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ABSTRACT

This thesis presents a method of analyzing surface
irrigularities through an analogy to stochastic processes.
The stochastic functions such as the mean value, the mean
square value, the probability density and distribution,
the autocorrelation and the spectral density of a manufac-
tured surface are defined and represented in a form suitable
for computer analysis based on discrete measurements. A
comprehensive computer program is developed to accomodate
4,000 data points. Experiments were conducted on surface
samples obtained through a grinding process, employing
different sampling rates and sample lengths. Results are
presented both in discrete form as well as in continuous
plots, and are discussed with regard to surface characteriza-
- tion. Finally, the spectral density is considered the best
single function descriptor of the surface texture since it
érovides information in the amplitude domain,as well as

in the length-wise domain.
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NOMENCLATURE

The following represent symbols and notations utilized

in this work. Some of these symbols are also defined as

they appear for the first time in the text.

2 8 ¢

o)

R
max

upper limit of the amplitude domain

lower limit of the amplitude domain -

correlation length

size of the amplitude class interval

frequency

Nyquist frequency

the raw spectral density estimate;(Glattungstiefe)
sampling time

indices

number of amplitude class intervals; harmonic
number

independent length variable
length of the sample surface, mm
maximum autocorrelation lag number

length of the sample surface,( as number of
data points )

probability density function
probability distribution function
maximum peak-to-valley amplitude
autocorrelation function

spectral density function



bearing area;(Tragenteil)

fundamental period

surface texture analog function

surface texture discrete function

speed of the travelling stylus of Talysurf 4
normalized surface texture-analog function
normalized surface texture-discrete function
normalized and standardiéed;analog function
normalized and standardized-discrete.function

mean values of the functions U, Y and 3z

' mean square values

random process

ensemble averages

autocorrelation (length) lag

statistical error of the spectral density
wave length; distance between sampled points
autocovariance

variance

number

ix
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CHAPTER I

INTRODUCT ION

1.1 Preliminaries

The importance of the surface texture irregularities in
engineering is historically related to a number of practical
observations associated with the functional behaviour of
shafts and axles in the automotive and railway industries.
The first observation emphasises the resistance of the surface
to the corrosive effect of the atmosphere. It was observed
that out of a typical lot of 100 parts, stored under similar
environmental conditions; (smoke, humidity and temperature),
the parts having a "smoother" surface texture provided a
better resistance to corrosion than those characterized by.a
"rough" surface texture. Since then, many experiments on

this subject have verified the above basic observations,

Another observation on the effect of surface texture on
manufactured products emerged from the premature failure of
certain specimens in a group of shafts and axles. A detailed
comparitive analysis of the region of failure of the shafts
indicated that a loss of fatigue strength was.noticeable
where the surface was "rough". Apparently, this introduced
a relationship between the texture of the manufactured pro-
duct and its ability to withstand cyclic loads. These obser-
vations resulted in the introduction of certain surface
texture specifications in manufacturing. = Often the specifi;

cations were introduced by selecting a particular product



with acceptable surface smoothness for a continuous compari-
son. Even.though smooth surfaces assisted in improving the
fatigue and bearing strength of the product, it does not
fol}ow tha? they are always desirable. Experiments have shown
thal for an optimum lubricability some roughness is necessary
as it helps retain the o0il in the valleys of the surface
irregularities. Some "controlled" roughness will therefore
improve the life of the bearings and surfaces in contact. It
may be noted from the above statements that one specific
surface texture, to suit all the expected functions of the
manufactured product, does not exist. Maximum fatigue
strength and maximum lubricability cannot be achieved
simultaneously and a compromise should be looked for. It

should also be borne in mind that overfinishing, even though

desirable, is uneconomical.

It may then be concluded that a quantitative description
of surface texture is necessary to achieve proper functional
behaviour of the product and must be introduced in terms of

specifications in all manufacturing processes.

1.2 A Critical Review of the Existing Methods

Many measuring methods have been developed to give a
numerical characterization for the surface irregularities.
These attempts have resulted in the definition of a number of
national and international standards[l:| - [6], all of whom
recommend the sufface texture characterization based essen-

tially on a single-valued parameter. These parameters can be



computed with relatively simple algorithms. Some of the
commonly known methods falling into such categories are the
peak-to-valley method, the CLA method, the Swedish method,

and the British 10 point criteria.

Because of the complexity of the microgeometry of a
manufactured surface, and the random characteristics of the
heights and valleys of the irregularities, a precise defini-
tion through the use of a single index is almost meaningless.
For this reason, the standards presently available and the
definitions which are associated with them are not completely
satisfactory. They do not represent the outcome of a sound
and logical mathematical model of the surface, but rather an
accumulation of definition and procedures that have been

developed somewhat arbitrarily to satisfy specific rather

than general needs.

The measuring methods indicated above can be classified
into the following categories, namely, empirical, semi-
empirical and statistically based criteria. The British 10~
point measure or the peak-to-valley measure falls into the
first category; the CLA-value may be best incorporated into
the second one. In the third category, one records the
bearing area and the rms value which is actually out of

the circuit usage, since it has been replaced by the CLA-value.
The usage of the existing methods poses a number of diffi-
culties from a practical point of view. Some of the incon-

veniences are the following:



(1) The indices which are produced by using any of
the existing national standards do not give a true
representation of the surface texture. There
exists a number of cases, Rupert [7], of different
surface textures that share the same numerical
assessment. Another difficulty is due to the
fact that the existing surface-indices do not bear
any exact relationship to the total description

.0f the surface.

(ii) Some of the existing methods are intended for
immediate utility and therefore should be regarded
as shop-criteria. They are subject to manual
calculations and personal interpretation which
tend to reduce their objectiveness. For instance,
the maximum peak, or the maximum valley, the
British 10 point system, are of this type. Other
methods such as the CLA or the rms-value have
gained a larger recognition, particularly since
these parameters lend themselves to be incorporat-

ed into direct measuring devices.

(iii) A third and important difficulty is associated
with the problem of technical communication, i.e.,
" the problem of translating the engineering
drawings from a particular surface criteria, say
the CLA-Value, to another particular criteria, say

the British 10-point method. The problem of obtain-



ing‘equivalent values for these parameters
corresponding to the different measuring methods,
is still not clear and there actually exists only
a limited number of such conversion factors in

current usage.

These difficuities can be overcome only if uniform
surface texture specifications, based on the statistical
characterizaticn of the real surface itself, are proposed.
Such a description will involve a probabilistic approach to
the’modelling of surfaées using the mathematical theory of
random processes,

1.3 The Probabilistic Characterization of
the Surface Geometry

In the practice of surface texture analysis, a number

of measuring techniques have been developed for producing a

" "reasonable magnification of the microgeometry of the irre-

gularities. Careful and extensive analysis of a large
number of such profiles, obtained by mechanical or electro-
mechanical devices, have clearly indicated that the surface

texture is basically in the form of a random signal.

A complete characterization of the surface texﬁure as
& random process is analytically possible by generating an
infinite number of moment functions, if the probability
density functions are known. However, from a practical point
of view, the following selected statistical functions can

produce satisfactory surface texture characterization. They



are: the probability distribution, the_autocorrelation and
the spectral density functions. Usually, the specification
of the surface texture, by using some or all of these
descriptions, result in a functional vector of a tabular form

or as a series of plots of the appropriate functions.

(8] 91

Nakamura and Onishy utilized the autocorrela-
tion and the dispersion spectra, or the root-mean-square value,
for describing the surface texture. The concept-of the

amplitude density is introduced by Pesante [10]

, wWhere he
considérs the surface as a randomly varying signal and
attempts to describe it by using the probability density and
the probability distribution functions. The first conclusion
is that very few samples present a Gaussian distribution,

and secondly, that for surfaces produced by same manufacturing
process, the shapes of the probability functions seem to be

'~ uncorrelated to each other. This shows that the first order

. probability descriptions do not generate adequate surface

texture characterization. Later, Myers [11]

proposed addition-
al statistical description. The new characteristics are the
first and the second derivatives of the surface profile and
their ratios. These were introduced to characterize the
directional properties of surface signal measured.

Peklenik (12],013],[14] defines the roughness in terms of new
parameters derived from the autocorrelation function of the

In (12] Peklenik introduced the correlation

random profile.
length and the wavelength correlation. These two parameters

are meant to produce a classification of the surface texture



profiles into one of the following five categories:
(i) A deterministic profile;
(ii) A wide band process;

(iii) A deterministic function and a super-imposed ran-
dom wave, the autocorrelation being obtained by
making the summation of the two corresponding auto-
correlelograms,; it does not decay to zer6 for any

correlation length.

(iv) A carrier profile and a superimposed random

function, as the most common case, and

(v) A surface texture that cannot be simply expressed

in terms of the above-mentioned elementary functions.

Experimentation has produced for the correlation length
values between 0.05 and 2.5 mm and for the correlation wave-
aléngth values in the range from 0 to 10 mm. If, however,
several carrier frequencies are detected in the surface
texture, the one with the maximum or largest correlation is
selected as the fundamental one for the determination of the

wave-length correlation.

k [13] also introduced the mean thickness of

Pekleni
the profile and the éﬁtocorrelation of the slope. These two
parametérs can be computed in terms of the average number
of crossings of the record, per unit length. The average

profile thickness is defined as the ratio between the length



of the surface texture record above a preselected amplitude
level "a", and the number of crossings at this level. The
secénd parameter, the standard deviation of the slope, is
computed by considering the second derivative of the auto-
correlation corresponding to a zero lag value. This para-
meter ﬁelps to distinguish between sample surfaces that bear
the same numerical values for their corresponding standard
deviations. The variance of the slope reaches its minimum
value at the level corresponding to the average-mean value
and increases towards the peaks and towards the valleys.
The concept of three-dimensional analysis is further intro-
duced by Peklenik in [14]. For this, the autocorrelation

and the cross-correlation are utilized. It is recommended

that this kind of analysis be utilized in conjunction with

previously defined surface texture parameters, as per [12]
and [13].
[15] e . . .
Wallach proposes a three-~dimensional analysis of

the surface texture irregularities by recording profiles
along parallel traces and utilizes numerical analysis for the
description. The regular waviness of the surface is indicat-
ed by the coefficients of a double Fourier expansion. The
additive random roughness is described by the particular
probability distribution. The results represent the descrip-

tion of the surface, independent of the manufacturing process.

Another unified approach to surface metrology is

presented by Spragg and Whitehouse [16]. The authors supple-



ment the peak-to-valley measure, or the arithmetic average
Ra’ by an additional parameter, the average wave-length, to
take into account the degree of openness or closeness of the
surface texture. The peak-to-valley distribution is also
introduced for the characterization of the asymmetry of the
wave-form about the mean. An interesting approach is based
on the modelling of the power spectrum as a first or as a
second-order linear system, to compute the rate of variation
of the average wave-~length and of the average mean square
angular frequency. The cut-off is also presented in relation
to experimental results. Finally, for surface textures
characterized by important asymmetries of the wave-form, a
third parameter derived from the peak and the valley distri-
bution is introduced. It is essentially a measure of the

asymmetry of the profile about the mean line and consequently,

a measure of the skew of the surface texture.

Sankar and Osman [21] have recently introduced the
technique of random excursions for the surface texture
characterization. The mathematical description of the probab-
ility density of the crest width and of the valley spacing
is given. These probability functions, along with the
average number of crossings of the surface function about
the CLA level, provide the statistical definition of the
surface irregularities in both the longitudinal and the

transversal directions.

All the probabilistic analysis mentioned above use a
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combination of different statistical descriptions for specify-
ing the surfacg random process. The amplitude density function
can be established as the primary descriptor and along with
this one or more higher order statistical function may be

used., It is not clear which combination provides the best
description for machine shop specifications. One of the
requirements should be that the specifications, even though
through the theory of stochastic processes, must be simple
enough for adoption by designers énd machinists. The corre-
lation function and the spectral density are the two relative-
ly simple stochastic descriptors that can be used along with
the amplitude density for convenient characterization of
surface structures. Many previous papers, Nakamura [8],
Peklenik [12] and [13], Spragg and Whitehouse [16] have con-
centratéd in using the correlation function, since these
discriminate between the periodic and the random components
of the profile effectively. In this thesié, it is attempted
to show that along with the correlation functions, the
spectral density descriptions give a better specification of
the random nature and of the different frequency content

of the surface profile. This statement is supported,in

this investigation, through selected experimental evaluations.

1.4 Scope of the Thesis A

This investigation presents a unified computerized
approach to describe the surface roughness. This method is

based on the analysis of the surface texture as a random



process, and consequently, its best description is done by
using the pfobability moments. Only the first and second
order moments have been utilized, as this provides adequate
inf?rmation for both theoretical and practical considerations.
The‘probability density function, or its related probability

density function, the autocorrelation and the spectral density

decomposition, are utilized.

The analog signal obtained from the output of the stylus
measuring device, is converted into data points and the
exact zero mean line is created. Further, the signal‘is
normalized and standardized. The hystogram, the probability
distribution and the probability density functions are
obtained after appropriate choice of the amplitude intervals
corresponding to the data points. Thén the correlation
function is computed to detect the presence of periodic
‘components, if any, and for a subsequent determination of the
spectral density function. Even though the autocorrelation
and the spectral density are related through a Fourier trans-
formation and give the information in different formats, it
is felt that the spectral density function is more useful
for the interpretation of the results and for subsequent
applications. 1In order to facilitate the experimental work,
a direct link-up between the surface measuring system and
the hybrid computer was installed. Through this link-up,
digitizing of the continuous output of the measuring device
was made possible.and the signal could then be processed on

a high-speed digital computer.
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In the second Chapter, the basic components of surface
irregularities are explained. A complete description with a
discussion on the relative advantage of commonly employed
reference systems, namely the M and the E system are aiso

given.

The surface texture is modelled as a stochastic process in
Chapter III , and the associated probabilistic descriptions
are defined and explained. The relative merits of employing

different stochastic functions are discussed in detail.

The experimental set-up consisting of Talysurf 4 and the
commuting system for measuring and data processing of the
surface texture functions are described in Chapter IV. The
necessary algorithms for the evaluation of the stochastic
functions are introduced and a method of digital filtering is

presented.

