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ABSTRACT 

"A CHARACTERIZATION OF SURFACE ROUGHNESS" 

by 

Abdallah Adel Abdul Rahim 

A study is made on the surface finish of five ground specimens in an 

attempt to improve on their surface roughness characterization. Surface 

finish is characterized by a single statistic referred to in practice as 

the Center Line Average height value (CLA). This CLA height value is a 

measure of the roughness contribution to surface texture. A fourth order, 

low pass Butterworth filter is used to seperate the contribution of rough¬ 

ness, waviness and error of form that are present in the surface texture. 

Applying this filtering technique eliminates the need of varying meter 

cutoff lengths to maximize and minimize those contributions. A statis¬ 

tical analysis provided a choice of ranges of cutoff periods where the 

CLA height values appear to be more representative of the roughness 

characteristics of the surface texture. Additional studies using other 

surfaces are necessary to improve on the single number characterization 

of surface roughness. 
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I. INTRODUCTION 

Surface finish or roughness has been recognized as being important 

in various engineering problems. In particular, surface roughness is 

considered as an important influence on fatigue life. This study is an 

attempt to characterize surface texture in a more meaningful fashion. As 

will be seen, the existing characterization can lead to misleading con¬ 

cepts of the true character of a surface. 

In this study some representative surfaces will be characterized 

initially by using a typical field procedure. The validity of the 

resulting surface finish estimates will be checked by the use of a precise 

surface measuring instrument that provides an estimate of the surface 

roughness in terms of some average. Considerable Information about the 

surfaces is lost when using a single number representation. A statistical 

analysis will be made of these surfaces in an attempt to find other para¬ 

meters to further characterize the surfaces. 

Surface texture has been defined geometrically by a statistic called 

the Center Line Average height, (CLA), where the center line is the line 

that divides the profile in a way such that the sums of the areas below 

and above it are equal. The CLA height is the arithmetical average 

value of the areas, expressed in microinches, of the whole profile both 

above and below this center line, divided by the length of the profile. 

Details of the graphical determination of the CLA height will be presented 

in (Appendix A). 

The problem with defining surface texture by the CLA height is that 

a great variety of very differing surfaces may exhibit the same CLA. The 

functional properties of such differing surfaces may vary greatly, and 
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hence arises the impossibility of expressing the complete roughness 

characteristics of a surface by means of any single number. It is for 

that reason, that it is necessary in principle, to have another number or 

numbers as well as the CLA value. 

A fourth order Butterworth (low pass) filter will be employed to 

allow separate analysis of the high and low frequency components of a 

surface profile. The statistical characteristics, discussed in chapter 

five, of these components will be studied in an attempt to have a better 

understanding of the surface, and to have a better characterization of 

its surface texture. The properties of the filter together with the 

computer program employed will be presented in chapter four of the study. 

Chapter three is a descripton of the experimental protocol involved. A 

detailed discussion of the results will be presented in chapter six and the 

last chapter, chapter seven, is a summary of the results and conclusions 

drawn from this study. 



II. SURFACE PROFILE PROPERTIES 

Before discussing surface profiles and their properties 1t 1s manda¬ 

tory to define what we mean by a surface profile. For the purpose of 

this study the following terms and definitions which correspond to the 

British Standard 1134 (Ref. 1) have been adopted. 

A. TERMS AND DEFINITIONS 

A surface is the boundary that separates an object from its surround¬ 

ings. The surface is either nominal or measured. The intended surface 

of the object, the shape and what is represented on a drawing or in a 

descriptive specification is what constitutes the nominal surface. The 

representation of the surface as obtained by surface measuring instruments 

is the measured surface. 

A profile is the shape of a specified section through the surface. 

Again, the nominal profile is the profile disregarding surface texture 

and the measured profile is its instrumental representation. The average 

distance between the more prominent irregularities on the surface profile 

is defined as the spacing. 

Surface texture is those irregularities with regular or irregular 

spacing which tend to form a pattern or texture on the surface. Surface 

texture has two components. 

(i) Roughness (primary texture) is the higher frequency component of 

surface texture which results from the production process. The 

direction of the predominant surface pattern which also results 

from the production process is defined as the Lay. It is essen¬ 

tial to realize that the "roughness" of a surface involves both 

the size and shape of irregularities. 
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(11) Waviness (secondary texture) is that lower frequency component 

of surface texture upon which roughness 1s superimposed. Waviness 

may result from such factors as machine or work deflections, 

vibrations, heat treatment or warping strains. 

