mathematically proved based on alpha shape theory, followed by the construction
of a recursive algorithm. The algorithm could precisely capture contact points without
performing the Delaunay triangulation. By correlating the convex hull and
morphological envelopes, the Graham scan algorithm, originally developed for the
convex hull, is modified to compute morphological profile envelopes with an
excellent performance achieved.

The three novel methods along with the two traditional methods are compared
and analyzed to evaluate their advantages and disadvantages. The end effects of
morphological filtration on open surfaces are discussed and four end effect correction
methods are explored. Case studies are presented to demonstrate the feasibility and
capabilities of using the proposed discrete algorithms.
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1. INTRODUCTION

1.1 Background

The surface of a component is an interface limiting the body of the component
and separating it from the surrounding medium, which governs the functional
behaviours of the product, whether that be a mechanical, tribological, hydrodynamic,
optical, thermal, chemical or biological property, all of which are of tremendous
importance to product performance (Jiang 2009; Bruzzone et al. 2008). Surfaces have
always been fundamentally important in traditional industries. A good surface allows
automobile engines to have reduced running-in times and to be more fuel efficient
with reduced emission. It also enables optical components to have smoother surfaces
such that they scatter less light and have better optical qualities (Jiang et al. 2007a).
They are even more significant to modern cutting-edge technologies, such as
nanotechnology, biotechnology and energy-technology. Following the trend of
miniaturization of these products nowadays, either the reduction of object geometry or
the refinement of micro and nano-details on macro objects, surfaces and their
properties become the dominant factor in the functionality of products (Whitehouse

2012).

Many emerging products and devices are based on achieving surfaces with special
functionalities. Manufactured items such as micro- and nanometre scale transistors,
micro electro mechanical systems (MEMS) and nano electro mechanical systems
(NEMS), microfluidic devices, optics components with freeform geometry and
structured surface products are clear evidence of products where the surface plays the
functional role (Jiang et al. 2007b). Hydrophobic products, such as roof tiles and
fabrics, can be obtained by texturing the surfaces to achieve the lotus effect (Bruzzone
et al. 2008). For optics in ground- and space-based telescopes, in defence- and
satellite-based image based imaging systems and in large laser facilities, smooth
surfaces with complex optical shapes are required with precision reaching the level of
atomic magnitude. Similar accuracy is also demanded in implantable medical devices,
e.g. artificial hip and knee joints, where micrometre form and nanometre roughness

requirements are specified in order to reduce the generation of wear debris (Jiang &
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Whitehouse, 2012). Figure 1.1 shows a BIoMEMS with selective surface textures for
the generation of droplets having a 20 pl volume (De Chiffre et al. 2003). Figure 1.2
presents an F-theta lens with the shape error less than 0.3 um peak-to-valley and the

surface roughness S, less than 4 nm (Brinksmeier & Preuss 2012).

Figure 1.2 F-theta lens

Surfaces and their measurement, provide a link between the manufacture of these
engineering components and their use (Whitehouse 1978). Surface metrology is the
study of surface topography — measurement of small scale geometrical features on
surfaces. It has profound influences on manufacture quality as it plays two important
roles. See Figure 1.3. On one hand, it helps to control the manufacture process:
monitor changes in the surface texture and indicate changes in the manufacturing

process such as machine tool vibration and tool wear (Peters et al. 1979; Trumpold
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2001). On the other hand, it helps functional prediction: characterize geometrical
features that will directly impact on tribology and physical properties of the whole
system (Unsworth 1995; Sayles 2001; Whitehouse 2001), for instance, the friction of
two contact surfaces and the optical fatigue of one reflecting surface. Controlling the
manufacture helps repeatability and hence quality of conformance. Functional

prediction helps performance and assists in its optimization (Whitehouse 2002).

Manufacture » control Surface predict _ Performance
(Grinding etc.) | Measurement " | (Wear, friction etc.)

Figure 1.3 Surface measurement helps manufacture and function

1.2 Filtration techniques for geometrical metrology

1.2.1 Motivation

The early use of surface measurement was mainly to control the manufacturing
process. In practice what happened was that a component was made and tried out. If it
functioned satisfactorily, the same manufacturing conditions were used to make the
next part and so on for all subsequent parts (Whitehouse 1978). It soon became
apparent that the control of surface texture was being used as an effective go-gauge
for the process. The surface texture is a fingerprint of all process stages of the
manufacturing process. The effects of process and machine tool are always present in
surface textures. The former is called the roughness and the latter the waviness. The
roughness is inevitable — it is the mark of the process, but the waviness — usually of
longer wavelength — is a result of a problem of the machine tool and in principle could
be avoided. Also, in addition to roughness and waviness, even longer wavelengths can
be introduced into the surface geometry by weight deflection or long-term thermal
effects. These cause errors in the general shape of the part, that is, deviation from the

shape required and specified by the designer (Whitehouse 2002).

Filtration is the means by which various components of the surface texture,

namely roughness, waviness and form, are extracted from the measured data for
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further characterization, see Figure 1.4. By separating surface profile into various
bands, it is possible to map the frequency spectrum of each band to the manufacturing

process that generated it (Raja et al. 2002).

(a)

m)/\/\/\/

(c)
_———/—h\

Figure 1.4 Geometrical components of a surface profile. (a) roughness; (b) waviness;
(c) form

On the other hand, surface analysis techniques, including the filtration techniques,
were also motivated by predicting and optimizing the functional performance. One of
the initiatives of surface metrology was the need for studying tribological properties
and optical properties of components. Surfaces of components were considered
important in terms of friction and optical reflection. Much emphasis was placed on
friction because it is fundamental in the performance of moving systems. Wear is
often the result of too much friction, and lubrication is mainly devoted to reducing
friction. Contact mechanisms are fundamental and the geometry of contact depends
strongly on the surface topography (Jiang et al. 2007a). Some surface parameters have
been attempted to link the function. For example, extreme statistics may be related
with the corrosion and fatigue of components and average statistics may contribute to

conductivity and reflectivity (Whitehouse 2001).

Although filtration techniques are primarily used for the analysis of surface
textures, with increased data densities in dimension metrology, they are being applied
as a means of data smoothing. For example, dimensional measurements performed by
the Coordinate Measurement Machine (CMM) equipped with optical scanning probes

typically include all measured data in an “as collected” manner. As data densities
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have increased, there has been an increased awareness that there is a great deal of
noise in these high density datasets. This noise can be the result of such things as the
surface roughness of the component being measured, or caused by the dirt or
machining chips on the component, or due to the errors in the measurement system,
e.g. vibration or electronic noise etc. In many cases it is desirable to filter out this
noise to achieve a more stable dataset that is perhaps more indicative of the attributes

that are to be assessed (Malburg 2002).

1.2.2 Historical development

The 1950s saw two attempts to separate the waviness from the profile so that the
roughness could be characterized. One was graphical, simulating electrical filters in
the meter circuit (Muralikrishnan & Raja 2009). The raw profile was divided into
segments of equal length, and in each segment a mean line was drawn that captures
the slope of the profile in that segment. The roughness profile was obtained by
considering the deviation from the mean line. Thus it was designated the mean line
system (M-system). The other was mechanically simulating the contact of a converse
surface, e.g. a shaft, with the face of the anvil of a micrometer gauge (Whitehouse
2002). It appeared as a large circle rolling across over the profile from above and was

entitled the envelope system (E-system).

The first practical mean-line filter used in surface texture measurement is the
analogue filter proposed by Reason et al (1944). Reason issued a comprehensive
description and analysis of the M-system. He was the first to make the distinction
between form deviation, waviness and roughness, when specifying the quality of
shafts and holes. The analogue filter was constructed by a two-resistor-capacity (2RC)
network. Reason reported the phase error and profile deformation due to filtering, but

he considered its effect is negligible in computing R, and R, .