In Chapter V the experimental results and discussions
based on the computations produced in Appendices B, C, D and
E are presented. A complete listing of the computer program
utilized to produce the surface texture characterization as a
stochastic process is given in Appendix A, together with the

data points collected from the experimental work.
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L CHAPTER II

BASIC SURFACE MEASURING SYSTEMS

2.1 The Surface Geometry

The surface texture irreéularities can be regarded as the
superposition of three major components, namely the roughness,
the waviness and the errors of form (Fig. 2.1). Most of the
national standards define the roughness as the finer irregu-
larities resulting from the inherent action of the production
process,itself. The traverse feed marks and other irregular-
ities which are in the limits of the roughness width cut-off,
which is subsequently defined, are also included. The
roughness width cut-off is the greatest spacing of repetitive
surface irregularities to be included in the measurement of
average roughness height. The second component of the surface
itexture is waviness. It consists of widely spaced components
of the surface texture and is generally of wider spacing than
roughness-width cut-off. Most frequently, waviness can
occur from such factors as machine or work deflection, vibra-
tions, chatter, heat treatment or warping strains. Roughness
may be considered as being superimposed over the "wavy"
surface. Finally, some other irregularities may occur at
one place or at relatively infrequent or widely varying inter-
vals on a surface; this represents the errors of form. They
may include suchidefects as cracks, blow holes, ridges,
scratches, etc. Unless otherwise specified, the effect of

flaws shall not be included in the roughness height measure-



14
ments.

Amongst the various existing methods for assessing
numerical values in the surface texture irregularities, the
M and the E systems have gained more international
recognition, even though the E system is accepted, from a
theéretical point of view, rather than for practical use. 1In
fact, the M and the E Ssystems share same fundamental
principle of filtering of the long waves, but the practical
realization is different. The adoption of the M system in
Europe and in the United States is largely ihfluenced by

the existence of appropriate instrumentation.

Some highlights of these two systems are presented in

the following sections.

2.2 The M-System

The M-System [2] was initially concei&ed by the propo-
sition of measuring the surface irregularity from the mean line
of a sample surface texture of length L. Even though initially,
the surface texture assessment in the United States was the
rms-value, it has been replaced with the CLA-value. Fig. 3.1
represents the surface texture amplitude Y(%) of a surface

texture sample function of length L.

Let Yi be the amplitude measured at successive discrete
points. i=1,...,N. The CLA-value, which denotes the Center
Line Average, which is the basic surface texture assessment in

the M-System is defined by the equation
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(2.1)

2.2 The E-System

The E-System proposes the selection of a reference line
which has a shape that follows the general trend of the

surface,as opposed to the straight line in the M-System.

The reference line is better defined in an operational

way, as follows:

(1) Let a stylus with a standardized large radius
scan the surface and trace the successive positions
of the center of the radius as the stylus rolls

over the surface.

(ii) Shift this path up to the real profile until
it touches it in such a way that the areas enclosed
between this path and the real profile are minimum.
This envelope line is selected as the reference

line in the E-System.

The basic parameters for surface texture characteriza-
tion are the Rautiefe vR or the peak-to-valley maximum
value, the Glattungstiefe G or Rp' or average depth, and
finally the Tragenteil Tp ,0r bearing ratio. They are

defined [4] by the following equations:

Rmax = Max (peak-to-valley value) (2.2)
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¢ l N
G = R = — .
o 5 iil Y, (2.3)
Ta = % * I [of the intercepts at the (2.4)
level a]j
Ta = the bearing ratio at the level a (2.5)

where the values of Y are measured with respect to the

reference line previously defined.

2.4 Limitations and Critical Review of
- the M- and the E-Systems

The CLA value has gained some international recognition
and it is in current use in Europe and in the United States.
This is due to the simpler definition of the CLA- parameter
and particularly, because of the development of appropriate
. Measuring devices capable of producing on the shop floor
a quick estimation of the CLA-value for different sample
':féurfaces. However, this measure alone cannot completely
specify the geometry of a given sample surface and it does
not provide such information as the shape of the profile,
the spacing of the crests, the bearing after a certain amount
of wear, etc. The measuring device which produces the CLA-
measure, automatically creates an electronic mean line of
the surface. ﬁowever, this mean line is not intrinsic to
the surface and thus, it is not unique. Moreover, a number
of different sample surfaces bearing some numerical CLA-assess-

ments have been published in [173.

The envelope system has two major drawbacks. The first
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one is associated with the inexistence of a measuring device,
capable of producing the surface texture characterization
based on R, G and Ta’ as previously defined and the second
limitation is that of high magnification factors, an imprac-
tical length of paper is needed. To portray a representative
length of surface with equal horizontal and vertical magnifi-
cation, in order to keep the rolling circle undistorted, the
scale on which the enveldping area has to be drawn would be

prohibitive.

Both systems focus on measuring only the roughness com-
ponent of the surface texture. 1In both cases, provisions are
made to produce a filtering of the long wave components of
the surface texture. In the M-system, this is produced by
means of an electronic filtering of the surface texture
function. Current measuring devices are equipped with an
electronic filtering device capable of producing three
L~=different cut-offs. In the E-System, the role of the filter
is played by the radius of the rolling stylus. For the zero
valued radius, the stylus will follow the profile very
closely while for an infinite valued radius, the envelope
will rest on the highest peak. This selection produces a
filtering range from the total to zero. Standardized values
for the radius of the rolling stylus and for the electronic
filter, have been produced as a result of experimental
analysis, rather than for sound mathematic modelling of the

surface texture problem.



FIGURE 2.1

BASIC COMPONENTS OF SURFACE TEXTURE
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CHAPTER III

SURFACE TEXTURE AS A STOCHASTIC PROCESS

¢

3.1 Introduction

This Chapter proposes a description of surface irre-
gularities through certain basic concepts that are associat-
ed with the mathematicai theory of stochastic processes. As
indicated in earlier chapters, the functions required to
give a satisfactory deséription for surfaces are: the
Mean Value, the Mean Square Value, the.first order Probabil-
ity Functions (the distribution and the density functions),
thg Correlation and the Density Spectrum. These functions
are introduced in the form that is relevant to surface
characterization. It is argued that the Spectral Density
as a single function has the best advantage of giving the

most statistical information for surface profiles.

The properties of random processes such as ergodicity
and stationarity are very meaningful in surface measurement
and simplify greatly the experimentation part in surface
data analysis. This is discussed in detail to provide in-
formatidn on selecting samples and sampling‘length. Along
with the mathematical representation of the above-mentioned
stochastic functions, the special case of normally distri-
buted random processes is discussed to verify the often
made suppositions that certain machining processes give
surfaces having a Gaussian distribution. This information is

used in Chapter IV for surface profile analysis and for
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implementation in the computer program that gives the plots
for the stochastic functions used for the surface texture

characterization.

3.? Surface Texture as a Stochastic Process

Any surface texture produced is the output of the
machine-tool and workpiece system and consequently, it is

influenced by a large number of factors, such as:

(i) the type of machining process (milling, turning,
etc)
(ii) the dynamic characteristics of the machine-

tool (stiffness, natural frequencies, damping,

etc)

(iii) the mechanical properties of the raw material
(bearing resistance, elasticity, solid damping,

etc)

(iv) the environmental conditions (vibrations of

the foundation, temperature fluctuation, etc)

It is not possible to produce a detailed analysis of
the contribution of each of these facﬁors in the final
surface texture. Suppose gi (i=1,2, ...) are the contri-
butions to the total surface irregularities from each one
of the above-meptioned machining and material factors. If
the factors Ei'are taken to be mutually exclusive, the

surface texture process {U} can be regarded as the super-



21

position of these contributions.

(3.1)
| The factors gi in general, for a given manufactﬁring
pProcess, will be functions of.space and time. It is
reasonable to assume that in metal cutting operations the
time variable can be translated in terﬁs of length-variables
through a linear relationship. For example, this relation-
ship can come through the feed rate and the speed. Hence,
the surface process {U} can be regarded as a simple func-
tion of space. In a two dimensional space the process takes
the form {U} = {U()} where & is the length coordinate

and U, the surface amplitude. 1If the number of factors
.

i @affecting {Ul is large, and if they are of equal

significance, it may be concluded that {U} will be gener-
ated as a normally distributed process, according to the
Central Limit Theorem. This is true for surfaces obtained
through machining methods such as grinding, lapping or

through electrochemical processes.

Let {U} = {Uu(2,b)} represent the surfabe amplitudes
defined in a plane that is obtained through certain machin-
ing processes. Here, % and b represent the two coordinates
situated on the plane. Suppose that the removal of metal
was done in successive strips of width b = b;, and orient-
ed parallel to the f-axis. The amplitude descri?tion

U(z)b=b1 is equivalent to a temporal record as defined in
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the theory of stochastic processes, Siﬁilar temporal

records can be generated for different values of the variable
b. Similarly, a number of records can be generated following
a pattern U(b)£=21. Now the process {U} may be taken to
consist of either a collection of m paralleled-temporal

records U(%) or as n-ensemble directional records u(L).

That is
Ui (b)
( j=1,2,..,n . N
| -+ :
.Ul(l):; U11:-.......Ul_i........Uln
E\ . M .
{U}: : }Jil .‘......Ejij'.......uin (3.2)
o . . .
T Uml ....-...Umj'.......uan
-

“~

The stochastic process {U} can then be easily described

. through {Ui(z)} or as {Uj(b)} depending on the nature

of the measurement of the surface texture process. On the
basis of this argument it may now be proposed that the

process under consideration is given by

{u} = {u, ()} (3.3)

For a comprehensive description of the surface texture
process, it is necessary to consider all the records Ui(z),
as i varies from zero to infinity. Due to human limita-
tions, certain reasonable maximum values of i may have to

be chosen. Thus, the entire ensemble of records will be
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characteri?ed by a finite number of temporal records Ui(z)
where i=1,2,...,n (i being finite). The stochastic descrip-
tion of the surface process is obtained by computing the
probability functions and the associated probability moments.
For instance, the ensemble mean value, mean square value

and auto-covariance are given by the following equations:

. 1 B
<U(L:1)> = gim a. .Z_ U, (3.4)
pu(llril) = <[Ui(21) - <U(L,:)>]%> ' (3.5)
Ou(llrlz) = <[Ui(21) - <U(21)>][Ui(22) -

<U(L2)>]> (3.6)

where the angular brackets < ... > denote averaging over

the ensemble.

Experimental results have revealed that these para-
meters, computed for the surface texture characterization,
posses almost the same numerical values, independent of the
selection of the origin of the variable 2. 1In other words,
any ensemble record taken at a location £,,. selected
arbitrary over the sample length, will produce the same
statistical identifications. This is the property of
stationarity of a random process and through this concept,
all the ensemble averages become independent of the origin

of the f%-axis and is true for the entire process {Ui(z)}.

The surface texture process is said to be weakly station-
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ary if only the ensemble mean value, mean square value and
auto-covariance do not depend upon the arbitrary selection

of the origin of &. 1In other words:

<U(21)> = <U(L; + A)> (3.7)
DU(lllﬁl) = p(L1 + A,21 + A) (3.8)
pU(ll,lz) = p()) .where X = 2; - %, (3.9)

A more restrictive concept in that of a strong station-
arity which requires that all possible atatistical moments
are not affected by a translation of the length origin.
However, this condition is prohibitive for many engineering
applications and is accomodated only by Gaussian distribut-

ed records.

The surface texture characteriz;tion by means of ensemble
" statistical quantities, require the use of a large number of
sample functions say n + «, and this may not always be
possible or economically justified. It is possible, however,
to select one representative sample function U, (%) with the
understanding that the probability of choosing a non-repre-
sentative sample is very small, and to compute the corres-
ponding statistical description by averaging over the
variable &. These quantities are generally known as the
“temporal" averages, by analogy to those processes where

the independent variable is time instead of length. For

example, the temporal mean value and auto-covariance are given
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by:
— 1 n
U, = 2im = X U. . 3.10
i nogop i3 ( )
n -+ o
. 1 h-r o,
n -+ o j=1

where R(r) is the temporal auto-covariance computed for a

lag interval «r.

If the statistical ensemble averages are equal to the
statistical temporal averages, the stationary process U
is said to be ugodic. This condition may result from equat-

ing equations (3.4) to (3.10) and (3.6) to (3.11), i.e.:

I
cl

<U(%,)> (3.12)

pU(zl,Rz) = Rh(k), A L1 - 22 (3.13)
As in the case of stationarity weak ergodicity requires that
the procéss {u} should be stationary and that the ensemble
and the temporal mean values and auto-covariances should be
equal. 'Strong ergodicity requires that all the temporal

and ensemble statistics be équal. For Gaussian distributed
processes such as ground, lapped or electrochemically
produced surfaces, weak ergodicity implies automatically a
strong ergodicity. The importance of the property of ergo-
dicity in relation to the surface texture characterization

relies in that the entire process {U} representing the
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amplitudes of the irregularities can effectively be described
by simply éroducing the stochastic analysis of only a few
temporal records.

3.3 The Probability Description of the Surface
Texture

The surface texture which in most of the cases may be
taken to be an ergodic random process (which automatically
includes stationarity), 'can be characterized completely by
the probabilistic functions computed for a sample record
as represented in Fig. 3.1, where the amplitudes U are
plotted as a functién'of the independent variable &%. A
complete description is only possible by generating an
infinite number of probability moments. However, for both
analytical and practical considerations, the following
parameters and functions may provide satisfactory results:
the mean value, the mean square value, the first order
. probability functions (the density p and the distribution
P), the auto-correlation R (or the auto-covariance p),

and finally the spectral density S.

3.3.1 Mean and Mean Square Value

The mean and the mean square values are both basically
arithmetic averages, usually well defined numerical values.
The§ represent the magnitude of the steady state component
of the surface texture, over which is superimposed a fluc-
tuating component of a general intensiﬁy equal to the

deviation o.
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Let U be the function which is collected as the
output data of the measuring device, and which is proportion-
al to the surface amplitude irregularities. Further, let
this function be collected over a large observation (or
sample) length L. Then the temporal mean value is given
by:
L

S u(r)ds (3.14)
o :

U = gim

L > o

1
L
and the temporal mean square value is:

L

T2 = gim % S ou2(R) as (3.15)
(o] N

L > o

Through a linear transformation, the f-axis can be shifted
by the guantity U to obtain a process Y(%) which has a

Zero mean value.

u(R) - T (3.16)

Y(2)

¥ = 0o (3.17)

The mean square value of Y, denoted by Y2 is:

L .
S [u()- U]% as - (3.18)
(o)

Y2 = 02 = gim

1
Y T

L > o

These equations are used in Chapter IV for processing of data

for surface texture characterization as a stochastic process.
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The mean value is useful for the definition of a reference
system which is dependent upon the sample function. This is
done by using the equation (3.16) and the operation is known
as the normalization of the record U into the normalized
record Y. This operation further produces some mathematical
simplifications. For example the equation of the autocorre-

lation function

R (1)

DU(A) -(0) 2 (3.19)
becomes

Ry ()

py(l) (3.20)

since Y which should appear in the right-hand side of the

equation is equal to zero.