B. SURFACE PROFILES AND THEIR MEASUREMENT 

In this study, surface texture is studied along a cross-section normal 

to the lay of the measured surface. Since the irregularities of the 

surface profile are minute in depth, it is necessary for graphical 

representations of them to be shown to a considerable degree of magnifica¬ 

tion. It is customary for instruments used for obtaining graphical 

representations of surface profiles to have different magnifications for 

the vertical and horizontal scales, the former, being approximately in 

this study twelve thousand five hundred times and the latter being ap¬ 

proximately one hundred times. 

Basically, the measurement of surface texture presents a problem in 

three dimensional geometry, but in practice it Is reduced to a problem of 

two dimensional geometry by confining measurement to the profiles of 

plane sections taken through the surface. The combined effect of rough¬ 

ness, waviness, and error of form is what constitutes a surface texture. 

Varying the sampling length will vary the contributions of roughness, 

waviness and error of form. To maximize the contribution of roughness 

and minimize the contributions of both waviness and error of form, it is 

necessary to define an appropriate sampling length denoted by (1 s) 

referred to in practice as the meter cutoff. Standard meter cutoff 

values are presented in (Appendix D). For reasons which will be discussed 

in Chapter Three, the sampling length used in this study was 0.0625 
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Inch. The contributions of roughness, waviness and error of form were 

maximized and minimized by studying filter outputs of each surface 

profile. 



III. EXPERIMENTAL PROTOCOL 

A. EQUIPMENT 

The profiles of surface irregularities of five different specimens 

were traced by a "Talysurf" surface measuring instrument manufactured by 

Taylor-Hubson figure (3-1). The "Talysurf makes use of a sharply pointed 

diamond stylus with a 0.00005 inch tip radius and stylus force of 0.1 

gram. The pick-up carrying the stylus and skid or shoe, which is generally 

used to provide a datum, is traversed across the surface by means of a 

motorized drive unit. The up and down movements of the stylus were 

converted into corresponding changes in electric current by the use of 

an inductive transducer. Those changes were amplified, and used to 

control : 

(i) A Graph Recorder, providing a representation of the profile of a 

cross-section of the surface irregularities on an electro-sensi¬ 

tive chart paper, Figure (3-2) 

(ii) An average meter which shows the Center Line Average (CLA) values 

of all irregularities coming within a standarlzed length of 

surface, Figure (3-3) 

(iii) A 5223 Tektronix digitizing oscilloscope which captures and 

digitizes the signal from the trace, Figure (3-4) 

(iv) A 4052 Tektronix mini-computer which stores the digitized data 

and is used to calculate the statistical properties of the surface 

profile 

(v) A 4662 Interactive digital plotter used to draw all the plots 

presented in the study, Figure (3-5) 
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Figure 3-1 
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Figure 3-2 
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Figure 3-3 
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Figure 3-4 
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Figure 3-5 
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B. SPECIMENS 

For easy use by the "Talysurf", five 1 inch wide by 1 inch thick by 

2-1/2 inch long A572 grade 50 steel specimens were ground with grinding 

tools attached to hand held rotors. Two of the specimens were cone 

ground and three were disk ground. 

The characteristics were: 

(1) Burring Bit: Cone used was 3 in. (76mm) long and had a convex 

taper. The diameter at the base of the cone is 3/4 

in. (19mm). 

(ii) Sand Bit: Cone used was 2 in. (51mm) long with a base diameter 

of 1-1/2 in. (38mm). The cone was 20 grit sand bit. 

Three 7 in. (178mm) diameter disks having an edge thickness of 1/4 

in. (6mm) were used to grind three other specimens. The disks used were: 

(1i1) Bay Flex, hard back disk 

(iv) Blue Flash, hard back disk 

(v) Blue Flash, hard back disk followed by an 80 grit soft disk 

C. CALIBRATION AND SURFACE MEASUREMENTS 

The surfaces prepared by the techniques listed above had estimates 

made of their surface finishes using a microfinish comparator. This com¬ 

parator is a standard with different surface finishes prepared by various 

machining processes. A visual comparison between the prepared surfaces 

and the comparator resulted in the following surface finish estimates. 