Von Weingraber (1956) concentrated his effort on developing the Envelope
system. The E-system bases the reference lines upon the loci of centres of circles of
different radii rolled along the profile. As Figure 1.5 demonstrates, the locus of the
centre of the larger circle gives the curve of form, while that of the smaller circle gives
the contacting profile. The area between the ideal geometrical profile and the curve of

form represents the errors of form; the area between the curve of form and the
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contacting profile represents the waviness; and the area between the contacting profile

and the measured profile represents the roughness (Thomas 1999).

Geometrical profile

Locus of centre for
rolling circle

x\\\\\}\\\\\\\

> Curve of form
g A “." 4:,(131'- .."

\\\m\\
/ﬁ' (Formprofil)

‘ 'I' Il’
L

Contacting envelope
(Hullprofil)

Effective profile

Errors of form
Waves
Dl Peak to valley

Figure 1.5 Terminology of the E-system of reference lines in which the filters are two
circles of radius r and R rolling along the profile (Olsen 1963)
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Figure 1.6 Probe for E-system: T1 Skid, T2 stylus

The difficulty appeared in building practical instruments as two elements are
needed: a spherical skid to approximate the ‘enveloping circle’ and a needle-shaped
stylus moving in a diametral hole of the skid to measure the roughness as deviation
with respect to the “generated envelope”, see Figure 1.6. The advantages of the E-
system were claimed to be that it is more physically significant in that many
engineering properties of a surface are determined by its peaks. Standard radii were
25 mm for roughness and 250 mm for waviness, though other radii have been
proposed (Radhakrishnan 1972). The standing objection opposed by Reason was that

the choice of the rolling circle radius is as arbitrary as the choice of cut-off in the M-
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system and no practical instrument using mechanical filters could be made at that

time.

The discussion about the reference systems lasted for at least one decade between
1955 and 1966 (Peters 2001). Around 1960, with the advent of digital processing
techniques, the M-system became pre-eminent. In 1963, Whitehouse and Reason
(1963) simulated the 2RC filter digitally. They described the filter using a weighting
function that depended on the cut-off wavelength. A cut-off wavelength serves a
similar purpose as the size of a segment in graphical analysis. In 1967, Whitehouse
(1967/68) formally introduced the phase-corrected filter and digital filters were also
made. It was adopted by the international standard and formally referred as the
“standard wave filter”. This phase-corrected digital filter was a significant step
forward in the development of mean-line filters because it had a major impact upon

the interpretation of surface roughness.

The phase-corrected digital filter still has problems, one being that it distorted the
profile at the ends. In 1986, the three main surface texture instrument manufactures
(Hommelwerk, Mahr and Taylor Hobson) had reached a consensus, with the Gaussian
filter being chosen as the new filter for separating differing wavelengths. This
recommendation was adopted by ISO, resulting in ISO 11562 (1996) in which the
Gaussian filter is given as the standardized phase-corrected profile filter for surface

texture.

The Gaussian filter, although a good general filter, is not applicable for all
functional aspects of a surface, for example in contact phenomena, where the E-
system method is more relevant. The advent of fast practical computers, which can be
used in association with measurement instruments, had virtually eliminated the need
for any hardware implementation for the E-system (Tholath & Radhakrishnan 1999).
Furthermore, there were growing evidences showing that the E-system method can
give better results in functional prediction of surface finish in the analysis of mating
surfaces, such as contact, friction, wear, lubrication and failure mechanism (Westberg
1997). The M-system techniques are usually used to separate form, waviness and
roughness, nevertheless there was little correlation between roughness parameters and
functional requirements in that functional behaviour of components are more related
with geometrical properties of their surfaces. In this aspect the logic of the E-system

was sounder in comparison to the M-system. This concept also gained great ground in
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form measurement. CMMs using spherical probe tips are essentially performing this

procedure of filtering in measurements.

The French industry adopted an alternative approach to filtration to the M-system
and the E-system, called roughness and waviness (R&W), also known as the motif
method, which sets out to extract functionally significant features from surface
profiles for a particular application. The conceptual foundation of the method is
described by Fahl (1982). The method began as a purely graphical approach, where an
experienced operator would draw on a profile graph an upper envelope that
subjectively joined the highest peaks of the profile. Base on this procedure,
“insignificant” peaks are combined to form ‘“‘significant” ones, from which surface
texture parameters could be calculated. From the standpoint of classification, the
motif method does not belong to the M-system, but a simulation of the E-system

(Jiang et al. 2007a).

Both the M-system and the E-system approaches have their advantages and
limitations. Arguing that one is better than the other without any concrete proof from
the application area is not convincing (Radhakrishnan & Weckenmann 1998).
Actually rather than competing with each other, the M-system and the E-system are

complementary to each other, contributing to a better solution to surface measurement.

1.2.3 Recent development

In the last two decades, more advanced filtration techniques emerged as a result
of urgent needs for the analysis of surfaces with complex geometry and high precision

produced by modern manufacturing technologies.

The M-system was greatly enriched by incorporating advanced mathematical
theories. The Gaussian regression filter overcame the problem of end distortion and
poor performance of the Gaussian filter in the presence of significant form component
(Seewig 2006), while the robust Gaussian filter solved the problem of outlier
distortion in addition (Brinkmann et al. 2001; Zeng et al. 2010). The Spline filter is a
pure digital filter, more suitable for form measurement (Krystek 1996a). Based on L,
approximation, the robust Spline filter is insensitive with respect to the outliers
(Krystek 2005; Goto et al. 2005; Zeng et al. 2011a). By applying wavelet theory, the
Spline-wavelet filters provide a multi-resolution access to partitioning a surface into

multiple wavelength bands (Jiang et al. 2000). More recently, a method of Gaussian

24



filtering for freeform surface was developed by solving the diffusion equation which
overcomes geometrical distortion in the presence of non-zero Gaussian curvature

(Jiang et al. 2011a).

Meanwhile the E-system also experienced significant improvements. By
introducing mathematical morphology, morphological filters emerged the superset of
the early envelope filter, but offering more tools and capabilities (Srinivasan 1998).
The basic variation of morphological filters includes the closing filter and the opening
filter. They could be combined to achieve superimposed effects, referred to as
alternating symmetrical filters. Scale-space techniques further developed
morphological filters. Similar to wavelet based techniques in the M-system, scale-
space techniques provide a multi-resolution analysis to surface textures whereby
various scales of geometrical features can be extracted from a surface and assessed

separately (Scott 2000).

In 1996, ISO set up a group, under the convenorship of Scott (ISO/TC 213 1996).
This work has resulted in the establishment of a standardized framework for filters,
giving a mathematical foundation for filtration, together with a toolbox of different
filters (Srinivasan 2000 et al.; Krystek et al. 2000). Information concerning these
filters has been or is about to be published as a series of technique specifications (ISO
16610 series 2010), to allow metrologists to access the usefulness of the
recommended filters. So far, only profile filters have been published, including the

following classes of filters.

(1) Linear filters. The M-system filters belong to this category, such as the Gaussian

filter, the Spline filter and the Spline-wavelet filter.

(2) Robust filters. Filters that are robust against specific profile phenomena such as
spikes, scratches and steps, including the robust Gaussian filter and the robust

Spline filter.

(3) Morphological filters. The E-system filters belong to this category and include

closing and opening filters using either a disk or a horizontal line segment.

(4) Segmentation filters. Filters that partition a profile into portions according to

specific rules. The motif approach belongs to this class.
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1.3 Aims and objectives

During the last two decades, in contrast to fabulous progress achieved in the
Gaussian filter, the Spline filter and their robust versions, there was not such an echo
in respect to morphological filters. Even though morphological filters are generally
accepted and regarded as the complement to mean-line based filters, they are not
universally adopted due to a number of limitations caused by their current
implementation and lack of capabilities requested by modern product technologies,

which as a consequence restrict the prevalence of morphological filters.