3.3.2 The Variance o¢?2

The variance is defined by the equation (3.18) and it
is the mean square value of the amplitudes measured above the
mean line of the record. It may be used for a rough character-
ization of the surface texture and secondly, it is also useful
in obtaining a relative comparison of surface amplitudes. For
example, consider two records Y; and Y, having corres-
ponding'variances of and cf. Let o0; be much smaller

than o0,. Then according to equation (3.18)

L . L
% ;oY (R) dap << % S oYi(e) as
o o
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and consequently Y¥;(%) is much smaller than Y,(%) for most

of the cases.

The second application of the variance is related to
|
the' process of data preparation through the standardization
of the record Y that has been already normalized. The new

record Z is obtained by the equation
z(g) = L& : (3.21)

%

it is characterized by the fact that its mean value is zero

and its variance equals one. The record 2 is called the
normalized and standardized version of the ofiginal record

U, which may have been collected at the output of a surface
texture measuring device. The use of. Z rather than U or

Y introduces mathematical simplifications such as the standardi-
zation of the values of the autocorrelation at a zero lag valﬁe
and the standardization of the areas enclosed between the

spectral density plot and the frequency axis.

3.3.3 The Amplitude Density Function

By dividing the amplitude scale 2 into small parts AZ,
the density of the amplitudes found within the interval AZ
can be obtained by measuring for how long the function 2 has
amplitude values between the levels 2 and 2 + AZ relative
to the total length L over which the surface is being in-

vestigated.
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pZ(Z,AZ) = P[Z < Z(L) < (2 + AZ)] (3.22)
Z o, ‘
1 i%i
PZ(Z) 2im %im T [L ] (3.23)

AY » 0 I, » =

By varying the value of 2 from - to +», the amplitude
density pz(z) can be plotted as a function of Z. 1In the case
of a normally distributed random function Z, with a zero mean

value and known variance the amplitude density is given by

2
the Gaussian distribution curve. The normalized amplitude

density plot obeys the equation

p,(2) = 1 EXP [- 22/(20%)] (3.24)

o_V2u
2

The amplitude distribution function P(2Z) is related to the
distribution function p(2Z) by

Z
P,(Z) = s p(§) 4 (3.25)

-00

The density function p(Y), if known, is very useful in
generating all the probability moments which are given by

(x) o

M, = J zZ7 p(g) ag (3.26)

The mean value is the first order moment and therefore

Z = m = 0 by definition of Z (3.27)

The Center Line Average is a parameter utilized for the

characterization of the surface texture irregularities and it
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represents the arithmetic average of the absolute values of
the amplitudes Z. It may be defined as the first order
moment of the function. |z|. Then

400

[ctal, =/ |z] p(&) 4g (3.28)

while (3.27) is zero by definition, equation (3.28) bears
definite numerical values. It representé the height of a
rectangle of length L (the length of the sample function),
and an area equal to that enclosed between the surface function

and the zero mean line axis.

‘The second moment is the variance o2 already defined by
the equation (3.18). For the function 2

+o0 _
of = m;’” = [ 22 p(f) & =1 (3.29)

In the practice of computing the probability density

'one has to consider aﬁ amplitude domain of interest say (A - B),
_the number of class intervals, k, into which this domain is

to be subdivided to give the so-called amplitude class inter-

vals and the length, L, of the record to be investigated.

By varying Z from A to B and by plotting p(Z) the
surface texture amplitude characterization is produced. Four
such plots which corréspond to four length-histories (Fig. 3.2)
are represented in Fig. (3.3). Surface texture obtained by
such processes as grinding, lapping or electrochemical machin-

ing follow a Gaussian distribution.

The equations (3.23), (3.25), (3.27) and (3.29) are
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utilized in the experimental analysis and they are incorporat-

ed in the computer program given in the Appendix.

The description of the surface texture by using the
amplitude density distribution functions has a limitation in
that it cannot provide information regarding the behaviour of
Z in the.lengthwise axis direction. The second limitation
is that the probability functions are not uniquely defined
and their shape depends upon the values of the parameters
A, B and k. For this reason, the amplitude description of
the surface texture must be supplemented by introducing the

autocorrelation and the spectral density functions.

3.3.4 The Autocorrelation Function

The autocorrelation function of Z(4%) characterizes
the general dependence of the standardized amplitudes 2Z(&)
on the values of Z(%2 + 1). An estimate of the autocorrela-
. tion can be obtained by taking the product Z(2) Z(L + A)
and averaging this, over the observation length L. As the
value of L tends to infinity, the resulting average tends
to the true autocorrelation function.

L

% SZ(R) Z(a + A) 4R (3.30)

R (A) = 2im
Z o

L » o

The autocorrelation R(A) is always a real, even function with

a maximum value at the origin.
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R(A)

R(-1) ' (3.31)

R(0)

v

R(X)

The mean and the mean square values are related to the

autocorrelation function

Z = /R
(3.32)
g

é = Z? = R, (0)

The autoéorrelation function discriminates between
purely random and periodic components masked on a random
background and it can provide a general indication regarding
the degree of randomness of the original function zZ(2). An
important feature of the autocorrelation relies in that the
autocorrelation of a sine wave is a cosine type function
which persists periodically over all the length displacement
A, and has the same period as the underlying sine wave.
However, the phase information is lost. The autocorrelation
of a sine wave plus random noise is simply the sum of the
autocorrelograms for the sine wave and for the random noise
separately. The shape of the autocofrelation depends on
the frequency composition of the surface texture. -For a
wide band noise function the autocorrelation diminishes

rapidly to zero while for a narrow band case, it is a

decaying version of the sine wave autocorrelation.

The autocorrelation can give a rapid check of the
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stationarity of the function 2 (and by that of the original
function U), by observing the variation of R as the length
of the record diminished from L to L;. By performing
different shifts in the origin of the record and comparing
the autocorrelograms, it can be directly observed whether the
gsample process Z (%) possesses stationa;ity characteristics
or not. This will also give the error in such an assumption.
A plot of R can also reveal the presence of harmonic or

of deterministic components in the surface texture function.
A third application of the autocorrelation is for the
computation of the spectral density function which is related
through a Fourier transform. The typical autocorrelogram
plots which correspond to sample functions given in Fig.(3.2)
are given in Fig.(3.4). They represent the autocorrelo-
grams of: (a) a sine wave, (b) a sine wave plus random
v_noise, (c) the narrow band random noise, and finally, (d) the
wide band random noise. Their corresponding Fourier trans-

forms are indicated in Fig. (3.5).

3.3.5 The Spectral Density

The spectral density of the surface texture is defined

as the Fourier transform of the autocorrelation function R

S(£) = 2 f e 327fAz(y) ai (3.33)
(o]

R(A)

"

1 g eti2mfAg(g) gf - (3.34)
o .
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where f 1is the frequency in cps. For a real process such
as a surface texture, the equation (3.33) can be rewritten
as

-]

S(f) = 4 f cos (2wfA) R(A) dxr (3.35)
o

This formula is used in the experimental analysis and it is

incorporated in the compucer program described in Chapter 4.

The mean and the mean square values are also related

to the spectral density
Z* = o = im f s, (f) af (3.36)
L + »0 »

Assume that a signal Z(4%) is passed through a band pass
filter of narrow band widtg so that only a portion of the
function 2 which has that frequency band .width will be
traversing it. The square.of the output represents the
mean square value of the filtered signal for a relatively
small bandwidth. Using a sweeping filter, capable of cover-
ing the entire frequency domain from zero to +o, in very
small increments, and plotting the successivé squared values
of the observed output, then the spectral density of 2 is
obtained. This simply means that the spectral density
function produces the general frequency description of the
surface texture Z in terms of the mean séuare value of the
various harmonic components. It is obvious that the wéve
length associated with a frequency f is equal to 1/£. Then

the frequency decomposition of the surface texture can easily
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be regarded as the corresponding wave length decomposition.

That is
1 b ,
Sz(f,Af) = fim § S zZ2(%,£,Af) dAg (3.37)

L » o o

where Z(%,f,Af) represents that portion of the surface
texture function 2z, of frequencies enclosed in the interval
f and f + Af. For small values of Af the fbllowing

equations hold
Sz(f,Af) = Sz(f) Af (3.38)

L

1 J 2%(L,f,Af) AR (3.39)

2im  gim T
Af 0o L » o

5,(£) =

It should be remarked that fhe spectral density of a
éine—wave is a delta function at the frequency fo of the
sine and zero elsewhere. ‘Even so, the integral of the
function S (f) over any frequency range that includes the
nominal frequency fo’ has a finite value, in general equal
to the variance. For a wide band function, the spectral
density is smooth and broad. By reducing the size of the
frequency domain of the band, the spectral density becomes
sharply peaked and at a limiting case, it becomes a delta

function.

Suppose a signal is such that it is a superposition of
periodic components such as waves, squares or triangular
waves and a random component. - In this case, the spectral

density is the summation of the corresponding spectral plots
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of these components. The final plot is in general character-
ized by a peak in the region of the frequency of the period-
ic component. Some typical spectral density plots, corres-
ponding to the length histories given in Fig. (3.2) are

presented in Fig. (3.5).

3.4 Conclusions

From the presentétions in this Chapter, it may be seen
that besides the basic stochastic descriptions such as the
mean and the mean square value, the spectral density functions
provide an effective method of characterizing the surface
texture in terms of a frequency decompoéition. Oon the
basis of the spectral density it ié possible to arrive at
some relation between the machining operation and the surfaces
produced. For example, grinding, lapping and electrochemical
finishing operations, induce response in the tool that has
in general, a flatter spectral density curve, compared to
the turning and the milling operations (especially for heavy
cuts) which exhibit sharply peaked spectral densities. These
are directly reflected on the surfaces produced and hence,
are useful in establishing the parameters fér the characteri-
zation. Furthermore, for surfaces that have random components
that are superimposed on deterministic periodic coﬁponents,
spectral density gives a straightforward description. Hence,
the -spectral density can be used to detect the presence of
predominant deterministic components and is widely used on

computations that follow in Chapter 1IV.



FIGURE 3.1

SURFACE TEXTURE SAMPLE RECORD
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‘ Y(2)

Z(2) = ¥(2) /oy
u(r) |

FIG. 3.1 Surface Texture Sample Record
- U(2) is the output collected from the
measuring device
- Y(2) is the normalized version of U(%)

- 2(L) = Y(8.) /0, is the normalized and
standardized version of U(R)
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FIGURE 3.3

FOUR SPECIAL LENGTH HISTORIES (FIG. 3.2)

Probability Density Function Plots.
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FIGURE 3.4
FOUR SPECIAL LENGTH HISTORIES (FIG. 3.2)

Autocorrelation (Autocorrelogram) Function
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FIGURE 3.5
FOUR SPECIAL LENGTH HISTORIES (FIG. 3.2)

Spectral Density Function Plots
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CHAPTER IV

3

THE EXPERIMENTAL WORK AND DATA ANALYSIS

4.1 Introduction

To compute the different stochastic functions defined
in Chapter III, certain algorithms are necessary for employ-
ment in specifying manufacturing processes. A computer
program is developed to provide automatically the key des-
criptors for such surface texture specifications. The data
for the computation is obtained through an experimental set-
up employing a surface measuring equipment, which is linked

to a hybrid computer for the processing of the output.signal.

The Talysurf 4 is a surface texture analyzer. A stylus
scans the surface texture, while a transducer converts the
vertical movement into an electrical signal U. This is then

processed in an electronic unit and is given as the output

~ "signal. The Talysurf has the facility of:

(1) plotting the magnified surface texture ampli-

tudes on a Y-t strip-chart recorder;
(ii) computing the CLA-value and finally,

(iii) to provide an electrical output for further

data processing.

The electrical output of the Talysurf 4 is recorded on an
analog magnetic tape recorder capable of input voltages small-

er than * 3V. The frequency resolution of this recorder can
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be adjusted by simply changing a plug in the printed circuit
board. A resolution of 1250 cps was utilized in the experi-

ments.

The hybrid computer system EAI-690 is programmed and
provides the sampling and the data acquisition of the analog
signal collected from the Talysurf or from a magnetic tape
storage. 1Its main peripheral equipment consists of a high
speed paper tape puncher and reader. Because of the limited
memory (8kj of the hybrid computer system as compared to the
size of the computer program and the amount of data pointé to
be analyzed, the CDC-3300 computer was utilized. A telephone
communication line between these two systems was utilized to
convey the data points of the surface texture function into
an appropriate file on the CDC-3300 computer. These data
points are processed with a specialized program capable of
"making the computation of the statistical functions discussed

in the previous Chapter.

The computer program used for producing the stochastic
descriptions is detailed in this Chapter, along with the
algorithms employed. The listing of the program and the ex-—

perimental data are given in the Appendices.

4.2 The Principle of the Talysurf 4

The Talysurf 4 [31] is a surface texture analyzer which
consists of a motor driven inductive pick-up which is connect-

ed to an electronic unit and to a strip chart or a Y-t record-
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er. A sharply pointed stylus traces the'profile of the
surface irregularities. The pick-up is an inductive type
transducer in which the vertical movement of the stylus modu-
lates a carrier wave form. The signal is amplified, de-
modulated and then used to operate a strip chart recorder.
The signal is also passed through a built-in fiitering de~-
vice and through an integrator capable of producing the CLA-
value. The block diagram of the Talysurf 4 is presented in

Fig, 4.1 .

4.3’ The Meter Cut-Off of Talysurf 4

Before introducing the meter cut-off of the Talysurf 4,
the following explanations on the roughness and waviness may

be relevant.

Roughness is defined to represent the irregularities of
the surface texture that result from the inherent action of
" ‘the production process itself. These include traverse feed

marks and the irregularity within them.

Waviness is defined as that component of thelsurface
texture upon which the roughness is superimposed. Waviness
results from such factors as machine or work piece deflection,
self-induced vibrations such as chatter, heat treatment or

warping strains.

The output signal collected from the Talysurf 4, which
consists of a superposition of roughness and waviness, is

amplif;ed and demodulated and then is directed to the Y-t
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recorder or to the built-in filtering device, as shown in
Fig. (4.1). The filters are intended to eliminate the
waviness and to let through only the roughness part of the

surface which is then integrated to produce the CLA-value.

To obtain a proper measure of a surface, it is necessary
to seléct a sampling length I that is long enough to include
the various roughness crest spacings exhibited by the surface.
In the electrical integrator, the meter cut-off is generally

made equal to the sampling length chosen.