Burring Bit 63 microinches 

Sand Bit 125 microinches 

Bay Flex 32 microinches 

Blue Flash 250 microinches 

Blue Flash + soft 32 microinches 
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The surface finishes provided by the comparator were checked using 

the average meter shown in figure (3-3). The readings obtained correspond 

reasonably well with the stated finishes on the comparator. 

The surface irregularities of a typical diamond-turned surface having 

a CLA height o.f 36 microinches were traced to check the calibration of 

the "Talysurf." The signal from the trace produced was captured, digi¬ 

tized by the oscilloscope, shown in figure (3-4), and fed into the mini¬ 

computer. The resulting surface profile had a CLA height of 35.9 micro- 

inches, a result that compared perfectly with the 36 microinches provided 

by the standard diamond-turned surface. 

Due to the limited digital capacity of the oscilloscope only five 

hundred and twelve data points were available to represent a surface pro¬ 

file. This resulted in limiting the sampling length (ls) of the surface 

profile to 0.0625 inch. This sampling length was determined by comparing 

the output produced by the graph recorder, shown in figure (3-2), before 

digitizing to the output produced by the plotter, shown 1n figure (3-5), 

after digitizing. A trace longer than 0.0625 inch would result in a 

poorer definition of the surface since the number of peaks in this 

sampling length is already on the order of two hundred peaks. 



IV. THE COMPUTER PROGRAM 

The procedures described in chapters II and V for defining surface 

profiles and studying their statistical properties have been coded into a 

computer program. The overall flowchart is shown in figure 4-1. 

A. PROGRAM CONTROL PARAMETERS 

(a) Half power period. The half power period 'THP' is the cutoff 

period used in the filtering process. (THP=2 IT /wnp)« Conversions 

of THP to cycles/trace and cycles/inch are found in table 4-1. 

(b) Pseudo Period. The pseudo period 'Tp' could be thought of in 

terms of wavelength. The units of 'Tp* are microinches. 

B. SURFACE PROFILES 

The traces generated by the 'Talysurf' were digitized by the digital 

oscilloscope into five hundred and twelve data points. The digital filter 

was applied, and the plots for the original surface profile and both the 

high pass and the low pass filter outputs were produced by the plotter. 

C. STATISTICAL PROPERTIES 

The basic statistical properties such as the Mean, Standard Deviation, 

Center Line Average, Skewness and Kurtosis were also calculated. The 

number of peaks, the number of positive peaks and negative valleys, the 

number of zero crossings and the irregularity factor (alpha), have been 

also coded into the program. 

D. AVERAGE OF PEAK MOMENTS 

The average of peak moments, mj, using positive peak extrema was 

calculated for 1=1,3,5,7,9. The procedure is described in chapter V, 

equation 5-14. 
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| Enter Dig tized Data | 

|Calculate Statistical Properties 

Autocorrelation and Power Spectrum! 

Average of Pea 
Positive P< 

< Moments Using 
»ak Extrema 

1 Surface Profile Determination! 

Cumulative Distribution of Peaks 
and Statistical Properties 

Cumulative Distribution of Positive Peaks 
and Statistical Properties  

Butterworth Filter Using 
a Value for T^p (from Table 4-1) 

|Return| 

Figure 4-1. Flow diagram of computer program. 
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tHP Cycles/Trace Cycles/Inch Tpc microinches TPC/U 

1.0 51.20 819.20 1,221 1.95% 

2.5 20.48 327.68 3,052 4.88% 

5.0 10.24 163.84 6,105 9.77% 

7.5 6.83 109.28 9,157 14.65% 

10.0 5.12 81.92 12,210 19.54% 

12.5 4.10 65.60 15,262 24.42% 

15.0 3.41 54.56 18,315 29.30% 

17.5 2.93 46.88 21,367 34.19% 

20.0 2.56 40.96 24,420 39.07% 

22.5 2.28 36.48 27,472 43.96% 

25.0 2.05 32.80 30,525 48.84% 

27.5 1.86 29.76 33,577 53.72% 

30.0 1.71 27.36 36,630 58.61% 

32.5 1.58 25.28 39,682 63.49% 

35.0 1.46 23.36 42,735 68.38% 

37.5 1.37 21.92 45,787 73.26% 

40.0 1.28 20.48 48,840 78.14% 

42.5 1.20 19.20 51,892 83.03% 

45.0 1.14 18.24 54,945 87.91% 

47.5 1.08 17.28 57,997 92.80% 

50.0 1.02 16.32 61,050 97.68% 

Table 4-1 
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E. AUTOCORRELATION AND POWER SPECTRUM 