This thesis aims to develop efficient discrete algorithms for morphological filters
with capabilities of evaluating modern surfaces including freeform surfaces, non-
uniform sampled surfaces and closed surfaces and explore their applications in the
field of geometrical metrology. The major objectives that this thesis attempts to

address are outlined below:

(1) Review the development of filtration techniques in geometrical metrology,
especially morphological filters. Investigate conventional implementations of
morphological filters and survey their applications in the field of geometrical

metrology.

(2) Develop discrete algorithms for morphological filters. The algorithms are
expected to overcome the deficits of traditional methods. It should be efficient in
performance, robust against possible singularities, available for arbitrary large size
of structuring element, applicable for complex surfaces, including freeform
surfaces, non-uniform sampled surfaces (e.g. surfaces sampled by a CMM) and

closed surfaces.

(3) Evaluate and verify the designed algorithms. Compare the designed algorithms
with conventional methods in terms of their capabilities, computations,

performances and limitations.

(4) Investigate the end effects of morphological filtering on open surfaces and create

correction methods for end effects.

(5) Explore the applications of the designed methods in the field of geometrical

metrology, including surface metrology and dimensional metrology.
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1.4 Structure of thesis
The thesis is structured in the following fashion.

In Chapter 2, we review the four basic morphological operations, namely dilation,
erosion, closing and opening as well as the granulometry transform. They are the
foundation of mathematical morphology. Morphological image processing techniques
are also stated in a brief manner. Afterwards the basic principles and practical
applications of morphological operations are recalled, including the dilation and
erosion operation, the closing and opening filter, the alternating symmetrical filter and
scale-space techniques. Following that, the conventional supporting algorithms for

morphological filters are reviewed.

Aiming at the limitations of traditional methods, Chapter 3 proposes a novel
method, which utilizes the theoretical link between the alpha hull and morphological
operations. This chapter first gives a brief introduction to alpha shape theory and then
presents the link between the alpha hull and morphological envelopes. Based on their
relationship, a practical algorithm is developed that corrects possible singularities
caused by data spikes and reduces the amount of calculation for open
profiles/surfaces. Aiming to improve the performance of the proposed alpha shape

method, an optimization is constructed using the divide-and-conquer approach.

In Chapter 4, another two novel algorithms are proposed based on searching
contact points on the surface, namely those points on the surface being in contact with
the structuring element in the traversing process. This chapter first analyzes the
limitations of the alpha shape method. Then a series of definitions, propositions and
comments related with the search of contact points are proposed and mathematically
proved based on alpha shape theory. A recursive algorithm is developed on the basis

of these comments.

The other method is proposed by linking morphological envelopes with the
convex hull. Viewing the convex hull as a special morphological envelope, the
Graham scan algorithm, originally developed for the convex hull, is modified to

calculate morphological profile envelopes.

Chapter 5 makes a detailed comparison of the proposed algorithms with the

existing algorithms in four aspects: algorithm verification, algorithm analysis,
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performance evaluation and areal extension. By examining these aspects, a thorough

insight into the merits and shortcomings of these algorithms is obtained.

Chapter 6 studies the end effects of morphological filtration on open surfaces.
Four methods for end effects correction are developed comprising infinity padding,
point symmetrical reflection, line symmetrical reflection, polynomial extrapolation
and linear prediction. These methods are coupled with an optimization technique of
using contact points aiming to improve computation efficiency. A discussion is made

to derive their pros and cons.

Chapter 7 illustrates four case studies of the application of the proposed methods.
First the proposed areal methods are used to extract topographical features from
engineering surfaces, including surfaces measured from a tooth implant, a femoral
component of artificial knee joint and a bullet. Then they are applied to the filtration
of freeform and non-uniform sampled surfaces. Following that, morphological filters
are employed in roundness measurement using the alpha shape method. Finally the
methods searching for contact points in association with high accuracy instruments
are utilized to evaluate the underlying form of the textured surface of hip replacement

taper junction.

The thesis concludes in Chapter 8 by summarising the accomplished work in this

research and discussing the future work.
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2. LITERATURE REVIEW

Morphological filters are defined on the basis of four basic morphological
operations, namely dilation, erosion, opening and closing. These operations are the
foundation of mathematical morphology. Mathematical Morphology was firstly used
for image processing and gradually extended to other disciplines, including surface
metrology and dimensional metrology. This chapter will review several basic
concepts of mathematical morphology. Afterwards definitions, specifications and
applications of morphological filters will be discussed. Finally, existing algorithms for

morphological filters will be presented and analyzed in details.

2.1 Mathematical morphology

Mathematical morphology is a mathematical discipline established by two French
researchers Jorge Matheron and Jean Serra in the 1960s. An overview of their work is
given in Serra (1982). The central idea of mathematical morphology is to examine the
geometrical structure of an image by matching it with small patterns at various
locations in the image. By varying the size and the shape of the matching patterns,
called the structuring elements, one can extract useful information about the shape of
the different parts of the image and their interrelation (Heijmans 1995). Four basic
morphological operations, namely dilation, erosion, opening and closing, form the

foundation of mathematical morphology.

2.1.1 Morphological operations

Dilation combines two sets using the vector addition of set elements. The dilation

of A by B is

D(A,B)=A®B, (2.1)
where B is the reflection of B through the origin of B.

It is defined on the basis of vector addition, also known as the Minkowski
addition, which was first introduced by Minkowski (1903). The Minkowski addition

of two input sets Aand B is the set:

29



A®B={clc=a+b,ac A& bc B}. 2.2)

Figure 2.1 presents an example of dilating a square by a disk. The dilation of the

light colour square by a disk results in the dark colour square with round corners.

@

Figure 2.1 Dilation of a square by a disk

Erosion is the morphological dual to dilation. It combines two sets using the

vector subtraction of set elements. The erosion of A by B is

E(A.B)=A OB, 2.3)
where

A©GB=A+B. (2.4)
and A is the complementation of A .

An example of erosion is illustrated in Figure 2.2. The erosion of the light colour

square by a disk generates the dark colour square.

@-

Figure 2.2 Erosion of a square by a disk

4

Opening and closing are dilation and erosion combined pairs in sequence. The

opening of A by B is obtained by applying the erosion followed by the dilation,

O(A,B) = D(E(A.B).B) (2.5)
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In Figure 2.3, the opening of the light colour square by a disk generates the dark

colour square with round corners.

Figure 2.3 Opening of a square by a disk

Closing is the morphological dual to opening. The closing of A by B is given by
applying the dilation followed by the erosion,

C(A.B)=E(D(A.B).B). 2.6)

In Figure 2.4, the closing of the light colour shape (union of two squares) by a

disk results in the union of the light colour shape and the dark colour areas.

Figure 2.4 Closing of an union of two squares by a disk

2.1.2 Granulometry

The granulometry was first introduced by Matheron (1975) to compute the size
distribution of grains in the input set. The concept of the granulometry may be likened
to the sifting of rocks in a gravel heap. The rocks are sifted through screens of
increasing size, leaving only the rocks that are too big to pass through the sieve. The
process of sifting the rocks at a particular size is analogous to the opening of an image

using a particular size of structuring element. The residual after each opening is often
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collated into a granulometrical curve, revealing useful information about the

distribution of object size in the image (Soille 1999).

Figure 2.5 illustrates an example of using the granulometry to extract shapes
(Asano 1999). The original image consisting of different scales of shapes is filtered by
a sequence of opening with increasing size. Since the opening removes the portion of
the image smaller than the structuring element, the difference of the image opened by
the structuring elements of size n and n+1 contains the portion whose size is exactly

n . Thus various sizes of shapes can be extracted from the differences.

) results of
structuring

opening
elements
™ — °
difference
. —
image ®

extracted
shapes

sizes

Figure 2.5 Granulometry and size distribution

2.1.3 Morphological image processing techniques

Mathematical morphology had a wide application in image processing from its
birth. In image processing and analysis, it is important to extract features of objects,
describe shapes and recognize patterns. Such tasks often refer to geometric concepts,
such as size, shape and orientation. Mathematical morphology takes these concepts
from set theory, geometry, and topography and analyzes geometrical structures in an
image. The following lists several commonly used morphological image processing

techniques (Shih 2009).
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® Boundary extraction. It extracts the boundary of an image and empty object
inside. For a binary image A, it requires first the eroding of A by a structuring
element B and then taking the set difference between A and its erosion. The size

of structuring elements determines the thickness of the object contour.