In the particular case of Talysurf 4, there is a set of
three cut-offs corresponding respectively to the wave-length
of 0.1 in (2.5 mm), 0.03 in (0.8 mm) and 0.01 in (0.25 mm) .
In order to have a proper relationship between the meter cut-
off value and the length of surface sample function, the
"Operator Instruction Book" [31J, recommends that the CLA
value, for a cut-off of 0.1 in (2.5 mm), should be computed
by using a sample length of 10 mm. Similarly, the cut-off
values of 0.03 in (0.8 mm) and 0.0l in (0.25 mm) are associat-
ed with sample lengths of 5 mm and 2.5 mm respectively. Defin-
ing the sampling-length as the minimum length which is
necessary in order to produce an adequate characterization
of a surface, it is found experimentally that for values of
10,5 and 2.5 mm, the sampling length is contained from 3 to

10 times in these figures.

The specifications of the filters in the electronic unit
of Talyéurf 4 is conformed to the requirements laid down by

the British, U.S. and Canadian standards, so that they do not
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give a sharp cut-off in the measurement of the irregularities
of sampling length greater than the specified meter cut-off.
The characteristic curves of the filters, utilized in the
Talysurf 4, are shown in Fig. (4.3). As an illustration of
the use of these charts, consider a surface having an irre-
gularity spacing of 0.03 in or 0.8 mm. With a meter cut-off
of 0.1 in or 2.5 mm, the chart shows that almost the whole
amplitude of the irregularity will contribute to the CLA -
meter indication. With é cut-off 0.03 in or 0.8 mm, these
irregularities will contribute only 75 percent of their

amplitudes to the meter reading.
; .

4.4 The Experimental Set-Up

The surface texture is technically considered to be the
superposition of three components: the roughness, the wavi-
ness and the errors of form. The Talysurf 4 measuring device

senses the sample surface and produces one of the following

~ ~types of outputs:

i) a recording of the surface texture graph

ii) the value of the CLA-value

iii) an auxiliary electronic signal

i) The recording is a magnified version (up to x 100,000)

of the surface texture irreqularities. Tt represents a true
and an unmodified version of the surface texture itregularities

since the electrical signal driving the strip-chart recorder
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is collected in the electronic unit before entering the
filtering device. The values of the magnification factors of

the Talysurf 4 are indicated in Fig. (4.4).

ii) The computed CLA-value can be obtained on the CLA-meter

if the stylus is set to travel at the appropriate speed
indicated by the letters "avV" which means - averaging. The
measurements can be done in three filtering set-ups. There
are three cut-offs correéponding to a meter cut-off of

2.5, 0.8 and 0.25 mm, respectively. The CLA-value so obtain-
ed, represents the official numerical assessment of the sur-~

}
face texture in British, U.S. and ISO - standards.

iii) The auxiliary electronic signal represents the third

possible output of the Talysurf. This electrical signal is
collected at two particular points in the electronic unit,

. namely before and after the built-in filtering device provid-
ing thus the possibility of using the original meter cut-off.
T~fFor the experimental work, only one electrical connection was
available, namely the one before the filters. The electrical
output, in general, is necessary for the purpose of automatic
data processing in view of the computation of the stochastic
descriptors. More details on this are given in the next

section,

4.4.1 Description of the Measuring System

The surface measuring device - Talysurf 4, generates an

electrical signal which is proportional to the stylus move-
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ment on the surface texture irregularities. This signal is
recorded on a magnetic tape (box 2 in Fig. (4.5) and

collected in the tape-bank on the surface texture information.

The tape recorder feeds the surface function into the
hybfid—computer system EAI-690 (box 3 ibid), which is used
as a data acquisition device and produces a coded sample
version of the analog signal (recorded on the magnetic tape) .
This discrete version is punched on paper tape and it is ready

for further data processing and computations.

An experimental telephone data communication syétem
(boxes 4 and 5 ibid) was established between two computers,
the EAI-690 (box 3) and the CDC-3300 fbox 6) for the trans-
mission of the sampled data into an appropriate file of the

high speed computer.

After storing the transmitted data in the CDC-3300, the
program which is described in the following section is called
in to pfoduce a complete statistical analysis of these data
points, as discussed in Chapter III.The following arithmetic

quantitigs and functions are computed:
i) the mean value
ii) the mean square value
iii) the probability density and distribution, and

iv) the autocorrelation function and the spectral

density
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4.5 Computer Program for Stochastic Modelling

‘

As shown in Fig. (4.5) the surface texture function
is sampled in unit 3 and then transmitted to unit 6 via a
telephone communication line. A punched version of the trans-

mitted data is used for experimental purposes.

The computer program that computes the stochastic
parameters, accepts the input as punched cards in the Binary
Coded Decimal version. The input data represents the digitiz-
ed version of the surface texture function and it is express-
ed 'in the machine units, where one machine unit is equal to
10 bolts. It is then necessary to convert the voltages into
equivalent millimeters and this operation is implemented in
the program. The operation of normalization and standardiza-
tion are performed next. These reduce the function U to
a function 2 having a zero mean value and a standard devia-
" tion which is equal to unity.

The process of computation takes Place in the program

’

in four major steps:

i) the data preparation, including the data-input,
the data scaling, the calculation of the mean
and of the mean square value and the operation of

normalization and standardization;

ii) the second step is the computation of the
probability functions (or the amplitude statistics)

such as the probability density and the probability
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distribution;

iii) the computation of the stochastic functions, the
¥ autocorrelation and the spectral density and

| finally;

iv) the output of the results in terms of plots and

tables.

A number of parameters have to be defined prior to the
combutaiion of the stochastic descriptors of the surface
texture. Some of these parameters are the following: the
number of data points N, the amplitude interval [a,B],

the maximum autocorrelation lag number, the sampling time, etc.

The flow charts and the detailed computer listing are
included in Appendix a, together with the experimental results
_(Appendix B,C,D,E). The algorithms utilized in writing this

program are detailed in the following section.

4.6 Algorithms for Digital Computation

After collecting the output from the measuring service,
the Talygurf 4, in analog form, it is necessary to produce
its sampled version and to submit the digitized form for
further statistical computations. The principal algorithms
-utilized in the computer program for computation of the
functions introduced in Chapter III are presented in this

section.
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4.6.1 Sampling of the Analog Signal

This operation consists of converting the continuous
output taken from the Talysurf 4, into a sequence of discrete
amplitudes. This can be achieved by setting up the system
to produce n-samples per second or conversely, to produce a
reading of the analog signal every 1/n seconds. The maximum

observable frequency in the original signal is then:

- 1 o1
fC = EH-— where h = 1—1— (4.1)

The frequency fc is known as the Nyquist or the cut-off
frequency. The frequencies in the input data which are high-

er than will then be folded and diffused on a lower

L
2h
frequency range from zero to f%— . However, if h is
sufficiently small (or fc is relatively large) it may be
" expected that no frequencies in the data exist beyond the

fc frequency.

i

The quantization of the analog signal into discrete
values introduces relatively small errors and according to
Bendat [29], if the amplitude scale consists of more than
256 divisions, then the standard deviation of the quantiza-
tion error to signal ratio is equal to 95%% = 0.001, and
thus it is negligible for most cases. The use of a digital
voltmeter that is capable of providing at least three signi-

ficant digits was found satisfactory for the present experi-

ment,
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4.6.2 The Calculation of T

£

This parameter already defined by the equation (3.14) is

combuted over the sampled function Un where
|
Un = U(f;o + An)

where 20 is the starting point, XA is the distance between
successive points and n is an integer varying from zero to
N.

U= § I U (4.2)

2=

The significance of the mean value has already been presented

in Chapter III.

4.6.3 The Normalization of Zero Mean Value

This operation consists of converting the function U
"into a function Y (see also Equation (3.16)) of zero mean
value. This is done by subtracting U from all the values
of Un

Y =U_-T (4.3)
and hence ¥ = 0.

4.6.4 calculation of Mean Square Values

This parameter defined by Equation (3.18), can be

computed for the normalized function Y

e - g2 = L § [v2] ' (4.4)
y N n=1 n °
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4.6.5 Standardization to Unit Standard Deviation

4

This operation is performed by dividing every amplitude

Yn by the value oy obtained from the equation (4.4).

S
z S _-—-0_ ) (4.6)
y :
This standardization is convenient for fixed point computer

calculation. The data 2 has zero mean value and the

standard deviation is equal to unity.

4.6.6 The Computation of the Probability Functions

f :
To obtain a digital estimate of the probability density

functions, it is necessary to divide the amplitude interval,
say AB, into an appropriate number k of amplitude-class-
intervals. Then by tabulating the number of observations, the
percentage of data in each class interval can be found. This

will give the probability density histogram of the signal.

~ "An estimate of the probability distribution is then obtained

by accumulating the numbers of observations in the domain
from -» to Z. Consider N, the number of observations in each
amplitude class interval. This procedure will sort N values
of Zn such that:

| N = IN, (4.7)

The sequence of Ni can be used to produce the values of p(z)

and P(z).

i) The hystogram of Z is the sequence of the successive
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values of Ni‘

ii) The sample percent of data is defined as:

N; |
Pig = —x % 100% (4.8)

iii) The sequence of sample probability density
functions P;, measured as percentage and defined

at the mid-point of the i-th class interval:

i k .
pi,Z s = Iq— W X 100, l—l,-ok (4.9)

_ k . . .
where ¢ = =) 1is the size of the amplitude

class interval.

iv) The sequence of sample probability distributions

P(j) defined at the class interval end points:

Pz(j) = Prob [-= < Z < dj] (4.10)
) J 3 . ‘
PZ(J) = ;L PiZ = c igo_Piz'J=°""k+l (4.11)

These algorithms are used in the computer program

annexed.

4.6.7 The Parameter Selection

The parameters should bé selected for the computation of
the probability density function. They are the amplitude
interval (A,B) and the number k of amplitude class inter-
vals. Since the probability function does not give informa-

’
tion regarding the lengthwise description of the surface tex-
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ture, it is not possible to correlate closely the sampling

rate to these probabilities.

For the computation of the autocorrelation and of the
spectral density functions however, the following parameters

should be pre-selected [29]

i) The sampling rate and implicitly the Nyquist fre-

quency;
ii) the length of the record N;
ijii) the bandwidth, Be;

iv) the maximum number of autocorrelation lag, m.

To help the propef selection of these parameters, the

following equations (Bendat [29]) are used:

_ L 1 :
h = ¥ ° ¥ (4.12)
£ = 1 (4.13)
c 2h :
m = N.e2 (4.14)
B_ = 1L (4.15)
e mh °
where v = the speed of the sylus
fc = the Nyquist frequency
h = the sampling time in seconds

m = the maximum autocorrelation
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lag number
‘ Be = the bandwidth
N = the maximum numﬁer of data points
€ = the normalized standardized error
desired for the calculation of
g the spectral density
IL, =

the real length of the record

To start an experiment, 6 pafameters have to be pre-
selected and for the experiments annexed, the following para-
meters were chosen: A, B, k, h, N and ¢. This is an
operational selection where the sampling time h is selected
in a liberal way, according to the hardwéve and softwave
facilities. The value of ¢ is selected depending upon the
accuracy required in the computation of the spectral density.

4.6.8 The Computation of the Autocorrelation
Function

After the maximum lag number m is selected, the sample
autocorrelation function of the digitized record Zn' that
is taken to be stationary with zero mean value, can be comput-
ed for any displacement A in origin of the record. This shift
A may be represented by a lag number r, then:

| N
R. .= X s 7 3

Y,z N-r n=l “n (n+r) (4.16)

where r is the ldag number varying from zero to m. Recall-

ing the equation (4.14), it may be seen that for a small
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statistical uncertainty e in the estimation of the spectral
density, one should selec:t m much smalier than N. On the
other hand, a high resolution, which means a small value for
the bandwidth Be' will result in a large value for m. Thus,
a compromise is necessary in.order to achieve simultaneously

a reasonable bandwidth and a reasonable statistical error ¢.

The autocorrelation function can take positive and

negative values and the following three conditions hold:

Rr
, -1 .<_ 7 i + 1 (4.16)
(o)
R(o) = ¢?2
R(+xr) = R(-1)

where R0 is the autocorrelation at zero lag value and Rr

is the autocorrelation at lag r.

4.6.9 The Spectral Density Function

For a stationary record ¥ Wwith a zero mean value, a
raw estimate of the spectral density function G(f), for any
arbitrary value of f from zero to fc is defined by the

following formula:

: m-1 .
G(f) = 2h{R, + 2 .5 R_cos(TEY + R cos(TE)} (4.17)
C ‘ C

where h is the sam?ling time

R is the estimate of the autocorrelation for lag r
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m is the maximum autocorrelation lag number

%} is the Nyquist frequency

The formula (4.17) gives G(f) as a continuous function
of ‘f. For the digital computation a more convenient form of

this equation is given by

, kfc ok
£ = T = m (4.18)
.kfc
m-1 .
G =2h {R, + 2 E; R_cos(ZZE) 4 (-¥ g}

(4.20)
k =o0,1,...,m
where k is called the harmonic number. The value k = o

represents the zero frequency or a straight line for 3.

A convenient criterion which is based on all the (m+1)
estimates of Gk' is used in the computer program as a check

on Gk;
R(0) = 5 [5G + kE1 G * 5G] <& (4.21)

where & must tend to zero as the sampling rate is increased.

A final smooth estimate of Gk may now be obtained by

a procedure of frequency smoothing called "Hanning" [303.

Let Sy represent the "smooth" estimate at harmonic k.
. kf
Then at the (m+l) frequencies f = -ﬁg, where k- = o,...,m,

one obtains:
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]
]

0.5 G + 0.5 G,

0
1]

0.25 G _; + 0.5 G + 0.25 G, (4.22)

| Sp = 0.5 G 1 +0.5G,

Smoothing is necessary since the raw estimate given by
equations (4.18) to (4.20) is an inefficient estimate of the
true spectral density. To be specific the error in these
estimates does not decrease with increased record legnth or
sample size. This leads to the requirement of smoothing the
periodogram or equivalent, weighing the correlation function
non-uniformly. The "Hanning" method of smoothing is
simple to use on a digital computer and is connected with
the experimental data. It may be mentioned that the area
enclosed between the spectral density plot contain two
ordinates fi énd fj and the frequency axis, which represent
the mean square value of the harmonic components situated in

-this bandwidth.

4.7 An Algorithm for Digital Filtering

In the process of data analysis it is sometimes necessary
- to eliminate the long wave harmonic components of the surface
texture, This process is intended to eliminate waviness and
to retain only the roughness of the surface irregularity. A
digitél filter on the basis of the algorithm presented below

produces a sharp'cut-off opposed to the analog filtering
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produced by the electronic filters incorporated in the

Talysurf 4 electronic unit.

The procedure of digital filtering consists of represent-
ing the surface texture function as a Fourier Series and
eliminating the appropriate frequencies in this Fourier ex-

pansion.