The Autocorrelation for the high pass signal was calculated by the 

use of a correlation command*, and by performing the Fast Fourier transform 

on the resulting array the power spectrum was obtained (see program in 

Appendix E). The Autocorrelation function and the power spectrum were 

also graphed. The Power spectral density functions will be discussed 

thoroughly in chapters V and VI. 

F. CUMULATIVE DISTRIBUTIONS 

The cumulative distributions of both positive peaks, and all peaks 

combined, were found over the range from -4oj to 4a] with increments of 

0.10], where a-J is the root mean square of the filter outputs of the 

high pass signal under study. Both cumulative distributions along with 

their statistical properties for each 'T^p' and for the resulting high 

pass signals have been produced. See figures 6-27, 6-28, 6-29, and 

6-30. 

G. LOW-PASS BUTTERWORTH FILTERS 

A low-pass filter is a device that passes signals of low frequencies 

and rejects those of high frequencies. The frequencies that pass consti¬ 

tute the passbands and those that are rejected make up the stopbands of 

the filter. The performance of a filter may be measured by its amplitude 

response which is a plot of the amplitude *|H(Tp)|' versus pseudo period 

'Tp'. H(Tp) is the ratio of the filter output and input amplitudes, 

when both input and output are harmonic terms with pseudo period 'Tp'. 

There are a number of types of low pass filters, one of the most commonly 

used is the Butterworth type. 

* The correlation command is a subroutine in the computer that can be 
used by the user with a call statement. 
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A filter that approximates the ideal low-pass with a so-called 

maximally flat passband characteristic is the Butterworth filter Ref (2), 

Ref (3). Its amplitude response is given by 

6 
I H(Tp) i =   1     n = 1*2,3... 4-1 

A * (VTpC)2n 

where n is the order of the filter. As n increases, the response more 

nearly approximates the ideal case. See figure (4-2). The cutoff 

pseudo period 'Tpc' is the point at which |H(Tp)| is 1//2 times its 

maximum value 'G'. 

The Butterworth amplitude response used in this study was compared 

to the amplitude response produced from equation (4-1). Both responses 

are shown in figure (4-2), where the maximum value of the amplitude 

|H(Tp)| of the filter's transfer function H(Tp) is unity, and the 

order of the filter is a second order. The filter was applied twice 

(i.e. forward and backward on the profile) to balance the phase and 

achieve symmetry and hence the order n is doubled and the filter becomes 

a fourth order filter. 

To measure the performance of the filter used in this study sine 

waves of the form shown below (eqn 4-2) were filtered by varying pseudo 

periods 'Tp' at a cutoff pseudo period 'Tpc' of 0.0122 microinches. 

The resulting amplitude response was plotted against the corresponding 

pseudo periods 'Tp'. 

Q(I) = Sin(2 *Tp*I/513) ; I = 1,2,3...513 4-2 

The two plots shown in figure (4-2) look reasonably compatible. 
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V. STATISTICS OF THE SURFACE PROFILE 

A. STATISTICAL PROPERTIES 

Statistical properties of the Surface Profile, such as the Mean, 

and Standard Deviation will not be discussed in this chapter, however, 

these statistics are essential and fundamental to the problem at hand 

and can be found in any standard text in statistics, Ref (4). Some 

other statistics such as kurtosis and skewness are discussed below, 

(a) Kurtosis. Kurtosis is a measure of sharpness of the Probability 

Density Function (PDF). In addition to characterizing this 

aspect of a profile, 1t has utility in quantitatively describing 

the randomness of a profile's shape relative to that of a perfectly 

normal random surface which has a kurtosis of 3. Kurtosis is 

defined as: 

KURTOSIS 1 1 5-1 

where Yi = the profile ordinates 

N] = the number of ordinates chosen in a profile record 

length 

A PDF with a kurtosis value greater than 3 is considered 

to be sharp. Figure 5-1 shows some surface profiles with the 

corresponding PDF's and kurtosis values. 