® Region filling. It is to fill value 1 into the entire object region of a binary image.

Region filling starts by assigning 1 to pixel p inside the object boundary, and

then grows by performing iterative dilations until the iteration converges.

® Thinning and Thickening. Thinning reduces objects to the thickness of one pixel,
but does not change the object’s connectivity. Thickening is the morphological
dual to thinning. It is used to grow some concavities in an object, but it does not

cause merging of disconnected objects.

® Skeletonization. It is similar to thinning, but explores in greater details the
structure of an object. The skeleton emphasizes certain properties of images, for
instance, curvatures of the contour correspond to topological properties of the

skeleton.

e Pruning. The skeleton of a pattern after thinning usually appears as extra short
noisy branches. Pruning is used to clean up these noises as a post processing

technique.

2.1.4 Morphological operations on sets and functions

In the literature of morphological image processing, both the input set and the
structuring element of morphological operations are treated as the sets. In binary
morphology, the sets are defined in R*. In grey-scale morphology the morphological
operations are invoked on the functions defined over a domain in R* (Srinivasan
1998). Morphological operations on functions can be mathematically linked to
morphological operations on sets through “fill” transforms (Dougherty 1992). Fill
transforms convert the curve defined by the function to a two-dimensional set and the
surface defined by the function to a three-dimensional set (ISO 16610-40 2010). If the
function curve or surface is closed, then the fill transform produce the interior region
of the closed curve or surface. Figure 2.6 shows such an example. If the function
curve or surface is not closed, then a special fill transform called the “umbra

transform” may be applicable. Figure 2.7 demonstrates an example of the umbra
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transform. In this example, a curve f(x) is defined over a finite interval of x. Its
umbra is the entire two-dimensional region under the curve of the function f(x).
Similarly, the umbra of a surface f(x,y) is the entire three-dimensional region under
the surface of the function f(x,y). In general, morphological operations of functions
of n variables can be shown to be equivalent to the corresponding operations on sets

in R . Thus, morphological operations of functions can be derived and justified

from the set definitions.

Figure 2.6 Fill transform of a closed curve on the left to a two-dimensional set on the
right

~N

Figure 2.7 Umbra transform of an open curve on the left to a two-dimensional set on
the right

2.2 Morphological filters

Morphological filters are evolved from the early envelope filter proposed by Von
Weingraber (1956), which is performed by rolling a ball over the surface. The locus
of the centre of the rolling ball followed by an offset of the ball radius gives the

envelope and it was then considered as the reference line. See Figure 2.8. The
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deviation from the envelope was fine texture or roughness. The envelope filter is quite
different from mean-line based filters in that the envelope is mainly determined by
geometrically prominent peaks on the surface while mean line based filters generate
the reference line by an averaging process. In contrast to mean-line based filters, the
envelope filter could give better results in function-oriented specification of surface

finish due to the two following reasons (Dietzsch et al. 2008):

(1) The envelope system depends on geometrical characteristics of the workpiece,
which are closely related to functional requirements of workpieces: sliding,

adhering, sealing, assembly etc.

(2) With the M-system, there is only little correlation between the standardized
surface roughness parameters and functional requirements, while the E-system
offers a common reference system to associate all the geometrical elements,

including dimension, orientation, form, waviness and roughness.

Geometrically ideal surface

Envelope
surface

Envelope profile

Surface profile
Actual surface—

@ Roughness (B) Waviness

Figure 2.8 Profile and surface envelope (Haesing 1964)

2.2.1 Closing and opening filters
In ISO 16610-41 (2010), morphological filters are defined on the basis of

morphological operations and related properties: “Morphological filters are

morphological operations that are monotonically increase and idempotent”.
Morphological operations have some basic properties as they are listed below:

Let F (A, B) denote a morphological operation where A is the input set and B the

structuring element.
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(1) Rigid motion invariant: an operation does not change under rigid body

transformation. If tF (A, B) = F(tA,B) where ¢ is any rigid body transformation,

then F(A, B) is rigid motion invariant.

(2) Monotonically increasing: an operation preserves the set containment condition on
its operands. If A D A, = F(A,,B) D> F(A,,B), then F(A,B) is monotonically

increasing.

(3) Idempotent: applying the operation one more times does not change the outcome.

If F(F(A,B),B)=F(A,B),then F(A,B)isidempotent.

(4) Extensive: the outcome of the operation contains the input. If F(A,B) D> A, then

F (A, B) is extensive.

(5) Anti-extensive: the outcome of the operation is contained in the input. If

F(A,B)c A, then F(A,B)is anti-extensive.

The properties of the four morphological operations are listed in Table 2.1 (ISO
16610-1 2010). From the table, it can be seen that closing and opening are both
monotonically increasing and idempotent, and dilation and erosion are monotonically
increasing but not idempotent. Hence according to the definition of morphological
filters, opening and closing are two types of morphological filters whereas dilation

and erosion are not.

Table 2.1 Summary of properties of morphological operation

Dilation Erosion Closing Opening
Rigid motion invariant Yes Yes Yes Yes
Monotonically increasing Yes Yes Yes Yes
Idempotent No No Yes Yes
Extensive Yes No Yes No
Anti-extensive No Yes No Yes

ISO 16610 also defines envelope filters that they are rigid motion invariant,
monotonically increasing, idempotent and extensive/anti-extensive (extensive for
upper enveloper and anti-extensive for lower enveloper). Closing is the upper
envelope filter since its output envelops the input profile or surface. Similarly,

opening is the lower envelope filter. They differ from the traditional envelope which
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in essence is the dilation offset by disk radius towards profiles. As is clearly shown in
Figure 2.9, the resulting closing envelope (the solid curve) is a concave structure,

whereas the offset dilation envelope (the dotted curve) is a convex structure.
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Figure 2.9 The morphological closing profile and the obsolete envelope profile

Figure 2.10 and Figure 2.11 illustrate two examples of applying the closing and
opening operation on an open profile with the disk structuring element respectively.
The closing filter is obtained by placing an infinite number of identical disks in
contact with the profile from above along all the profile and taking the lower
boundary of the disks (Scott 2000). On the contrary the opening filter is achieved by
placing an infinite number of identical disks in contact with the profile from below

along all the profile and taking the upper boundary of the disks.

s L
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S

[ Workpiece
Workpiece surface profile
------- Closing envelope

Figure 2.10 The closing envelope of an open profile by a disk
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[ Workpiece
Workpiece surface profile
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Figure 2.11 The opening envelope of an open profile by a disk

It is obviously revealed that the closing filter suppresses the valleys on the profile

which are smaller than the disk radius in size, meanwhile the peaks remain

unchanged. Conversely the opening filter suppresses the peaks on the profile which

are smaller than the disk radius in size, while it retains the valleys. The selection of

the disk radius depends on the size of physical features on the surface of workpiece.

Except circular structuring elements, the other most commonly used structuring

element presented in ISO 16610 is flat structuring elements, for instance, the

horizontal line segment for profile data. If not particularly stated, the circular

structuring element shall be the default option (ISO 16610-41 2010).

Table 2.2 lists the “For-Against-Interesting” arguments of morphological filters

(ISO 16610-1 2010).