Considering the speed v of the travelling stylus of
the Talysurf 4, and considering any harmonic component (of
frequency f and wavelength )A) present in the function Y,

it }s evident that the .following relation holds:

cycles, mm _ mm ,
f [_EEE—_] A [E§EI€§] = v [sec ] (4.23)

or

_V _V
£ = 5~ and A =z _ (4.24)

Bearing in mind the equation (4.24), for mathematical con-

~ "venience, the following equations are written in the time

domain and thus, the independent variables become t, namely

Y = Y(t)

Let us assume a surface texture record Y = Y(t) of a
finite period Tp, where Tp denqtes the fundamental period
in the data. The length of the record T, is selected to
be equal to Tp and then Tr = Tp. It is furfher assumed that
the record Y (or the record Z which is linearily related
to ¥Y) is sampled at an even number of péints N, equally

spaced at h seconds apart. According to the equation (4.13)

”
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the Nyquist frequency fc = 5%— . If one considers the first
point in the record Y to have a zero amplitude, it is then
possible to express the finite version of the Fourier series
which will pass through these N data values. For any point

t in the interval from zero to Tp one obtains:

5N .5N-
- r2ngqt . 21qt
Y(t) = Ao +q§l Aq cos [ T 1+ qél Bq 51n[—T——] (4.23)

p P

The coefficients A and B being further defined. At the N
discrete sampling points, the values of the amplitudes may
easily be computed by putting t = nh where h is the
sampling time and n varies from one to N. At these parti-

cular points, the Fourier expansion becomes:

SN

= - 2Thqgq . 2Tng
Y, = Y(nh) = Ao + qél Aq cos[ N 1+ q§1 Bq 31n[—ﬁ——]
(4.24)
where
1 N
A, = nEp ¥, = 0 (4.25)
A =2 g Y cos 2M4n . =1,2,..,(.5N-1)
g N n21 “n N id reresri-
(4.26)
1 N
Bo.s8 = § nf1 Y, 08 nm . (4.2
B—'2§Ysin'2“—qu- = 1,2 (.5N-1) © (4.28)
g N n21 “n N i q rereerrte °

It should be noted that Ao is zero because Y is

the normalized version of U. The terms Aq are the finite



63

analogues of Fourier cosine coefficients, Bq are the finite
analogues of the Fourier sine coefficients. For large N,
the digital computation requirements for determining Aq and

By lcan become quite extensive.

To produce a digital filtering with respect to the low
frequency components, it is necessary to simply eliminate the
corresponding components from the Fourier expansion and then

the‘filfered signal is given by:

J 27g j mq
= - n . 2 n
Yf. Yn [Ab+ q§1 Aq cos ( 5 )+q§l Bq sin ( N )] (4.29)

where Ao’ A.q and Bq have the same significance as before.

The determination of the number of térms to be filtered

is straight forward:

q .
Nh hl fmin. residual (4.30)
o= Y
min Amax
—gH < Y
N. ~  Anax residual h
and |
g ¢ =i (4.31)
max.res. .

This algorithm which produces a sharp cut-off should be

utilized in the cases where a low frequency component is

-

suspected to exist. This may occur most probably in such
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manufacturing processes as turning, milling, etc. For the
experiments presented in the appendices, it was not necessary

to produce this kind of filtering.



FIGURE 4.1

BLOCK DIAGRAM OF TALYSURF 4
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FIG. 4.1 Block Diagram of Talysurf 4



FIGURE 4.2

SURFACE TEXTURE SAMPLES PRODUCED BY THE TALY-
SURF 4 STRIP CHART RECORDER (GRINDING OPERATION)
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FIGURE 4.3

CHART SHOWING THE EFFECT OF THE CUT-OFF
ON THE CLA-VALUE COMPUTED ON THE TALY-
SURF ¢4
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FIGURE 4.4

VALUES OF THE MAGNIFICATION FACTORS FOR DIFFER-
ENT MAGNIFICATION SWITCH POSITIONS FOR THE TALY-
SURF 4
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FIGURE 4.5

THE MEASURING AND THE DATA PROCESSING SYSTEM
UTILIZED FOR THE ANNEXED EXPERIMENTS
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CHAPTER V

EXPERIMENTAL RESULTS AND DISCUSSIONS
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CHAPTER V

EXPERIMENTAL RESULTS AND DISCUSSIONS

5.1 Introduction

|

In support of the analytical considerations presented
in'chapters 3 and 4, a number of experimental Observations
- of surface texture samples were made and selected results
are presented in the appendices. They consist of the -output
obtained from the computerized analysis of the surface
texture in terms of plots of the stochastic functions des-

cribed in Chapter 3.

5.2 Parameter Selection for Experiments

For the purpose of the experimental work, a sample
surface produced by grinding a block of C1020 was utilized.
. After producing its "local" characterization by means of a
strip chart recording of the amplitude and the CLA-value
produced by the Talysurf 4, the different stochastic func-
tions are computed for a.complete statistical characteriza-
tion of this sample surface. 1In brief, the experimental
procedure consists of recording the signal that is collect-
ed at the output of the Talysurf 4-me$suring device, and
converting this analog signal into a digital form. Then,'
the digital data-points are processed in order to generété
the stochastic descriptors. To achieve this, a number of
parameters such as the sampling rate, the length of the

record, the maximum value of the autocorrelation lag number,
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amplitude domain, etc., are selected according to the

relationships presented in equations (4.12) to (4.15).

Since the stochastic characterization of the surface
depends largely on the choice of the parameters such as
sampling rate, length of the record, the statistical error
for‘the spectral density, etc., proper care must be

exercised in the selection of these parameters for any

particular experiment.

The following observations are relevant to the

experimental work presented in this thesis.

5.2.1 The Sampling Process

Let h denote the time interval between any two
successiye readings in the process of digitizing the analog
sample U(%) into its equivalent discrete version Un’

Using the formula (4.12), the value of the maximum frequency
may be computed and is useful for a frequenéy analysis of
the sample. Because of the reverse relationship between the
Nyquist frequency fo' and the sampliné time h, reductions
in h will successively enlarge the observable frequency
domain. If the value of h is limited by the hardware
equipment, it is not always useful just to select the high-
est possible sampling rate %, since data may not exist be-
yond certain frequency domains. This may entail ex£ensive
data processing costs and laborious analysis of the results

that are not warranted for a particular case,

For the present experiment, a sampling time of 0.00164



and of 0.00328 seconds is utilized. This produces an

observable frequency domain of:

| (1) 1 1
1 s = Wy = zxo-oorez = 304.8 cps
' (2) 1 i

fo T %y = zTxooo3zs = 152.4 ops

Using the relationship which relates the frequency f

the wave length A and the speed v of the travelling
stylus of the Talysurf 4:

[cyclesj - mm ] =

second cycle

v

it is possible to compute the wave length X corresponding

to the frequency fo previously computed. Since the value

72

14

of v wutilized in the experiments is equal to 91.4 cm/min,

. we have
- \Y _ 914/60 _
11 = ‘m = m = 0.005 mm
(o] .
_ v _ 914/60 _
Az = 'f_(-fr = W = 0.010 mm
. (]

These represent the minimum wave lengths of the surface

texture corresponding to the sampling time selected.

5.2.2 The Size of the Sampled Data

If the length of the travelling path L (in mm) , is

known, and if the travelling stylus has a speed ‘v, then

the total number of points N corresponding to the sampling
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time h is:

N = L 1 _ 10 1
v h 91.4/60 0.00164
N = 4000 data points.

5.2.3 The Maximum Autocorrelation Lag Number m

Bendat [29] presents a number of criteria for
establishing the error in the computation of the stochastic
functions. The normalized standard error e for the
spectral density is related to the maximum autocorrelation

lag:number m and to the total number N of data points by
m = N.e?

This particular criteria is selected here to determine the
value of m, since it was previously established that the
spectral density function gives the best surface description.
Fér a good surface representation, it is suggested that the
maximum value of & does not exceed 0.1. The value of the
parameters utilized for the experimentai results annexed are
given in Table 5.1. For smaller sample length, say N = 320
and N = 100 which correspond to the Talysurf 4 cut-off wave-
lengths of 0.8 mm and 0.25 mm respectively, the correspond-
ing values of ¢ are 0.35 and 0.63 which are ﬁuch higher

than 0.1 and hence, are not acceptable.

Finally, the bandwidth Be is obtained from the



formula

o1 1 i
Be = ®i = 20w o-00Tor = 15-25 cops

For easy comparison between the different spectral density
Plots obtained from the experiment, the same bandwidth is

utilized in all the different sample lengths.

A resumé of the values of the parameters selected for

the experimental results B,C,D,E is given in Table 5.1.

5.3 Experimental Results
f

The selected experimental results which are presented
in the appendices are for a particular manufacturing process,
namely grinding operations. A block of mild steel C1020
finished by grinding is utilized and the surface texture
Function, which is obtained is an electrical output from
.the Talysurf 4. Experiments were conducted for different
parameter combinations, as detailed in Table 5.1. In the
first case reported in Appendix B, the full travelling
length of the travelling stylus of the Talysurf 4 is sampled
into 4000 data points and analyzed. The sampling time h
is taken as 0.00164 seconds per point, and the autocorrelo-
gram lag number m 1is equal to 40. According to equation
(4.11) , the corresponding statistical error ¢, for the
spectral density is equal to 0.1. For the second experiment
given in Appendic C, a reduction in the length of the

travelling stylus to half stroke, or 5 mm, is utilized. For
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the same value for h,; the number of data points N
decreases from 4000 to 2000, the value of m is 40 and the
statistical efror € incfeased to .14. 1In the third experi-
ment, presented in Appendix D, the length of the surface
sample was further reduced by half, making the length I to
be equal to 2.5 mm. The same sampling time h was used
with the value of m equal to 40, the value of & being 0.2,
This error may be considered still acceptable, even though

T it is reéommended that € be within 0.1. In the last
experiment in Appendix E, a different sampling time

h = 0.00328 was utilized for comparison. In all the experi-
ments,'the parameteis were selected so as to result in the
same value for the bandwidth, Be in thebspectral density
‘computation. This facilitates one-to-one comparison of the
final spectral density plots. The experimental results
presented in the Appendices, B,C,D and E, contain the evalua-
tion of stochastic functions in discrete form and are pre-

sented in Tables, as well as continuous plots.

5.4 Discussion of Results

5.4.1 Probability Density and Distribution
Function .

The probability density functions obtained have a bell-
shape. This result is expected to occur, since it is actually
recognized that manufacturing processes such as grinding,
lapping, electrochemical processing,_etc., produce surface

texture irregularities that are normally distributed. Visual
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inspection of all these functions obtained in the various
experimenté reveals that they are almost identical, 1lying
within ten percent of each other. This provides a good
verification of the assumption of stationarity of the
process as far as the amplitudes distribution is concerned.
The probability density function is not affected by a shift
of the origin of the sample length. The smallest record
analyzed is the one associated with Experiment D and it may
then be taken .as representative for the entire process.
However, it is necessary to ensure a minimum value for the
sémple length in order to observe the property of station-

arity in order to have a meaningful conclusion.

The probability distribution P contains the same
information as the probability density function but in a
different format. A Gaussian distribution as well as the
closeness of the different functions P in the successive
. eXperiments may be observed here also. It might be remarked
that the functions p and P are computed for a normalized
and standardized record. The two statistical descriptions
P and P have one limitation in that no informétion
regarding the lengthwise surface texture description is

obtainable from these records.

In the process of transmission.of the. digitized function
by using a telephone data communication line, some technical
difficulties were encountered. It was -established that

transmission errors for the data occurred in the region from
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the data point 2300 to approximately the data point 2600.
The presence of limited numbers of "abnormal" amplitudes did
nof affect the probability density and the probability dis-
tributions. However, their presence may have influenced

to a certain extent, the autocorrelation function calcula-

tions.

5.4.2 " The Autocorrelation Function

The autocorrelation function of the first éxperiment
By is a smooth curve, starting at the origin with the value
one (1), and dropping smoothly to a value of 0.1, with a
lag number 40. The shape of the autocorrélogram simply ex-
cludes the possibility of having a dominant frequency in the
original data. The values of the amplitudes located in
the region where transmission errors were reported are
utilized in the computation of the functions presented in

Appendix B.

By successively reducing the length of the record to
half, i.e., to 2000 data points for the Experiment C, and
to 1000 data points for Experiment D, the errors arising
due to transmission difficulties are eliminated,to a certain_
extent. This explains then the difference in the shape of
the autocofrelograms B and C, or B and D, and furthermore,
it also justifies the similarity between the autocorrelation
Plots C and D. These take a zero value in the vicinity
of the lag number n = 22, It is then possible to compute

the correlation length which corresponds to this lag number
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value. Denoting the correlation length by Cn:'

N
]

v.hon = (91.4/60) 0.00164 22

0.055 mm

P
i

This means that the amplitudes of the record separated by
more than a distance Cn’ in this case 0.55 mm, are completely
uncorrelated one to each other. To be able to observe the
presence of the harmonic components (noise) superimposed on
the random function (see also Fig. 3.4) and to approximately
distinguish between a narrow band and a wide band harmonic
noise, it is usually recommendable to consider for the stoch-
astic analysis a sample length which infeeds from 3 to 10
times the correlation length value. In the case of the
experiment D, the sample length utilized is 2.5 mm and this

corresponds to 43 times the correlation length.

The fact that the autocorrelograms observed in two

different experiments conducted over different sample lengths,
as shown in Table 5.1, have their corresponding zero value

in the same region, denotes that the functions retain the
basic characteristics and that they are not affected by a
change of the length axis. This is an -additional test for
stationarity. Comparing the variances of the functions Y
corresponding to each experiment, it may be observed that
their values are within six percent of each other. More

details are given in Table 5.2.
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5.4.3, The Spectral Density Function

The spectral density functions are very similar in

their shapes and decrease rapidly and smoothly to zero from
a peak at the origin. Most of the harmonic components are
concentrated in the region from zero frequency up to harmon-
ic number 20 which corresponds to a wave length of 0.009 mm.
The-original function is of a wide band type and except for
the values in the vicinity of thé origin, there is no evid-
ence of predominant harmonics. The frequency structure is
typical for this type of manufacturing process as opposed,
for instance, to the spectral density of a turned part
where a sharp peak may be pfesent at a frequency correspond-

ing to that of the axial feed.

The frequency range is determined by the value of

the sampling time h and for the current experiments which
are presented in the appendices. The Nyquist frequency is
equal to 304.8 and 152.4 cps. This reduction of the fre-
quency domain is due to the increase of the sampling time

by a factor of 2 in experiment E. All the spectral

plots are characterized by the same bandwidth and consequent-
ly, in the case of experiment E, the frequency domain

in milimeters, is equal to half the value of the frequency

domain in the previous experiment.