(b) Skewness. Skewness is a measure of symmetry of the profile about 

the center line. 

-L J_ y' v3 

of N. il '' SKEWNESS = 5-2 
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Negative skewness values in tables 6-1 and 6-2 indicate that 

filtering shifted the profile more to the negative side of the 

center line. A zero skewness would mean that the profile was 

symmetric about the center line. 

Assume that the surface from X(£) is an ergodic stationary 

process with zero mean. The process X(S ) will be defined as an 

ensemble of functions X(£) with the following properties: 

B. AUTOCORRELATION AND POWER SPECTRUM 

The autocorrelation functions for the sample functions X(£ ) will be 

displayed in this study for the following reasons: 

(1) To detect harmonic components present in the surface profile 

before and after filtering 

(2) For the sake of completeness and further research 

The mathematical definition of autocorrelation is: 

R(x) - ^ / X(s) X(Ç + T) d£ 5-3 
-T 

so that R(T) is the autocorrelation function formed by summing the lagged 

product of X(S) with itself. In terms of digital signal processing, 

autocorrelation is greatly simplified by using the Fast Fourier Transform 

or (FFT). (See Appendix B) 

X(£) is transformed to the frequency domain by the FFT function such 

that X(f) = FFT[X(S)], with R(f) * X(f)X*(f) = (X*(f) X (f))*. Here, * 

is used to denote conjugation. To get R(r)» R(f) is transformed back to 

the time domain. The function R(T) can be represented also by a fourier 

integral : 
09 

R(T) - / S(u>) exp(iurr) du 
o 

5-4 
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S(u) = — / R(T) exp(-iux) dT 5-5 
v o 

the function S(OJ) is called the one sided power spectral density and is 

defined for positive values of only. 

It is useful to note that from 5-3 and 5-4 
oo 

(o))s R(0) =#/S(fa>)du> 5_6 

The spectral density S(w) represents the contribution of each frequen¬ 

cy component of X(g) to the mean square of the process. The frequency, 

however, is expressed in radians per inch since we are dealing with a 

displacement base domain. 

The band width parameter or irregularity factor in this case is 

defined as: 

number of zero crossings/unit displacement 5-7 
a = number of peaks/unit displacement 

The process X(ç) is a narrow band process when a approaches the value of 

one. On the other hand, when a approaches zero the process is a wide 

band process. 

The spectral width parameter is defined by 

It follows that e tends to zero in the case of a narrow band process and 

to unity in the case of a wide band process. 

C. PROBABILITY DISTRIBUTION OF PEAKS 

S. 0. Rice derived an expression for the distribution of the peaks in 
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a normal process as in Ref (5). 

F (u) = — erfc(-~-) - —- exp(^-)erfc(^-) 
lÆeoi 5-9 

Where erfc denotes the complimentary error function 

erfc(u) = — / exp(-y2)dp 
Vn u 

5-10 

and 

erfc(-u) = 2 - erfc(u) 5-11 

Fp(u) denotes the fraction of all peaks which have a value less than 

u. The cumulative distribution Fp(u) includes negative as well as 

positive peaks. The fraction of positive peaks which are less than u is: 

F +(u) = r1— [erfc(~u—) -oexp(-zU^-)erfc(t£ilL_) +a-l] 5-12 
P l+o ✓Zeai 2ax . V2eai 

note that when tends to unity the peak distribution Fp(u) tends to the 

well known Rayleigh distribution 

5-13 

and all the peaks are positive peaks. 

D. AVERAGE OF PEAK MOMENTS 

The average of peak moments was calculated by using positive peak 

extrema. Denote the moments by m then 

1 A1 
mi » —Z -£75 i = 1,3,5,7,9 5-14 

V ai 
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where 

A = the amplitude of positive peaks 

np+ = number of positive peaks 

The average of peak moments using positive peak extrema was calculated 

and compared with the respective moments of the S. 0. Rice positive 

distribution. If the compared peak moments match, then it would be 

reasonable to conclude that the distribution at hand is normal. 



VI. DISCUSSION 

The ground surfaces discussed In chapter three were traced by the 

'Talysurf,' and the resulting surface profiles together with their corre¬ 

sponding CLA height values are shown in figures 6-1 through 6-4. 