Table 2.2 “For-Against-Interesting” Arguments of morphological filters

For

Against

Interesting

Definition of mechanical surface
Simulates contact phenomena
Does not distort Chebyshev Fits
Closed Profiles: no end effects
Nested set of mathematical Models
No need to remove form

Compact support

Random data spacing possible

Faster than Gaussian

Range of application not fully
established

Outlier sensitive

Different to Fourier Wavelenghs
Non-linear filter

Default filter for establishment of

datums
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2.2.2 Alternating symmetrical filters

ISO 16610-49 (2010) gives the definition of the alternating symmetrical filter that
it satisfies the sieve criterion and can eliminate the peaks and valleys below a given
scale. The scale is a nesting index. The sieve criterion is a criterion where two
mappings applied one after another to a profile/surface is entirely equivalent to
applying one mapping with the highest scale. It is like the process of sifting solid
particles by two sieves with different mesh openings. The remains left by two sieves

are the same as those left with bigger mesh openings.

The alternating symmetrical filter combines the opening and closing of a
particular scale in certain sequences. The opening and closing filter will remove peaks
and valleys whose widths are less than the given scale respectively. Serra (1982)

showed that there are only four possibilities for composing the opening O;() and
closing C;() with a given scale j and they are morphological filters satisfying the
sieve criterion. The four possible combinations are listed below:

m=0,(C)  n,=Ci0); 1,=CiO0,C;00: 5,=0,(C;(0,0)

Thus it is possible to use four different types of combinations for alternating
symmetrical filters: the closing-opening filter (M-sieve), the opening-closing filter (N-
sieve), the closing-opening-closing filter (R-sieve) and the opening-closing-opening

filter (S-sieve). If not particular stated, the M-sieve is the default option.

Table 2.3 lists the “For-Against-Interesting” arguments of alternating symmetrical

filters (ISO 16610-1).

Table 2.3 “For-Against-Interesting” arguments of alternating symmetrical filters

For Against Interesting
Well defined Range of application not fully Different to Fourier Wavelengths
Nested set of mathematical models established Non-linear filter

Published algorithms slower than

Naturally robust Ball defined by curvature not

Gaussian
wavelength
Easy to compute

Multi-resolution type analysis possible Sampling theorems (Not Nyquist)

End effects easy to handle Reconstruction possible

Form removal not necessary

Defined similar to cut-off wavelengths
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2.2.3 Scale-space techniques

Scale-space techniques are a type of sieving techniques, which could date back to
the morphological granulometry (Matheron 1989). It is similar to the process of
sieving small solid particles with a series of sieves with increasing mesh openings.
The sieve with the smallest opening is used firstly. The grains that are bigger than the
mesh opening are kept and counted. The remnant grains are then sifted by the bigger
sieve and this process continues until all the sieves are used. In this way grains are

classified according to the size of mesh openings.

Scale-space techniques could decompose a signal (profile/surface) into objects of
different scale. It uses alternating symmetrical filters of increasing scales to construct
a ladder structure as shown in Figure 2.12. The first rung S is the original signal. At
each rung in the ladder the signal is filtered by an alternating symmetrical filter at the

scale order i+1(M,,,) to obtain the next space scale representation of the signal S,

i+1

which becomes the next rung and a component d,,, that is the difference between the

two rungs. In this manner signals at different scales are separated from each other.

Sﬂ M, S] M, > S: Ml-" S‘; o
diff : d.R\ %\ \
dl d3 d]

Figure 2.12 The ladder structure of scale space

Scale-space techniques provide a multi-resolution method to decompose signals
with wavelet-based filters being another type of multi-scale approach in surface
metrology (Jiang et al. 2001; Xiao et al. 2001). The scale of the alternating
symmetrical filter at each rung works like a cut-off value As . Therefore a
“transmission bandwidth” can be defined by calculating the height difference between

two rungs: S, —S . The scale i is equivalent to the cut-off value As and the scale j
is equivalent to the cut-off value Ac.

In comparison to the famous Nyquist theorem used to sample and reconstruct a
signal in the frequency domain (Nyquist 1928), for morphological operations and

filters, no universal equidistant sampling can be found without loss of information.
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However, there are a number of morphological sample theorems which limit the
amount of information that is lost. Scale-space techniques are one of these theorems.
The original signal could be sampled with various scales and can be reconstructed by

reversing the ladder structure mentioned above:
Sy=8,+>.d, 2.7)
i=l

The cut-off wavelengths of the multi-scale analysis are always in a constant ratio
of 2 to each other. This value is yielded by the experiences in dealing with multi-scale
analysis. This ratio is nearly optimal since this value is, on one hand, large enough to
clearly differentiate the details of different levels; on the other hand, it is not so large
that significant details are lost (Krystek 2004). Based on this recognition,
morphological scale-space techniques also choose a ratio of the scales of
approximately 2: 1 um, 2 pm, 5 pm, 10 pm, 20 pm, 50 pm, 100 pm, 200 pum, 500 pwm,
Imm, 2mm, Smm, 10mm, ---. This series has an additional advantage that it is
consistent with the recommended stylus tip radii of surface texture (ISO 3274 1996).
The smallest value of this series is limited by the morphological sampling theorem
and therefore can not be smaller than the value of the sampling interval in length. It is
sensible to let the series start with the value of stylus tip radius used for the

measurement. In principle, there is no upper limit to values for the scale series.

2.3 Applications of morphological operations

Although morphological operations are not as commonly used as the mean-line
based filtration techniques, they are of great value if not consciously recognized in

practice.

2.3.1 Applications of the dilation and erosion operation

e Surface scanning

The scanning of the workpiece surface using a tactile probe, e.g. the analog probe
or the touch trigger probe, is a very common practice in geometrical measurement and
a hardware implementation of morphological dilation operation (Krystek 2004). The
workpiece surface as the input set is dilated by the structuring element, the probe tip

to generate the morphological output, the measured surface, which is also called the
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traced surface. Figure 2.13 illustrates the scanning process of a tactile probe. The
scanning measurement is conducted by traversing the tip over the surface. The tip
centre data are recorded at each sampling position and these sampled data form a
discrete presentation of the measured surface. In ISO 3274 (1996), the traced surface
profile is defined as “locus of the centre of a stylus tip which features an ideal
geometrical form (conical with spherical tip) and nominal dimensions with nominal

tracing force, as it traverses the surface within the intersection plane”.

In common practice, the probe tip employed for scanning used to be small in size.
However, the tip size still influences the precision measurement of workpiece
surfaces. Figure 2.14 demonstrates the effect of the probe tip traversing over the
workpiece surface. By comparing the traced profile with the real workpiece profile in
the figure, it is evident that the probe tip tends to round off peaks on the profile
making it broader, nevertheless the peak height remains constant. The valleys on the
profile are smoothed by the tip becoming narrow, meanwhile the valley height is
reduced as well (Dagnall 1998). This effect introduces distortion into measurement of
workpiece surfaces and is called as the mechanical filtration effect of tips. For the
measurement of workpiece surfaces, especially for the freeform shaped workpieces,
the distortions caused by the tip mechanical filtration effect appreciably influences the
precision of measurement. Thus the correction to the traced surface is desired in order
to restore to the real workpiece surface. However the traced surface is unable to be
perfectly reconstructed to the real surface, but only to an approximate one, i.e. the real

mechanical surface.
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[ Workpiece

——— Traced surface profile

Figure 2.13 A probe tip scanning over the workpiece surface
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Figure 2.14 Mechanical filtration effects of the probe tip

e Real mechanical surface reconstruction

ISO 14406 (2003) presents the definition of mechanical surface: “boundary of the
erosion, by a sphere of radius r, of the locus of the centre of an ideal tactile sphere,
also with radius r , rolled over the real surface of a workpiece.” Figure 2.15
demonstrates the reconstruction process. Use an ideal sphere with the same size to the
probe tip to roll over the traced profile, i.e. the dilated profile by the probe tip (which
is already presented in Figure 2.13), the locus of the sphere centre is treated as the
mechanical surface. Rolling the ball from the below of the traced surface is in essence

an erosion operation.