- To understand the purpose of the spectral density
curves, consider the area enclosed in a bandwidth located

at the frequency number ten, Fig. B-8 in Appendix B. This
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area represents the mean square value of those harmonic
components in the original data, having the frequency in

this range. Denoting this mean square value by cfo, then:

Ufo = O'; Area [f107 Be]

o2, = (4.3 17') (2.577 15°) 10.25
!

02, = 0.01689 mm?

This property of the spectral density enables then the
detailed analysis of harmonic components of frequenciés from
zero to £ providing a two-dimensional characterization of
the surface texture in both the longitudinal and the axial

directions.

The stochastic analysis which is produced in the appen-
dices éharacterize the normalized and standardized function
Z which is nondimensional. They are related to the
appropriate descriptors of the function f by the factors

c?.

Y

5.4.4 The Influence of the Sample Length and
' of the Talysurf Built-In Cut-0Off

A specific test was performed to establish the corres-
pondence between the measured values of the CLA - parameter
as obtained from the CLA meter mounted on the Talysurf and
the values of the CLA computed from the data points. The
aim'of this test is to determine whether the sampled data

(4000 data points collected over a 10 mm sample length) is a
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. good representation of the continuous surface texture func-
tion. The second and more important objective of this experi-
ment is to observe the effect of the built-in cut-off filter-
ing device in Talysurf 4. These devices produce a progress-
ive attenuation of the wave-length which is higher than the
nominal selected cut-off, which for the Talysurf are equal to
2.5, 0.8 and 0.25 mm. A digital filter, as the one

presented in Chapter V, produces a sharp cut-off, unless a
weighting function is utilized. The experimental values
presented in Table 5.3 show that the coﬁputed values of the
CLA .and those measured do not differ significantly.' Since

the CLA measured value for 2.5 mm, 0.8 mm and 0.25 mm cut-offs
differ slightly one can conclude that all the wave-lengths

are equal or smaller than 0.25 mm. The computed CLA values
confirm this observation. However, it might be pointed out

. that if any correlation between the number of data points and
the cut-off effect on the CLA evaluation is required, it should
ge based on much lesser data points than 100, so that an
equivalent cut-off length smaller than 0.25 mm is obtained.

This should be a matter of a future examination.

The frequency component-number corresponding to the

wave-length of 0.25 mm is:
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k v
£= smm=~x
' k = 2mhv - 2*40*0.00164*(91.4/6@
A 0.25
k = 0.8

5.5 Recommendation for Future Work

This thesis analyzes manufactured surfaces as a stoch-
astic process and results are verified using extensive experi-
mental observations. The mathematical concept utilized in
this work is basic and hence, the results are reasonably
valid in describing surface irregularities. There exists
certain drawbacks in this work, as far as a thorough surface
description is concerned. It may be possible to utilize
extensions of these ideas to incorporate all the characteris-

tic parameters required to define surfaces.

One possibility of providing lengthwise characteristics
of surfaces is to calculate the probabilities of the excur-
sion intervals of the surface signal. Such a method is
employed by Sankar and Osman [23]. This.method includes the
advantages of relating the excursion duration probability at
different percentages of CLA-values to mechanical properties

such as bearing area curve, etc.

The methodireported in this thesis and in other recent
literature is not applicable to surfaces that do not possess

stationary properties. Extension of the analysis to non-
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stationary surface signals will provide means of discussing

surfaces possessing large curvatures.

The present work can also be extended with certain
mohifications to determine roundness of surfaces and to

specify surface finishes in manufacturing and production.
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FLOW CHART FOR THE SURFACE TEXTURE ANALYSIS
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FIG. A-1 FLOW CHART FOR THE SURFACE TEXTURE ANALYSIS
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A-2 COMPUTER PROGRAM LISTING FOR THE STOCHASTIC

. ANALYSIS OF THE SURFACE TEXTURE

FORTRAN (3,2)/MASTER

PROGRAM TS

COMMON TARRAYS(140nn)

DIMENSION ARRAYS(7nn0n)

EQUIVALENCE (ARRAYS,IARRAYS)

DIMENSION x(4000).PAnAH(So).IHISTtlon).PDENS(loo).PDISTtloo)-

1 PERCENT(LOO).GAUSS(lnn)-R(aOO).6(400)‘GR(aoo).FR(aOO)ow(4a0)
c
C SUBMITED As PARTIAL FULLFILMENT FOR THE MENGWDEGR,.SEPT 19704 TeSCHAIN,
c
C SET UP STORAGE ALLOCATION FOR ARRAYS IN COMMON 4 ALLOWING
C FOR ZERO SUBSCRIPTS,
EQUIVALENCE (AclARRAYS(l))v(IHISTvIARRAYS(8003)).
1 (PDENS;IAHRAYS(8203)).(PDISToIARRAY5(8403))o
2 (PERCENTvIARRAYS(BbﬂS)JOlGAUSSoIARRAYS(8503))o
3 (R.XARHAYS(onna)).(G.IARnavsceﬂoa))'(GR.IARPAVStlnbos))a
4 (FR.IARHAYS(11603))v(HleRRAYS(12203))
COMMON/DATA/PARAM
DIMENSIIN IPARAM(100)
! EQUIVALFNCE (PARAM , IPARAM)
EQUIVALENCE (NQIPAPAM(I))w(M.IPARAM(Z)).(ApIPARAM(3))y
1 (RoIPAHAM(S))-(K0IPAQAM(7))'(IFSTANoIPARAM(R))p
2 (HOIPANﬂN(Q))'(IFPTPANS.IPAQAM(II)!O(ISETSoYPARAM(l2I)’
3 (XFACTvIPARAM(]B))g(GAINoIPARAM(lS))
DATA (GAUSSCOUN=,3989622804)
C Xx=VECTOR OF DATA PUINTS ,0BTAINED BY A CALL TO THE USER ~SUPPLIED
C SOUBROUTINF DATA IN X wiILL SE NORMALIZED AND IF REQUESTED,
C STANDARDISFD TO ZERO STANDARD DEVIATION,
[
C & SUBROUTINE IS CALLED TO 0BTAIN PARAMETERS AND OPTIOMS,
C THE RESULT WILL HE A SFOUANCE OF VALUES AND FLAGS 1IN THE ARRAY PARAM,
CALL. GET PARAM
C NOW THE DATD ARE UBTAIMED,
C DNATA WILL HE NORMALISEN AND STANDARDISED OR ONLY NORMALISED,

NNN=1
5000 CALL DATA IN(XsISATrH,ISPEEN)
C CONVERT MASHINE UNITS TO VOLT TO INCHES
XINCH=104#XFACT/GAT"
DO 6000 I=1yn
X{IY=X(1)#XINCH
6000 CONTINUE
PRINT 8001
5001 FORMAT(1H1)
PRINT 51009 ISWTCHeISPEEDyNsK oMo H
5100 FORMAT (/% EXPERUMENT NOG#//2 MATERTALZ2//2 TECKNOLOGY 2/
# le/# 2#/% 32/2 Lt/¢ Sg/2 62///7/7
# MEASURING CUNDITIOM#/# VERT JMAGN 4 SWTCH# 410X ¢ 14/
¢ SPEED (HeMAGN)£511X,14/
//# PARAMETERS 0F THE COMPUTATIONZ#/
# NUMBER OF POIMTS®, 9X,14/% NOJOF CLASS INTERVAL#z, SXsl4,
# MAXoLAG NUMBERZy11X41644/% SAMPLING RATE2,13X4F7,5//)
PRINT Sno0l
PRINT 14(X(I)el=]yn)
1 FORMAT (14HOSAMPLED NATA//(10EL13.4))
AVG=SN=0.

V0N~

v3/10/71



FORTRAN (3,2)/MASTER . 09/10/71

c
c
c
c
c

OO0

XMIN=XMAX=3X (1)

DO 10 I=1lsN

XI=x(I)

IF(XI=XMIN)2ob44

XMIN=X]

GO TO 8

IF(XI=XMAX)8Bs8s6

XMAX=X]

AVG=AVG+XI

SD=SDe+xy#x]

XN=N

XNINV=1,/XN

‘AVGRAVGaXNINY

SD=SQRT ( (SD=XNCPAVGHAVG) / (XNe=ls))
PRINT 10019NsAVGySD,XMINy XMAX

oxT o V)

1901 FORMAT (RH NUMHER=,18/12H AVERAGE=,F12,5/
1 23H STAMDARD DEVIATION=4E1p2,5/
? 12H MINIMUM=4E12,5/12H MAXIMUM=,E12,5//)

| CHECK YO SEE IF STANDARDISATION IS WANTED,

IF (IFSTAN) 40940,29

NORMALISED AND STANDARDISED.

20 SDINV=1,/SD
DO 30 I=1,4nN
30 X{I)=(X(I)~AVG)#SDINY
XMIN= (XMIN=AVG) #SDTNY
XMAX= (XMAX=AVG) #SDTNY
PRINT 31 9XMINgXMAX
31 FORMAT(51H1THE UATA KAVE REEN NORMALISED AND STANDARDISED /7
1 9H MINIMUM=,F12.5/9H MAXIMUM=,£12,5/
2 23H STANDARD NEVIATION=1.0//)
GO To 5

NORMALISED BUT wnOT STANNARDISED «

40 DO S50 I=lynN
S0 X{I)=X({1)=AVG
XMINSXMIN=AVG
XMAXSXMAXeAVG
PRINT 49yXMIN yxMaAX , SD
49 FORMAT(S52H0OTHE DATA HAVE REEN NORMALISED HUT NOT STANDARDISED//,
1 9H MINIMUM=4E12,5/9H MAX IMUM=,£12,.5/
2 2nH STANDARD NEVIATION=vEL12.5//)
CHECK TI SEE IF PRINTING 1S WANTED,
51 IF(IFPTRANS) 59459,52

.82 Il=1

Il0=1l0
53 IF(I10*N) 55155954
54 110=N
55 PRINT 564 (X(I)el=l1,110)
56 FORMAT (10E£1344)
Ilz1lelp

N "I I AR Wl e AT, 1 st S FENI Y v



FORTRAN (3,2)/MASTER 09/10/71

[z EeNeNe¥el

c

IF(I1=N) 57457,59
57 110=110+10
GO TO 59

SELECT Ka=THE NO. OF CLASS INTERVAL,
K WILL BE CONSIUERED Tn HE AN INPUT PARAMETER,
SELECT A AND B ( THE |nwER AND THE UPPER PNINT ),
COMPUTE THE HYSTOGRAM,
§9 Kl=Ke]
DO 60 1=0,4K1
60 IHIST(I)y=0
C=K
Azeg, .
B= %,
C=(B=A)/C
CINV=1,/C
THE METHOD IS TO ADD 170 IHIST(J) IF D(J-l).LE.X(I).LT.D(J)
WwHERE D(J) IS THE J=TH CLASS INTERVAL,
DO 110 t=14n
XI=x (1)
IF(XI=A) 704100480
70 IHIST(0)=IHIST(0)v1
GO Y0 110
R0 IF (XI=R) 100+90,90
90 xHxsT(K1)=XHIST(Kl)ol
GO TO 110
100 INDEX=(xI-A)#CINVe],
IHIST(INUEK)=1HIST(INDEX)¢1
110 CONTINUF
COMPUTE PERCENTAGES s PRNAH,DENSITY 9 AND PROR,DISTRIRBUTION,
ACCuM=0,
DO 129 1=04K1
PERCENTI=IHIST (1)
PERCENT(I)=PERCENTI=PERcEm71¢xNINv
PDENS(I):PERCENTI“CTNV
120 PDIsT(Iy:ACCUM:ACCUMoPERCENTI

C®4INSERT PLOT RUUTINES,

c
c

4

[of

COMPUTE THF GAUSS LISTRIHUTION, o
ACCUMULATE THE QUANTITY FOR THE CHI=SQUARE TEST,
DO 130 1=0,K1
GAUSSCON:]./SQRT(Z."P[)=0.39ﬂ94228040)
CHISA=0
XI=1
XIzA+C® (X]=,5)
GAUSS(I)=GAUSSI=GAU§SCON°EXP(-XI“XI“.S)
TEMP=GAUSSI=PUENS(])
CHISQ:CHISUoTEMPOTEMP/GAUSSI
130 CONTINUE
PRINT THE AMPLITUDE STATISTICS,
PRINT 1131
131 FORMAT(27HIVISKIBUTION OF AMPLITUDES,/, 7THO CLASS,7Xy5HRANGE o
1 11xoaHHIUPOINT.QX,QHHISTOGRAM.11X.7HPERCENT.12x-
2 11HPROB. VENS, +9X,12HPROB, DISTR,)
R2=zA

T WTIHLIAN S gty “r
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FORTRAN (3,2)/MASTER 05,10/71

X1oA=,56C
{ PRINT 132.H8ox1vIHIST(0)cPERCENT(O)-PDENSCO)'PDIST(O)
' 132 FORMAT (18H 0 <~INFINITY T0y2F10,45115+3F20,4)
D0133 I=l+K
R1l=aR2
R2aR2+C
XI=xI+C
133 PRINT 134GI'thR20XIOIHIST(I)QPERCENT(I)'PDENS(I).PDIST(I)
134 FORMAT(154F10e493H T0r2F10s4911503F20,4)
R1l=R2
X1xx1+C
PRINT laS-KloRIoXI'IHIST(Kl)'PERCENT(KI)oPDENS(K])oPDIST(Kl)
135 FORMAT(154Fl0,%4913H TOU ¢INFINITY Fl0,4411543F20,4)
PRINT 1379 XMINgXMAX ¢K4CyMy SN
137 FORMAT (//9H MINIMIM=9ER23,5/9H MAXIMUM=4E23,5/
1 19H NO OF CLASS AMPL ,=y110 /21H CLASS INTFRVAL SI1ZE=4E12,5/
2 12H MAX,LAG NN=s110 s20H STD «DEV,CORRECTIONE,E12,5//)
C##INSERT PLOT RUUTINES.
C SELECT M TWE MAX.LAG M0,
C OPTIONS FOR M (KREAL [N MZyy) g (M=1/ (BE®H) ) 4 (M=N/10,)0OR (M=NREPSBe2) |
C REGIN COMPUTATIUN OF TWHF AUTOCNRRELATION FUNCTION.
C THIS SECTION IS AHBRIDAFD FROMFROM ROUTINE AUTO PP 59=SSP MAMUAL,
DO 150 =0¢M
NJzN=
SUM=0,
DO 140 1=1,NJ
IJd=ley
140 SUM=SUMeX([)ox (1)
FNJaNJ
180 R(J)=SUM/FNJ
C END OF AUTNCORRELATION SECTION,
Ce#o INSERT PLOT ROUTINES,
C REGIN COMPUTATION OF THE FOURIER TRANSFORM,
€ (SLIGHTLY MODIFIED VERSION OF THE ROUTINE FORIT PP,27% SSP MANUAL,
C ¢ COMPUTE cOS(PI/M) anNn SET UP OUTER RECURSION VARTARLES.
CO=M
C2=C0=CNS(3,1415926536/C0)
C=Cl=]ls
. J=0
RM=zR (M)
C M+l COEFFICIENTS ARE TN HE COMPUTED+GOING FROM J=0,TOJ=M,
c RM ALTERNATELY EQUALS «R(M) AND «R({M) ,EACH SUM GOFS FROM
[of I=M=1 TO I=u, UO,Ul,ANDU2 ARE THE TERMS IN THE INNER REC,
160 u2=Ul=0,
IsM=]
CC=CeC
170 UO=R(I)eCCHUL=U2
u2=u1l
Ul=uo
Isle}
IF(1) 18041804170
TR0 GR(U)I=2,#H (R(0)¢2,%# (C#Jl=lU2) +RM)
IF (JU=M) 19041%0+200
190 C=2,2CluC0=-C2