The burring bit ground specimen represented by the surface profile 

shown in figure 6-1 has a measured CLA height value of 126 microinches 

which is exactly double the CLA height provided by the surface finish 

estimates made on that surface in chapter three. Moreover, the measured 

CLA height for the blue flash ground surface in figure 6-2 turned out to 

be 127 microinches, a value which is approximately half the value of 250 

microinches provided by the surface finish estimates. Measured CLA 

height values for the sand bit ground surface in figure 6-3 and the 

bay flex ground surface in figure 6-4 were 214 microinches and 88 micro- 

inches, respectively. The corresponding estimated surface finish values 

were 125 microinches and 32 microinches. This shows again the lack of 

validity and precision of surface finish estimates obtained by the 

typical field procedures discussed 1n chapter three. 

Consider the burring bit ground surface in figure 6-1 and the blue 

flash ground surface in figure 6-2. Both surfaces have surface profiles 

that are totally different in character and yet both exhibit the same CLA 

height value. Cases of this nature that arise in practice make the 

complete roughness characterization of surfaces by means of one single 

number, the CLA height value, very misleading. This phenomenon makes it 

necessary to characterize surface roughness in a fashion that is more 

descriptive of the true character of a surface. 



Figure 6-T 

Figure 6-2 



Figure 6-3 

Figure 6-4 
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The combined effect of roughness, waviness, and error of form is what 

constitutes a surface texture. The meter cutoff value or sampling length 

(ls) is one of the variables used in practice to maximize the contribution 

of roughness and minimize the contributions of both waviness and error of 

form. In this study the sampling length (1 s) was fixed to 0.0625 inch 

due to the reasons discussed in chapter three. In the case presented in 

figure 6-1, the burring bit ground surface has a wavy nature, hence a 

sampling length of 0.0625 inch results in a measured CLA height value 

that is nonrepresentative of the surface roughness. To have a more 

reasonable surface roughness characterization a sampling length 1n the 

order of 0.01 inch should have been used. The suggested meter cutoff 

values for all ground surfaces according to the British Standard 1134 

(Ref. 1) are 0.01 inch, 0.03 inch and 0.1 inch. The standard however 

does not specify the type of grinding involved which makes the choice of 

a meter cutoff value for the case above inconclusive. 

A fourth order low pass Butterworth filter was used to split the 

traced surface profiles into a high frequency component and a low fre¬ 

quency component. The high frequency component represents the contri¬ 

bution of roughness while the low frequency component represents the 

contribution of both waviness and error of form. Varying the cutoff 

filter pseudo periods 'Tpc' the filter outputs of both the low pass and 

high pass filter will show the contributions of roughness, waviness, and 

error of form at each cutoff filter pseudo period 'Tpc'. Cutoff filter 

pseudo periods 'Tpç' are expressed in microinches and vary from 0.00122 

Inch to 0.06105 inch. (See table 4-1), which just about covers the 

sampling length (ls=0.0625 inch). The cutoff filter pseudo period 

'Tpc' is expressed in terms of the sampling length (ls) in table 4-1. 
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The use of this filtering procedure will eliminate the problems 

associated with picking a sampling length (ls) for surface finish 

measurements. In the cases where waviness has more contribution to the 

surface texture than roughness, such as the case in figure 6-1, the 

waviness part of the profile can be filtered out and the filter outputs 

of the high pass filter will be used to calculate the CLA height value 

of the profile making the result one that is representative of the 

surface roughness. The idea of fixing the sampling length and applying 

a filter to determine the contributions of roughness, waviness and error 

of form to a surface texture would be applicable to all cases presented 

in the British Standard 1134 (Ref. 5) if the oscilloscope had a capacity 

equivalent to five times its present capacity. 

In the case of the burring bit ground specimen. The cutoff filter 

pseudo period associated with filtering out the low pass components from 

the original surface profile is in a range as small as 2 to 5 percent of 

the sampling length. This range is realistic since what is desired is 

the maximization of the contribution of roughness to the surface texture. 