[ Workpiece
Traced surface profile
==== Reconstructed surface profile

Figure 2.15 Reconstruction of the mechanical surface

It is obvious that the morphological erosion operation is unable to perfectly
reconstruct the original real surface of the workpiece. It was reported that

morphological operations can only reconstruct those portions of the surface where
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their local curvatures are larger than that of the probe tip (Roger et al. 2005; Dietzsch
et al. 2007). This indicates that the real mechanical surface differs from the real
surface at the locations where the local surface curvature is small than the tip. Thus
the reconstructed real mechanical surface varies with the probe tip size. Figure 2.16
presents such an example. Large probe tips tend to reduce and smooth the surface
irregularities, while small tips enable the reconstructed surface to be more
approximate to the real surface. The smaller the tip is, the closer the real mechanical

surface approximates to the real surface.

[ Workpiece
Real surface profile
B Reconstructed surface profile with large probe tip

Figure 2.16 Reconstructed real mechanical surfaces vary with the tip size

In industry, the practical implementation of the reconstruction of the real
mechanical surface varies from the application requirements. For surface texture
instruments, for instance, the profilometer and the atomic force microscope, the
reconstruction is usually performed by morphological image processing techniques
(David & Fransiska 1993; Villarrubia 1996), whereas in dimensional metrology, for
example, coordinate measurement, the reconstruction is usually implemented by the
probe radius compensation. Compared to surface texture instruments, sampling of
coordinate measurement machine (CMM) is usually less dense and the probe tip much
bigger. As Figure 2.17 illustrates a couple of sampling positions, the contact points of
the probe tip to the workpiece surface are obtained by compensating the tip radius in
the direction of the surface normal at the contact point. The normal vectors for
compensation are achieved either by estimating from the measured tip centre data in
the case that the surface is densely scanned and nominal data is unavailable (Mayer ef
al. 1997; Wozniak et al. 2009), or by using the nominal vector at the matching point

on the nominal surface model of the workpiece, e.g. the CAD model (Liang & Lin
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2002; Yin et al. 2003). Although dimensional metrology and surface metrology
employ different routes, both of them are essentially morphological reconstruction to

the real surface.

Probe tip

,normal

Figure 2.17 The radius compensation of CMM measurement

2.3.2 Applications of the closing and opening filter

¢ Form approximation

It has been illustrated that morphological envelopes could be utilized to
approximate the form of functional surfaces for conformable interfaces (Malburg
2003), for instance a soft gasket in contact with a solid block in order to provide
sealing function. The long wavelength component of the block surface could be
tolerated by the compatibility of the gasket material while the middle wavelength
components result in highly localized contacts. See Figure 2.18. The morphological
closing envelope with the circular disk structuring element is used to approximate the
conformable gasket surface such that the void areas between the conformable surface
and the rigid surface can be obtained to characterize the sealing or load distribution.
The radius of the circular structuring element should be chosen based on the

compression and bending properties of the conformable component.
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Figure 2.18 Conformable surface form approximation

¢ Uncertainty zone for possible reconstruction

The workpiece surface is the set of features that physically exist and separate the
entire workpiece from the surrounding medium. The inspection of geometrical
information of the workpiece surface is conducted by measuring the surface at certain
sampling interval, using either the contact measurement instruments (e.g. CMM) or
non-contact ones (e.g. interferometer). Either of them generates a series of sampled
points, which form a discrete representation of the original surface. It should be
noticed that the sampled points in this scenario differ from those presented in the
preceding cases in that they are supposed to be the contact points on the real
workpiece surface, instead of the tip centre points for tactile measurement. For non-
contact measurement, the sample data are all “contact points”. It may be desired to
reconstruct the original continuous workpiece surface from the discrete sample points.
In the theory of signal processing, the Nyquist theorem indicates that an infinitely
long band-limited signal could be perfectly reconstructed without loss of information
from the discrete data sampled at regularly spaced intervals if that interval is smaller
than half of the minimal wavelength comprised by the original signal. In mathematical
morphology, there is no theorem equivalent to the Nyquist theorem in that a universal
equidistant sampling scheme can be found without loss of information, however there
are a number of morphological sampling theorems to limit the amount of information

lost (Haralick et al. 1989).

Figure 2.19 illustrates an example of determining the uncertainty zone for the

reconstruction of the original surface from a sequence of sampled points taken by a
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circular disk structuring element. The morphological sampling theorem takes the
prerequisite that the surface profile Z under the examination remains unchanged after
applying the opening and closing operation by a particular structuring element SE
(e.g. a disk) of a given size (e.g. the disk radius), i.e. C(Z,SE)=Z =0(Z,SE) . If the
original surface Z is sampled with a sampling interval strictly less than the size of

SE, yielding a sampled surface Z , the original profile is supposed to lie in the
region constructed by the opening envelope O(Z,) and the closing envelope C(Z,) .

This region defines the uncertainty zone in which the original profile lies, i.e.

C(Z,,SE)<Z<0(Z,SE) (ISO 14406 2003).

O Disk structuring element
— Continuous profile

® Sampled points
<= Uncertainty zone

Figure 2.19 The uncertainty zone for possible reconstruction

® Volume-scale analysis

Volume-scale analysis, also known as the variation method, is an areal fractal
method (Dubuc et al. 1989). It estimates the volume between morphological opening
and closing envelopes about a surface using square horizontal flat structuring
elements. The size of the structuring elements is varied and the change of volume is
recorded. The logarithm of the volume is plotted against the scale of the elements, i.e.
the length of the sides of the square structuring elements. See Figure 2.20. As the
scale increases so does the volume. The fractal dimension is the slope of the plot, d,
plus two, which can be used to indicate the geometric complexity of or intricacy

components of a fractal or partially fractal surface (ISO 25178-2 2007).
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Figure 2.20 Volume-scale plot of a surface

2.3.3 Applications of the alternating symmetrical filter

In engineering, surfaces with stratified functional properties are very common, for
instance, the inner surface of cylinder liners for automotive engines. These kinds of
surfaces are composed of deep valleys superimposed by plateaux. The plateaux
support force, bearing and friction while the valleys serve as lubricant reservoirs and
distribution circuits. The traditional method for the analysis of these surfaces is

performed by applying the two-stage Gaussian filter, the so-called R, filter. However

there are several drawbacks of this method (Jiang 2010). Firstly, it was derived from
the empirical foundation with a significant assumption: the surface contains a
relatively small amount of waviness. It is ambiguous and confusing. Secondly,
running-in and running-out sections are generated from the Gaussian filter. These
sections truncate the profile and only the remained of the measurement data after the
truncation are used in evaluation. Thirdly, the form component needs to be removed

from the profile before the Gaussian filter could be applied to the data.

In contrast, morphological filters are suited for this kind of surfaces (Lou et al.
2011). Using morphological filters, the profile does not need to be pre-processed to
remove the form. The roughness profile can be obtained over the complete
measurement length if the end effects are cared for, therefore the roughness profile
does not have running-in and running-out sections being “removed”. Figure 2.21
presents such an example. The experimental profile was extracted from a plateau
honed surface. The morphological alternating symmetrical filter, combination of first
the closing filter and then the opening filter, with disk radius 5 mm, is employed to

generate the reference line. As illustrated in Figure 2.21, the special alternating

48



symmetrical filter reference line basically follows the form of the closing envelope,
which is suitable for surfaces where valley features play a dominant role. The closing
filter suppresses all the valleys on the original profile that are smaller than the disk
radius and the opening filter removes all the peaks on the resulting closing envelope
accordingly. The roughness profile is obtained by subtracting the reference line from

the original profile.
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Figure 2.21 Roughness profile resulting from the alternating sequential filter with
disk radius 5 mm

Other similar examples include the decomposition of the surface topography of an
internal combustion engine cylinder to characterize wear, whereby the plateau

roughness and valley was separated and analyzed respectively (Decenciere & Jeulin

2001).