-t
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FORTRAN (3,2) /MASTER 09%.°10/71

c
c

c2=C}
Cl=C
RMzeRM
NENTS |
GO TO 160
INSERT pPLOT ROUTINE
REGIN SMOOTHING THE POWER SPECTRAL DENSITY.
200 GO=GR(0)
G(0)=45¢(GR(1)e+G0)
M]l=Me)
DO 210 1=1,M]
GM1=Go
‘GU=GR(I) .
210 G(I)=.25’(GM10GR(I~1))0.5¢Gn
G(M)n.Sb(GMl'GR(M))
D0 250 1=14M
FR(I})s1/(20Ham)
wt1)=91.¢/(bn.~FR(r))
250 CONTINUE
PRINT ano
400 FORMAT (39H1AUTOCURQELATION AND SPECTRAL FUNCTIONS//
1 2x17H LAG NDsSXyl6H AUTOCORRELATION.SX.
2 21H Raw SPECTRAL DENSITY.SX.ZQH SMOOTH SPECTRAL DENSITV'SX.
: 114 FREQUENCY +SXy12H WAVE LENGTH,5X 4 9H HAPM.NO-//)
PRINT 5n0'(JQR(J).GQ(J},G(J).FR(J)'W(J)'JoJ:O'M)
Sno FORMAT(I7oEZl.0-523.61525.4'522.4'517.40112)
CALCULATE THE MaXImMum SPECTRAL DENSITY VALUE
GMAX=ARRAYS (4901)
DO 450 1=1,mM
GI=G(1)
IF(GI-GMAx)éso.kSO.auO
440 GMAX=GI
450 CONTINUE
CALCULATE THE MINIMUM AUTOCORRELATION VALUE
RMIN3R(])
DO 550 t=1,M
RI=R(I)
.IF(RI-RMIN)470-550oGSO
470 RMIN=R]
550 CONTINUE
CHECK THE pAw SPECTRAL DENSITY
SUM=0,
MMaMe
DO 600 1=1,MM
GGR=GR(T)
SUM=SUM+GGR
600 CONTINUF .
TSTGR:-R/(H*M)“(.SGARGAYS(5301)‘SUM’.5°GR(M))
TST:TSTGR-ARRAYS(4501)
PRINT Tn0,TST
700 FORMAT (//722H TEST FOR RAW SP.DENS=.€]3.9//)
IF (IFSTAN ) 71047104720
710 PRINT 730
730 FORMAT {35H NORMAL ISED BUT NOT STANDARDISED )
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. GO YO 745
' 720 PRINT 740
740 FORMAT (35H NORMALISED AND STANDARDISED )
745 PRINT 7504 XMINyXMAX¢NoKyMeSPH
750 FORMAT (//9H MINIMUM=,E23,5/9H MAXIMUM=4E23,5/
1 19H NO OF POIMTS RECe=sIl0 /19H NO OF CLASS AMPL.=»110 /
2 12H MAXeLAG NO=4I10 ,20H STDeDEV.CORRECTIONZ4£12.5//)
INSERT PLOT ROUTINES
PLOT POINTS TO CHECK THE DIGITISED READING
PLOT PDENS,
CALL GRF({82034Ks=le40400,9FACT)
PLOT PODIST
CALL GRF(B4039Kswml,y0le90esFACT)
PLOT AUTO
" CALL GRF(90039My040,sRMINJFACT)
PLOT SP.DENS,
CALL GRF{9803+Me190,04904FACT)
NNN=NNN+ 1
IF (NNN=TSETS)S500045000,7000
7TN00 CALL ENPPLT(.0940)
SToP
END

o 0O o oo

FORTRAN DIAGNOSTIC RESULTS FOR TS

NO ERRORS
s P 02733 C 33260 D 00144
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FORTRAN (3,2)/MASTER ) 09/10/71

SUBROUTINE GET PARAM
COMMON/NATA/PARAM

DIMENSION PAHAM(SU).IPARAM()OO)

EQUIVALENCE (PaRAM, IPARAM)

EQUIVALFNCE (Ny IPARAM(1) )y (Mg IPARAM(2) ) 4 (AyIPARAM(3))

1 (Ry IPARAM(5)) o (Ky IPARAM(T)) s (IFSTANs IPARAM(R) ) o
2 (RyIPARAM(9)) 4 (IFPTRANS, IPARAM {111y (ISETS,IPARAM(]12) ),
3 (xFACTolPARAMus)).(GAIN'IPARAw(ls))

RETURN

END

FORTRAN UIAGNOSTIC RESULTS FOR GETPARAM
NO ERRORS

GETPARAM P 0002} c 00n00 n 00144
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FORTRAN (3,2)/MASTLR 0%/1C/71

SUBROUTINE DATA IN(X4ISWTCH,ISPEED)

COMMON/NATA, PARAM

DIMENSION IPARaM(10n0)

EQUIVALENCE (PARAM , IPARAM)

EQUIVALFNCE (NyIPARAM(1) )y (My IPARAM(2)) 9 (AsIPARAM(3) )y

1 (Re IPARAMI(S) ) 4 (Ko IPARAM(T) ) s (IFSTANs IPARAM(R) ) 4
2 (Hy IPARAMI9) ) o (IFPTRANS» IPARAM(11) )¢ (ISETS, TPARAM(12)) s
3 (XFACTyIPARAM(13)) 4 (GAINY IPARAM(]S))

DIMENSION Xx(1)

PUNCH DATA VALUES FOR MeKoAyBo IFSTANS IFPATRANS o H
GAINSTOTAL VOLTAGE GAIn AFTER THE FIRST OUTPUT
MAGNIFICATION SWITCH 1,..¢XFACT=50
MAGNIFICATION SWITCH 2es0 e XFACT=2S
MAGNIFICATION SWITCH 3,,eeXFACT=212.5
MAGNIFICATION SWITCH 4,,4¢XFACT=5e
MAGNIFICATION SWHITCH 5,,4eXFACT=2.5
MAGNIFICATION SWwITCH Geoes e XFACT=1425
MAGNIFICATION SWITCH 7,.0¢XFACT=0,.5
MAGNIFICATION SWITCH A,eseXFACT=0425

IFSTAN=]
IFPTRANS=1
ISET=1
READ(604100) ISWTCH,ISPEED¢NsKsMoHyXFACT9GAIN
100 FORMAT (515 3IFB,.5)
REAND(60,1) (X{I)9I=eN)
1 FORMAT (A (1XsF11.8))
RETURN
END

FORTRAN DIAGNOSTIC RESULTS FOR DATAIN

0O000OOOOOO0N

NO ERRORS

DATAIN P 00132 c 00000 n 00144
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FORTRAN (3,2)/MASTER - ) 09/10/71
SURROUTINE GRF(I1T9JJekKsXMAX 9 XMINSFACT)

11 DENOTES THE FIRST PnSITION OF THE FUNCTION IN THE COMMON IARRAYS

JJ «EQK,ORM AND UEFINES THE NO.OF POINTS TO BE PLOTED

KK IS A ‘PARAMETER WHICH SELECTS THE SUBR,AXISXY.

CCMMON TARRAYS(1400n)
DIMENSINN ARRAYS(7000)
EQUIVALENCE (ARRAYS,IARRAYS)

SET UP STORAGE ALLOCATION FOR ARRAYS IN COMMON 4 ALLOWING

FOR ZERQ SuUBSCRIPTS,

EQUIVALENCE (X.IARRAYS(I))o(IHISTcIARRAYS(8003))o
(pDENs,IARRAY:(8203)).(PDISY,rAnRAVS(Aao3)).
(PERCENT,IAHPAYS(8603))0(GAUSS.IARRAYS(HBO3)).
(FvIARRAYS(9003))-(Gl!ARRAY5(9ﬂ03))'(GR-IARQAYS(10603))0
(FRoIARRAYS(1|603))o(WvIARRAYS(12203))

COMMON/DATA/PARAM

DIMENSINN PARAM(S0) , IFARAM(100)

EGUIVALENCE (PARAM, IPARAM)

EOUIVALENCE(NleAQAM(I))t(M.IPARAM(E))n(AOIPARAM(3)) 0
(RoIPARAM(S))-(K'IPARAM(7))v(IFSTAN;IPARAMlﬂ))c

2 (H-IPAHAM(Q)).(IFPTRANS.IPARAM(ll))o(ISETS.!PARAntlz))o
3 (xFACT.IPARAM<13)).(GAIN,IPARAM(15))
DIMENSION xX(1)sYY(1)
IF(KKLERel0) GO TO q40
IF (KK)9n0,910,4920
900 AKzK+4
I1XL=5
1YL=8R
XT:l.Z“AK
YT=‘.5
XNGz~, 1 8AK
YNGE=, 4
CALL AX[SXY(QHTDPE.IXL!IYLi]ouXToYTgXNGyYNG..Ov.Oo-l)
CALL PLOTXY(=al%AKymo%5090)
GO0 10 93¢
910 AM=M
IXL=S
1YL=8
XT=l,2%0M
. YT=1107
XNG=w,16AM
YNG==,6
CALL AXstv(4HTAPE.rxL.IYL.1..xrovr.xNG.YNG..o-.n..l)
CALL PLOTXY(XNGyYNGoNy0)
GO TO 930
920 AM=z=M
IXL=zS
1yL=8
XT=1,2¢aM
YT=],28xXMAX
YNGz= ¢ 15#XMAX
XNGzme 1 6AM '
CALL Axysxv(anTApe.IXLqIYL'1.IXT9YT-xNGoVNG..o-.o'-ol)
CALL PLOTXY (XNG3YNG,0s0)
930 XxX(1)=0,

ooa

(2 Xe]

T8 W N
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NO ERR
GRF

FORTRAN (3,2)/MASTER

JK= (II=1)/2
YY (1) =ARRAYS {JUK)
CALL PLOTXY(XX9YYy0,15)
CALL PLOTXY(XXsYYy1,415)
JlmgJel
DO 1000 I=)eJL
LLsUuKe]
XX(1)r=1
YY(1)=3ARRAYS(LL)
CALL PLOTXY(XX9YY1,15)
1000 CONTINUE
RETURN
940 IXL=S
1YL=40
XT=1,2% (XMAX=XMIN) #FACT
YT=1l.1%9J
XNEG=142%XMINSFACT
YNEGE=(0nS#YT
XTIiCK=1,
CALL AXTSXY (4HTAPE ¢ IXLy IYLoXTICKs XT YT ¢ XNEGoYNEGy o0y o0ads)
CALL PLOTXY(XNEGyYNEGe040)
YyY(1)=1,
JKa(ll=1)/2
XX (1) =ARRAYS(JK) *FACT
CALL PLOTXY(XXsYYy0,15)
CALL PLOTXY(XX9YYe1,415)
JisJJ-]
DO 1100 I=1,JL
LL=yKe]
XX(1)sARRAYS(LL)®FACT
YY(1)=]l,+1
CALL PLOTXY(XX)YY91,15)
1100 CONTINUE

RETURN
END
FORTRAN DIAGNOSTIC RESULTS FOR GRF
ORS
P 00s24 c 337260 n 00144

SRS s N Y S NIV e ey .o
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TABLE A-3.1

THE FUNCTION Un, 4000 DATA POINTS

(The data is expressed in micrometers)



A-14

20=389c1°2~
10~32196°2~
10=3824€"1
00 32TT11°1=
00 35921°1l=~
10=-3G5168° 6=
10=-36€€G° 2=
10=32220°€=
10-39268¢ 1=
10=328222~
10=399GL°¢€~-
10=-329g1°2
10=32¢c6%°g
10-39621° (=
10=3%6R0°%%
10=3€.96°€
10=-39640°,
10-30212°2~
10=3049€° 9
20-3g288°%
10=3914%9=
10-322g2° 1=
10362991
10~3v0gc°*2
10-30240°% =
10~3109(°*{=
10=395496 9=~
10-32E4€° 1=
20=399n, 2
10-301yg€C=
10~314E8*2
10=-38EL 1€
20=3692G° 1=
20-369g€°¢
00 30660°Ta
10=-31p %2~
10-3698G°*1
10-369462°€~
10=39%46° (=
10360101
20=324G1%6-
20=390,L%=
20-399z2¢* 1=
10=3E,96°E
10=30G20%y
10=32022°1
10=-38.66°¢
10=3€G2¢€* 2=
10=386g2%€~
10=32651°1
10«3€.96°E
00 30660°1~
10-39226°1
00 38v2E° (=~
10=35939°2~
10=3€9€0°1
10=39G69°1

¢

20=3€.96°F
10=30298° 1=
10~3%644%°E~
00 3LyTIE° 1=
00 32801°1=
20~-369¢1°2=
10=3269.°6=
10-36681°G=
10=-39698°2~
20-310gg°8
20~3995,°2
10=3€906°E
10=-3€195°9
10-35599°2
10=3669E°2
20-3€651°%6
10-36690°S
20-3%0p1°G~
10=~3€9g0°1
10-32#10°2
10=30ggt°* o=
20-3€.96°E
10-3Tg1,2°2
10~3009G°¢
20=388.5° 9=
10-35629°2=~
10=3vg%0° 1=
10-318g0° 1~
20~=3%061"G=
10-31590°1
10~-32096°2
00 31590°1
10-329¢1°2
10=3L061° (=
20~3656€£°€
10=~-3221€° 1=
10=38920°2
10~350€8° 6~
10=39621° 1=
20~-36626°1
20-35£01°9
10~39200°T=~
10-30s829%€
€0~32651%
10-39198°1
10~36985° 1
20=362G50°€=
20-36501°9~
10=3LE11°€~
20-3945°%
10=30210°9
[0=35882° 9~
10-392¢8°1=~
.10=320€0° 9=
10-39GE€° v=
[0=30R¢9° 1=
10=-306g69°2