The CLA height value associated with those cutoff pseudo periods is 

around 2 microinches. On the other hand, in the case of the blue flash 

ground specimen the cutoff filter pseudo period associated with filtering 

out the low pass components from the original surface profile is in a 

range of 20 to 30 percent of the sampling length (ls). The corresponding 

CLA height value is around 92 microinches. Hence the cutoff filter pseudo 

period 'Tpc' can be used as a factor to differentiate both specimens 
« 

knowing that the specimens exhibit the same CLA height value before 

applying the filter. Moreover, a statistical analysis to determine the 
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ranges for cutoff filter pseudo periods will be made for one of the five 

specimens in an effort to determine whether those ranges are characteris¬ 

tic of the finishing process or characteristic of the trace only. 

Since the CLA height value is measured in microinches, the cutoff 

filter pseudo period 'Tpc' can also be expressed in terms of the CLA 

height value as in tables 6-1 through 6-4, where the CLA height value is 

the CLA height value of the surface profile before filtering. 

The hard and soft disk ground specimen is chosen to conduct the 

statistical analysis used to determine the cutoff filter pseudo period 

ranges that define the roughness characteristics of the specimen. The 

surface of the specimen was traced twice, the trace being each time on a 

different part of the specimen's surface, to determine whether those 

ranges are characteristic of the finishing process. The resulting surface 

profiles had surface finishes of 51 microinches and 37 microinches. 

A. SURFACE PROFILES AND POWER SPECTRUM 

(a) Case 1 (CLA = 51 microinches) 

The plots for the original surface profile and both the high pass 

and the low pass filter outputs at three different filter pseudo periods 

are presented in figures 6-5 through 6-11. 

The plot for the original surface profile in figure 6-5 seems to have 

a bias about the center line. One can tell immediately that the profile 

is wide band by noticing the large difference between the number of 

zero crossings and number of peaks. The total number of peaks in the 

profile is 154 peaks (See table 6-2). 

The power spectral density function for the unfiltered surface 

profile is presented in figure 6-12. The maximum contribution to the 
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mean square of the profile is in the range of frequencies *f' from 0 

cycles/inch to 270 cycles/inch, corresponding to a range of cutoff filter 

pseudo periods 'Tpc' from «> to 73 X CLA, where the CLA height value 

is that of the original surface profile (CLA = 51 microinches). Defining 

this range will help narrow down the governing range of filter pseudo 

periods. 

Since the mean square of the profile is the area under the spectral 

density curve, it makes physical sense to plot the rms of the filter 

outputs of the high pass filter against the corresponding values of the 

filter pseudo periods, figure 6-13. For convenience the rms values are 

normalized with the rms of the original signal and the filter pseudo 

periods are normalized with the CLA height of the unfiltered signal. 

One notices a change in the rms values of filter outputs of the high 

pass filter in the three parts of the curve in figure 6-13. The first 

part of the curve corresponds to ranges for filter pseudo periods from 

24 X CLA to 180 X CLA, the second part from 360 X CLA to 780 X CLA and 

the third part corresponds to filter pseudo periods from 960 X CLA to 

1197 X CLA. For the filter pseudo periods where the rms values of the 

filter outputs of the high pass filter are constant, the ranges are from 

180 X CLA to 360 X CLA and from 780 X CLA to 960 X CLA. 

The corresponding frequency ranges for the above filter pseudo period 

ranges are, for changing rms values, 110 cycles/inch to 820 cycles/inch, 

25 cycles/inch to 55 cycles/inch, and 16 cycles/inch to 21 cycles/inch, 

for constant rms values, 55 cycles/inch to 110 cycles/inch and 21 

cycles/inch to 25 cycles/inch. Studying those frequency ranges one 

expects a maximum contribution to the mean square of the profile, in 
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figure 6-12, within the frequency ranges that correspond to a change in 

the rms values, whereas minimum contribution is expected when the rms 

values are constant. From figure 6-12, it is obvious that the information 

conveyed by the spectral density response within the above frequency 

ranges is in agreement with the predictions from the rms response. 

To have a clearer picture of the ranges involved, the maxima of the 

spectral density functions of the filter outputs of the high pass filter 

normalized with the maximum S(f) value in the original signal, were 

plotted against their corresponding cutoff filter pseudo periods 'Tpç' 

normalized with the CLA height. (See figure 6-14). The ranges in figure 

6-14 are more defined and correspond to changes in the spectral density. 