The alternating symmetrical filter uses the structuring element with same size for
both opening and closing. The size of the structuring element can even vary according
to the requirement of real practices (Kumar & Shunmugam 2005; 2006). Such a kind

of filter is referred to as the alternating sequential filter in mathematical morphology.
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2.3.4 Applications of scale-space techniques

Examples of using scale-space technique were illustrated in ISO 16610-49 (2010).
Figure 2.22 shows a profile which is from a milled surface and was measured with a 5
um tip stylus. The series of scale values (0.01 mm, 0.02 mm, 0.05 mm, 0.1 mm, 0.2
mm, 0.5 mm, 1 mm, 2 mm, 5 mm) was used starting with the first value (0.01 mm)

larger than the stylus tip radius (5 pm).
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Figure 2.22 Successively smoothed profiles from a milled surface using a circular
disk
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Figure 2.23 Differences on a profile from a milled surface using a circular disk
Figure 2.23 shows the differences between successively smoothing. The

deflective milling mark can easily be identified at scales 2 mm and 5 mm and milling

marks at scales 0.5 mm and 0.2 mm.
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Muralikrishnan & Raja (2005) employed scale-space techniques to analyze the
cylinder liner whose inner is a plateau honed surface. It is similar to the case
presented by Decenciere & Jeulin (2001). But the notable difference between the two
cases is the size of features on the surface was not known in advance while in the

former case the size of features was estimated by physical comments.

2.4 Existing algorithms for morphological filters

2.4.1 Naive algorithm

Morphological operations were initially employed in image processing as
nonlinear methods. The data processed by morphological operations are the sets
composed by image pixels in form of regular grids. For metrological applications, the
profile and areal data is usually viewed as the function of one and two variables
defined on the sets. Shunmugam & Radhakrishnan (1974) presented an algorithm in a
similar manner to image processing. This method is a direct implementation to

morphological operations, thus we call it the “naive” algorithm for convenience.

The naive algorithm was originally developed to compute the covering envelope
of the disk as it rolls over the profile. The envelope is the locus of the centre of the
rolling disk, usually compensated by the disk radius. The uncompensated envelope is
in essence the morphological dilation of the profile data. If the disk rolls over the
profile from below, the envelope of the rolling disk is the erosion of the profile. Thus
according to the definition of morphological operations (Serra 1982), morphological
closing and opening could be obtained by combining the dilation and erosion pairs in

sequence, either dilation followed by erosion or vice versa.

The naive algorithm takes discrete representation of the input profile and the
structuring element as illustrated in Figure 2.24 (The structuring element is a disk in

this example). The disk ordinates e, are computed from the disk centre to the two
ends. These ordinates are placed over the profile ordinates with the disk ordinate e,

over the profile point p; with height ordinate z;. The ordinate where the mapping
pair {(el.,zj) l(i=j )} gives the maximum value max(e, + z;) determines the height of

the disk centre. The envelope ordinate is given by (max(ei +z;,)— el) . This procedure
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is repeated for all the profile ordinates to obtain the whole envelope. In this sense, the
naive algorithm conforms to the definition of the morphological dilation and erosion
which are defined as the Minkowski addition and subtraction of the input set and the

structuring element respectively.
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Figure 2.24 Computation of the profile upper envelope

ISO 16610-41 (2010) also presents a basic method to compute discrete
morphological filters. The Matlab implementation of this method was presented by
Srinivasan (1998). It puts the origin of the structuring element at every point of the
input profile, as illustrated for a few positions of a circular structuring element for
dilation in Figure 2.25. The extreme value at each position is collected and they form
the output envelope. The extreme heights for input points are the results of adding the
ordinates of input profile points with the ordinates of sample points on the disk, as

marked by the top-most stars at vertical lines in the figure.
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Figure 2.25 Dilation of the profile with a circular structuring element
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Essentially the basic approach presented by ISO 16610 is equivalent to the one
proposed by Shunmugam & Radhakrishnan (1974). They both take discrete forms of
the input profile and the structuring element and compute the envelope ordinate at
each sampling position. Figure 2.26 presents the pseudocode of the naive algorithm
for morphological dilation. Due to the duality of morphological dilation and erosion,
the erosion of opening profiles could be easily computed by first flipping the

structuring element and later flipping the dilation result, i.e.,
Erosion(X,B) =—Dilation(X ,—B). (2.8)

Combining morphological dilation and erosion in two opposite sequences results
in morphological closing and opening. Figure 2.27 illustrates an example of applying
the closing filter to a profile using the naive algorithm. The experimental profile
consists of 250 sample data with sampling interval 5 pm. The profile is filtered by a
0.5 mm disk.

Algorithm Dilation(X, B)
{Given a profile dataset X with n points and the structuring}
{element B, compute the dilation D of X by B.}

j=1L
m = B.length/2;
while j <=n do
D(j) = max(z(j-m) : z(j+m) + B);
end while;
return D;

Figure 2.26 The Naive algorithm for morphological dilation operation
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Figure 2.27 The closing envelope computed by the naive algorithm
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Several optimization techniques were proposed to improve the efficiency of the
naive algorithm (Radhakrishnan & Von Weingraber 1969; Tholath & Radhakrishnan
1999). These methods identify the “prominent” peaks on the surface and only
consider the peak points instead of all the points on the surface while calculating the
envelope, thus the computation efficiency was improved. However these methods
took several prerequisites, for example the radius of the rolling ball is assumed to be
larger than the maximum height of surface irregularities, and there was no evidence

showing that they could give the correct results.

Another possible solution for morphological filters is also indicated by ISO
16610-41 (2010):“any technique that can compute Minkowski addition and
subtraction can be used to compute closing and opening morphological filters and the

respective envelope filters”. However existing algorithms for Minkowski operations
run in time complexity O(n”logn) (O'Rourke 1994), therefore they are not suitable

for the computation of morphological filters.

2.4.2 Motif combination algorithm

Scott (1992) proposed an alternative way to calculate the profile envelope using
the motif combination. A couple of definitions were given as the data type used in the

algorithm.

Events: an event splits the profile into a number of discrete sections. The events
might be the highest points on all the local peaks or all the upcrossing of the profile
through a reference line or even every sample point of the profile. They are numbered
in order along the profile. The initial set of events is all the sample points on the
profile.

Motif: a motif (i, j) , where i < j, consists of that section of the profile between
the ith and jth events.

Motif Combination Test: it is performed on two adjacent motifs (say, two motifs
(i,j)and (j,k)) with the common event (say, j) to determine if the common event

is significant or not. If the event is not significant, two adjacent motifs to that event

are combined (say, motifs (i, j) and (j,k)are combined to form a new motif (i,k))

and thus the event is eliminated. For rolling a disk on the profile, the functional motif
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combination test is to check if the disk is possible to contact the common event by

placing the disk on two adjacent motifs.

The motif combination algorithm starts with the set of all events, namely all the
sample data on the profile, and then it eliminates the insignificant events by
repeatedly applying the motif combination test until all adjacent motifs pass the test.
Scott found a set of criteria that the motif combination had to satisfy so that the order
of the motif combinations did not matter, they all resulted in the same final motifs.
Both the rolling disk and the sliding line segment satisfy these criteria. The

pseudocode of the motif combination algorithm is presented in Figure 2.28.