20=3ci2z° 1=
10=38564° (=
10-36415°p=
10=3.£6G°9~
00 31282°1e
10=-3cv00° 1=
10=3€El2 v~
10=3%626"9~
20-392%4° 2~
10=3192¢°2
10=39621° =
10-32540°2
10-31621°1
10~3060€°%,
10=-39860°1
20-3929¢%2-
20-30610°,
10~366%€°C
10-39206°2
10=31€26° 1~
10-39986° I~
10=3.u98°%2
20=35¢58° B
20=3.40¢%g
10-32¢20°%¢€=
20=36€E1L%9
10=356L4G° v~
10-39%86° 1=
10~3¢clge*2~-
20-3.6E2°8
10~-3500g°1
10~32699°y
20-32€649°S
20=-3291.°9~
10~351€8° 1=
10-33099° 4=
10-=352L2°%y
10~3c02Eg° 2=
10=3vL2€°C=
10~39955°1
10~349955°1
10-36L19° 1=
10~3€EvT®E
20=32€69°S
10=3456¢°1
10~366%€°2
20-365256°1
10-32%66"2
10-329%8°€~
10=-30559%2
10=31990°(
10~3c652°2=
10=316€0° 1=~
20=35569°G=
10-36E€6°2~
10=36%L2°9
10=391€9°¢

10=39890° (=
10=35.549°y=
10=39,00°1=
10=-3816°¢=
00 JS(9€°I=
10=39i2€° L=
10~-36LSE°k=
10=30ugs°v=
10-4G629,°%2~
10-316890°1
10=31200°1
10-3€906°t
20=-38%€1°¢c=
10=309€0° 0m
10-3049¢€°
10=39+86° 1=
10=356€2°1
10=35149%¢
10=-356€2"1
10-390499° v~
20=3,6E2°y
10-350.¢° 1~
10-30602°1
10=366%c*2
10-32122° (-
10239601 *ye
10~35015°¢~
20~3€SS1°%6
10=389L1°%€=
10-3805€°2=
10~3€9€e"1
20-36E1LY
€0-33£01°y
10-39.0°1
20-3L151"6~
10=35090° gy~
20=3409%%6
10=31gs¢L%2~
{0=4s68° =~
20~40841°%
10-3g21g°t
20=-38,€0° g~
10-32519°%g
(0~39gy2*e
20-352.2°%Y
20-499%.%2
10=3€609° 1=
10-3950g°e=
10-30298° 1=
10=366%€E°e
10-39592°¢
10=-32282° 1~
10=3.901%¢=
20~3959L°6
10=d690g" v=
10=39421° 1=
10=39642°%Yy

10-361e8° [=
10~3021€°g=
Hclmo¢ms-ml
lu=3gy %€=
U0 3E9ge°t-
l0=392p8° 1=
10=36/59° 9=
10~-3021€°g~
lu=3221€" 1=
20=3992€* 1~
to-329¢1°2
20=36212°%¢
W=31,19°g=
10e322€5°9a
2u-3es5i°6
eU=3291L°9~
20-3glgl’e
10=-32162" ¢
10~3gs61°%2
€0-39€,2°v=
20=-352,2°¢
€0~31yGE°E=
10-32961" 2=
lo=31912%2
10~36955° 1=
10-3p266°6=
20=35896°¢c~
10=31€2L°%¢€
10=31419°G=
20-34061°ge
2U=3994L°2
20=3%629°L
t0=3;150"%¢
10~3G6E0%°G=
lu=-32122°* 1~
lo-326EL° G~
¢0=320€L"y
10=3y6e9'g-
10-39g62¢c g~
10-32182°1
10=31g10°2=
10=3gvgy° 1=
10-3909E°g
l0=36081"
20=36501°g=
€0=3402,%6~
10=-3€909° 1~
10-35529°2~
20=329¢l*e
20-36250°¢~
10=36€€5°2~
10=39¢96° G
10=302€°2-
10=32066°2
10-3g6uc" 2=
103286l 9=
lu=399g2°s

[u=39699°c~
1U=39626°9=
Tv=4g992°c~
TU=3966t°ce
[U=-36620°'g=
Tu=32292° 1=
10=3guLL° (=
1U=30645° 9=
2U~4G6E0T*g
1U=39¢26° 1
T0=36008° 1
€uU=32561°¢
10=3969y° 2~
U=3,21€° (=
1U=36081°%
10=3gu08°1
2U=369E6° L=
Tv=31890°1
Tu=306L9°¢
2v=3592S° 1~
Tu=371gy* 1
2u=312ve g~
TU=36965%2~
2u=3186E°¢c~
TU=3901°2=
lUu=36LL9%6=
Tu=30108° (=
10U=369GE°*¢
[u=399L2° 4~
2u=-3gvele 2~
TV=418€0° T~
TU=39L€£0°1
Tu=39590°2=
10-39062°%g=
tu=-32282° 1~
Tu=31ley°g=
10=32022"
2u~=35E1L%9g
tu-3g999°2=
2U=3GGeY° G
TU=37€9Y°¢~
Tu=3gleg 1~
10U=39269°€
(u=4099E°y
2u=3924ttg~
tu~32162°1
2U=4gy2L° 1=
1V-32806°¢c~-
TU=dylyl®g~
2VU=-4656%9°Ge
1U=3,060°% 4=
Zu=462G0°¢=
Tu=3T6Ebe=
Qu=3tilgy*1
{V=31€EH" 1=
TU=3;6Ty ¢~
tu=36€8%°n

10=30220% 0=
10=31219°%5~
10=390€¢°2~
10=39g271°%6~
10=35ygg*2~
CU~3,804°9
Tu=362L0°2-
10-~3624F g~
lU=3pG6w 1~
10~3c00g° gy~
10-36L99°1
2u=3,00g°6~
10=36,G66° 4=
V=3g 222
10-3,9€9°y
10=-31224%2
10-30965°2~
20e3g209 6~
10=3gysz*e
¢0=30g81°g
20=36250°€=
10=3695g° [~
lUe3:920%€~
2U=3p294° 6"
10=32122° 1~
00 329€£2°1-
10-36829° 1~
103640652~
10~3108€°9~
eu=3994;*2
lu=-31621°1
10=32066%2
26=3c29g%g-
lu=3g,¢£q°9~
el~3625R°8~
[0~351/5°€~
T0~3g66€,°1
Sli~36E0T°9
10=3gE0peG~
1U=3492¢°E
10~3c992°¢~
10-32¢uy0°€=
1U~3gg0¢° T
10=3c16s%y
T=3;cl1%¢-
10-39g90° 1~
dU=35526°1
TU-3geLe i~
tU=3,626%2
TVe36.99°1
10=370T9%»=
T0=3g¢g0¢°1
10=3811y2~
10-31200°1
We=3geLtE
10=390€6°2=
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TABLE A-3.2
THE DISCRETE FUNCTION Zn’ 4000 DATA POINTS
(The data is in nondimensional form for con-

version to micrometers, a factor o should
be utilized)
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B-1 MATERIAL DATA AND PARAMETER SELECTION

" Material Data

Material clo020

Manufacturing process Grinding

Talysurf Set-Up

Sample length 10 mm
Vertical magnification : X 20000
Horizontal magnification "AV"

Parameters for Data Processing

Number of data points 4000
Number of amplitude class interval 40
Maximum autocorrelation lag number 40

Standardized error for spectral

Density 0.1

Data has been normalized and standardized



TABLE B~-2

THE PROBABILITY DENSITY AND DISTRIBUTION FUNCTIONS
COMPUTED FOR EXPERIMENT B
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FIGURE B~3

THE PROBABILITY DENSITY FUNCTION PLOT FOR
EXPERIMENT B
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FIG. B-3 THE PROBABILITY DENSITY FUNCTION P1LOT
FOR EXPERIMENT B (See also Table B-2)

k = 0.25; UY = 0.43 um



- FIGURE B-4
THE PROBABILITY DISTRIBUTION PLOT FOR

- EXPERIMENT B
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FIG.B~4 THE PROBABILITY DISTRIBUTION PLOT FOR
EXPERIMENT B (See also Table B-2)

k = 0.25; 0. = 0.43 um
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TABLE B-5

AUTOCORRELATION AND SPECTRAL DENSITY FUNCTIONS
COMPUTED FOR EXPERIMENT B
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FIGURE B-6
THE AUTOCORRELATION FUNCTION.PLOT FOR

EXPERIMENT B



00

FIG. B-6

1ag‘number r T

THE AUTOCORRELATION FUNCTION PLOT FOR
EXPERIMENT B (See also Table B-5)

Y

r = 2.5 pm; g = 0.43 um



FIGURE B-7
THE SPECTRAL DENSITY FUNCTION PLOT FOR

EXPERIMENT B
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C-1 MATERIAL,DATA AND PARAMETER SELECTION

Material Data

Material Ccl020

Manufacturing process Grinding

Talysurf Set-Up

Sample length 5 mm
Vertical magnification X 20000
Horizontal magnification :\"AL

Parameters for Data Processing

Number of data points 2000
Number of amplitude class interval 40
Maximum autocorrelation lag number 40

Standardized error for spectral
Density : .14

Data has been normalized and standardized



TABLE C-~2.
'THE PROBABILITY DENSITY AND DISTRIBUTION FUNCTIONS

COMPUTED FOR EXPERIMENT C
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FIGURE C-3
' THE PROBABILITY DENSITY FUNCTION PLOT FOR

EXPERIMENT C
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FIG. C-3 THE PROBABILITY DENSITY FUNCTION PLOT

FOR EXPERIMENT C (See also Table C-2)

k = 0.25; OY = 0,433 um



FIGURE C-4
THE PROBABILITY DISTRIBUTION PLOT FOR -

EXPERIMENT C
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THE PROBABILITY DISTRIBUTION PLOT FOR.

EXPERIMENT C (See also Table C-2)
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TABLE C-5

AUTOCORRELATION AND SPECTRAL DENSITY FUNCTIONS
COMPUTED FOR EXPERIMENT C
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FIGURE C-6
THE AUTOCORRELATION FUNCTION PLOT FOR

EXPERIMENT C
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THE AUTOCORRELATION FUNCTION PLOT FOR

. EXPERIMENT C (See also Table C-5)

r = 2.5 um; oy = 0.433 um
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" FIGURE C-7
THE SPECTRAL DENSITY FUNCTION PLOT FOR

EXPERIMENT C



Harmonic number k

FIG, C~-7 THE SPECTRAL DENSITY FUNCTION PLOT FOR
EXPERIMENT C (See also Table C-5)

‘FY = 0.433 um; Be = 15.25 cps
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P-1 * MATERIAL DATA AND PARAMETER SELECTION

Material Data

Material

Manufacturing process

Talysurf Set-Up

Sample length
Vertical magnification

Horizontal magnification

Parameters for Data Processing

Number of data points
Number of amplitude class interval
Maximum autocorrelationAlag number

Standardized error for spectral
Density

Cl1020

Grinding

2.5 mm
X 20000

" AV "

1000
40
40

.20

Data has been normalized and standardized



TABLE D-2
THE PROBABILITY DENSITY AND DISTRIBUTION FUNCTIONS

COMPUTED FOR. EXPERIMENT D
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FIGURE D-3
THE PROBABILITY DENSITY FUNCTION PLOT FOR

'EXPERIMENT D
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FIG. D-3 THE PROBABILITY DENSITY FUNCTION PLOT

FOR EXPERIMENT D (See also Table D-2)

k = 0.25; o, = 0.407 um



FIGURE D-4
THE PROBABILITY DISTRIBUTION PLOT FOR

EXPERIMENT D
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FIG.'D—4 THE PROBABILITY DISTRIBUTION PLOT FOR

EXPERIMENT D (See also Table D-2)

k = 0.25; o, = 0.407 um



TABPE D-5

AUTOCORRELATION AND SPECTRAL DENSITY FUNCTION
COMPUTED FOR EXPERIMENT D :
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FIGURE D-6
THE AUTOCORRELATION FUNCTION PLOT FOR

EXPERIMENT D
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lag number, r

FIG. D-6 THE AUTOCORRELATION FUNCTION PLOT.FOR
EXPERIMENT D (See also Table D-5)

r = 2.5 um; o, = 0.407 pm



FIGURE D-7
THE SPECTRAL DENSITY FUNCTION PLOT FOR

EXPERIMENT D
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FIG, D-7 THE SPECTRAL DENSITY FUNCTION PLOT FOR
EXPERIMENT D (See also Table D-5)

icy = 0.407 um; Be = 15.25 cps
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E-1 MATERIAL DATA AND PARAMETER SELECTION

Material Data

Material

Manufacturing process

Talysurf Set-Up

Sample length
Vertical magnification

Horizontal magnification

Parameters for Data Processing

Number of data points
Number of amplitude class interval
Maximum autocorrelation lag number

Standardized error for spectral
Density

Ccl1020

Grinding

10 mm
X 20000

"AV "

2000
40
40

.10

Data has been normalized and standardized



TABLE E-2
THE PROBABILITY DENSITY AND DISTRIBUTION FUNCTIONS

COMPUTED FOR EXPERIMENT E
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. FIGURE E-3
THE PROBABILITY DENSITY FUNCTION PLOT FOR

EXPERIMENT E
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FIG. E~-3 THE PROBABILITY DENSITY FUNCTION PLOT

FOR EXPERIMENT E (See also Table E-2)

k = 0.25; o = 0.431 pm



FIGURE E-4
THE PROBASILITY DISTRIBUTION PLOT FOR

EXPERIMENT E
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FIG, E-4 THE PROBABILITY _DISTRIBUTION PLOT FOR
EXPERIMENT E (See also Table E-2) -

k = 0.25; oy = 0.431 um
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TABLE E-~5

- AUTOCORRELATION AND SPECTRAL DENSITY FUNCTIONS
COMPUTED FOR EXPERIMENT E
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FIGURE E-6
THE AUTOCORRELATION FUNCTION PLOT FOR

EXPERIMENT E



FIG., g-6
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lag number, r

THE AUTOCORRELATION FUNCTION PLOT FOR
EXPERIMENT E (See also Table E -5)
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2.5 ﬁm; oy = 0.431 um



FIGURE E-7
THE SPECTRAL DENSITY FUNCTION PLOT FOR

EXPERIMENT E
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FIG. E-7 THE SPECTRAL DENSITY FUNCTION PLOT FOR
EXPERIMENT E (See also Table E-5)

cy = 0,431 um; Be = 15.25 cps
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