Algorithm MotifCombination(X, B)
{Given a dataset X with n points and the structuring}
{element B, compute the final motifs motifs }

Chain list motifs: {(l’b PZ), (172’ P3), ceey (pn—b pn)}’
while 1
if CombineMotifs(motifs, B)
break;
end if;
end while;
return motifs;,

Procedure CombineMotifs(motifs, B)
flag = false;
motifl = motifs(1);
for i = 2 to motifs.length
motif2 = motifs(i);
if CombineTest(motifl, motif2, B)
motifl = {motifl Start, motif2.End};

motifs.Remove(motif2);
flag = true;
end if;
end for;
return flag;

Figure 2.28 The motif combination algorithm for morphological filters

The profile motif combination method results in a sequence of final motifs which
are significant. The set of events specifying these motifs are the points which may
contact the disk while it is traversing the profile. With the significant motifs, the
envelope ordinates of the circular structuring element are computed by interpolating
points on the arcs determined by the motifs at each sampling position. For the line
segment structuring element, the profile envelope ordinates are given by the smaller

one of the two events of each final motif. Using this method, the same experimental
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profile data used previously is filtered by the morphological closing filter with the
disk of the same radius. Figure 2.29 illustrates the closing envelope along with the

upper envelope covering the final significant motifs.
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Figure 2.29 The closing envelope and the upper envelope covering the final
significant motifs computed by the motif combination algorithm

2.4.3 Limitations

The naive method of morphological filters, although easy to implement, has a
couple of limitations. It is restricted to “planar” surfaces in that it models the surface
as the height variation with respect to sampling positions, which is similar to the grey
tone image. These surfaces are actually two-dimension manifolds embedded in the
Euclidean spaces R’ (Jiang et al. 2011a). With the advancement of modern
manufacturing techniques, freeform surfaces with complex geometry emerge, for
example, the surface of the F-theta lens, where no rotational or translational symmetry
can be observed. For freeform surfaces, the data might be specified by coordinate
pairs/triplets rather than regular surface heights. The naive method does not work for
freeform surfaces. Even for planar surfaces, they are not robust against rotation in
space. Another shortcoming lies in the destructive end effects for surfaces in the
presence of a significant form component. With the advancement of measurement
capability of current instruments, there is a trend that the measured data consist of
both the dimensional information (size, form etc.) and that of the surface texture. As a
result, the filtration will be badly distorted in boundary regions when using structuring

elements of a large size.
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A further issue regarding the naive method is its inaccuracy in capturing the
contact points of the measured surface with the structuring element, which are
physically important because these points could provide a general indication of
surface portions which are most likely to be active in the initial stages of wear. The
detection of the contact points by the naive method is impractical due to the fact that
this method is dependent on the numerical comparison between the original data and
the closing or opening envelope, namely the measured points on the original profile
that do not change with the closing or opening operation. This comparison is limited
to the accuracy of the algorithm and sensitivity to round off errors in calculation. This

situation is further worse when sampling the structuring element discretely.

Besides the limitations mentioned above, morphological filters also suffer from
two practical issues raised in the employment of the naive method. For one thing, for
areal surface dataset with a large quantity of measured points, the method is extremely
time-consuming. Even using the current available commercial surface analysis
software, e.g. Mountain Map (Digital Surf), the performance is far from satisfactory.
Not to mention the size of structuring elements is also restricted from growing too big
due to the fact that the computational time is in logarithmical proportion to the size of
structuring elements. For example, Mountain Map costs a couple of seconds for
computing the morphological closing envelope of a 20 um x20 um surface with
512x 512 points using a ball with radius 2 um, but around ten minutes when the ball
radius goes up to 40 pm, and the ball radius available is limited in that it cannot go
beyond 40 um. For another, the existing methods are acting in a similar manner to
image processing where the data are treated as uniformly distributed pixels, and are
unsuited to non-uniform sampled data. This further limits their usage in the field of

dimensional metrology where adaptive sampling is allowed.

The motif combination method achieved much better performance. However it is
limited to profile data. For areal data, no literature can be found for calculating
morphological envelopes. Even though there exist areal extensions to profile motifs
(Scott 1998; Scott 2004; Barre & Lopez 2000), areal motifs can not be employed to
compute morphological filters due to the fact that the combination of areal motifs is
totally different from the functionality of morphological areal filters, e.g. rolling a ball

over the surface.
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2.5 Summary

The basis of morphological filters is in mathematical morphology. The
morphological closing filter and open filter are derived from morphological
operations; scale-space techniques originate from the granulometry transform.
Initially mathematical morphology was mainly developed in image processing, it was
then introduced into other disciplines, including geometrical metrology. Compared to
the mean-line filtration techniques, morphological filters are more relevant to
geometrical properties of surfaces and are thus suitable for the functional prediction of

surfaces.

Morphological filters are generally accepted and regarded as the complement to
mean-line filters. They have found many applications in real practice. The scanning
process of a tactile probe and the reconstruction of real mechanical surface are
dilation and erosion operations respectively. The closing and opening filter could
suppress valleys and peaks on surfaces respectively. They are able to approximate the
form of functional surfaces. The region constructed by the closing and opening
envelopes provides an uncertainty zone for possible reconstruction of original
surfaces from discrete sampled data, with limited loss of information. The volume-
scale fractal analysis is conducted on the basis of computing morphological opening
and closing envelopes. The alternating symmetrical filter is an optimal alternative to
the two-stage Gaussian filter for the evaluation of stratified functional surfaces. Scale-
space techniques can decompose the surface into different scales in a similar manner

to wavelet based techniques.

The existing implementations of morphological filters have a number of
shortcomings. They are either limited to planar surfaces, unsuitable for uniform
sampled surfaces or hard to extend to areal data. The poor performance in case of
huge areal data (e.g. surfaces larger than 1024 x 1024) and large structuring element is
another deficit. Some of them badly suffer from the end distortion in the presence of
data consisting of significant form component. Due to these limitations,

morphological filters are not universally adopted in practice.

Motivated by modern manufacturing and measuring technologies, there is a big
demand for morphological filters with capabilities in dealing with surfaces with
complex geometry and adaptive sampling, accuracy in capturing the contact points on

surfaces, and efficiency in computing large datasets.
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3. MORPHOLOGICAL METHOD BASED ON THE
ALPHA SHAPE

In this chapter, a novel morphological method is proposed with the aim of
overcoming the deficits of traditional methods. The closing and opening envelopes
with the circular structuring element are generated by rolling a ball over the surface
from above and below respectively. These envelopes are closely related to the hull
obtained by rolling the ball over the discrete point set sampled on the surface, which
is a special geometrical structure called the “alpha hull”. This chapter will first give an
introduction to the alpha hull and its related geometrical structure, the “alpha shape”.
Afterward the link between the alpha hull and morphological operations will be
presented. Following that, a practical algorithm for morphological filters will be
developed on the basis of alpha shape theory. The nomenclature for this chapter is

given by Table 3.1.

Table 3.1 Nomenclature

X cR? Pointset X in R?

ob The boundary of b

S, (X) The alpha shape of the point set X with the alpha ball radius &
o, k-simplex where |T| =k+1

DT(X) Delaunay triangulation of the point set X

C, (X) The alpha complex of the point set X with the alpha ball radius &
X The complement of X

H,(X) The alpha hull of X

3.1 Alpha shape for shape description

The alpha shape was introduced by Edelsbrunner in the 1980’s aiming to describe
the specific “shape” of a finite point set with a real parameter controlling the desired
level of details (Edelsbrunner & Muche 1994). Conceptually the alpha shape is a

generalization of the convex hull of a point set. Imagine a huge block of styrofoam
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making up the space containing some solid particles. To use a spherical eraser of
radius & to carve out all the styrofoam blocks from inside and outside without
bumping into the solid particles (see Figure 3.1), it will eventually end up with an
object with arcs, caps and points. The boundary of the resulting object is called the
alpha hull. If the round faces of the object are straightened by line segments for arcs
and triangles for caps, another geometrical structure, the alpha shape, forms (Fischer

2000).

Figure 3.1 Alpha hull and alpha shape of planar points

3.1.1 Alpha shape

In the context of the alpha shape, the sphere eraser in the above example is called

the alpha ball. It is formally defined as an open ball of radius ¢ . Given a point set
X < R?, a certain alpha ball b is empty if b(1 X = . With this, a k-simplex o, is
said to be «a -exposed if there exists an empty alpha ball b with T =0b(1X
(|T| =k +1) where db is the surface of the sphere (for d=3) or the circle (for d=2)
bounding b, respectively. For 0 < a < oo, the alpha hull of X , denoted by H,(X), is
defined as the complement of the union of all empty a-balls.

Definition 3.1 dS,(X), the boundary of the alpha shape of the point set X , consists

of all k-simplices of X for 0 <k <d which are & -exposed,

3S,(X)={0,IT X,

T|=k+1,O'T o — exposed }