Again ranges for cutoff filter pseudo periods and their corresponding 

frequency ranges are obtained for the cases when the spectral density 

maxima are either changing or constant. The ranges for cutoff pseudo 

periods, due to changing spectral density maxima, are from 24 X CLA to 

120 X CLA, and 480 X CLA to 1197 X CLA. The range for cutoff pseudo 

periods corresponding to constant spectral density maxima is from 120 X 

CLA to 480 X CLA (fig 6-14). The spectral density response in figure 

6-12 is constant within the frequency range that is associated with 

constant spectral density maxima. The frequency range is from approxi¬ 

mately 40 cycles/inch to 164 cycles/inch. 

Surface profiles of filter outputs for both the high pass and the 

low pass filter at three different cutoff pseudo periods are presented 

in figure 6-6 through 6-11. The cutoff pseudo periods are chosen such 

that each cutoff pseudo period represents one of the ranges determined 

from figure 6-14. Consider the range of cutoff pseudo periods from 
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24 X CLA to 120 X CLA. A cutoff filter pseudo period of 60 X CLA corres¬ 

ponding to a value of half power period ('ÏHP' = 2.5) is used to filter 

out the low pass frequency component of the original surface profile. 

Figure 6-6 and 6-7 are plots for the filter outputs of both the high 

pass and the low pass filter respectively. Comparing figures 6-5 and 

6-6, one can tell that the filtering process has neglected some of the 

occasional deep scratches present in the original surface profile. 

Hence, although the contribution of roughness to surface texture 1s 

maximum in this case, the profile in figure 6-6 can not be representative 

of the surface roughness characteristics due to the loss of deep scratch¬ 

es and the addition of some peaks that do not exist in the unfiltered 

signal. The total number of peaks in figure 6-6 is 168 peaks compared 

to 154 peaks in the original signal. Figure 6-7 shows the waviness and 

error of form that have been filtered out from the original profile. 

Studying the cutoff filter pseudo period range from 120 X CLA to 480 

X CLA, the total number of peaks in that range is from 154 to 156 peaks 

(table 6-1) except at a filter pseudo period of 359 X CLA where the number 

of peaks drops to 152 peaks. Moreover, the total number of peaks of the 

filter outputs of the high pass filter is in agreement with the total 

number of peaks from the original signal. Figures 6-8 and 6-9 show both 

the high and low frequency components of the profile with a filter pseudo 

period of 240 X CLA. Comparing figures 6-8 and 6-9 with figure 6-5 one 

notices that the contribution of roughness to the surface texture is 

maximized without the loss of the important deep scratches and the con¬ 

tributions of waviness and error of form are minimized without affecting 

the total number of peaks present in the original surface profile. 
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For filter pseudo periods ranging from 480 X CLA to 1197 X CLA, the 

total number of peaks in the high frequency component dropped below 154 

peaks to become 150 peaks (table 6-1) resulting in a loss of 4 peaks. 

The roughness component presented in figure 6-10 shows a bias in the 

profile which implies that the waviness contribution to the surface 

texture is not minimized. Moreover, the profile in figure 6-11 shows 

that the only contribution to the surface texture that has been filtered 

out is the error of form. 

Thus one can conclude that among the three ranges obtained from figure 

6-14, the only filter pseudo period range that represents the roughness 

characteristics of the surface is the range in which the spectral density 

response of the filter outputs of the high pass filter is constant. This 

range is from 120 X CLA to 480 X CLA. This result means that any filter 

pseudo period within the range of pseudo periods obtained is satisfactory 

in terms of filtering out the low frequency component. The resulting 

outputs of the high pass filter will define the roughness characteristics 

of the surface. The CLA height values in the above range are representa¬ 

tive of the surface roughness. These values are in the range of approxi¬ 

mately 24 microinches to 31 microinches (table 6-1). One should notice 

the difference between the CLA height value, of the original signal (51 

microinches) and the range of CLA values determined by the spectral 

analysis. The values differ by approximately 50 percent. 
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Figure 6-6 

Figure 6-7 
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Figure 6-8 

Figure 6-9 
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Figure 6-10 

Figure 6-11 
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(b) Case 2 (CLA = 37 microinches) 

The same procedure used in case 1 applies to case 2. From figure 

6-22 the maximum contribution to the mean square of the profile is in the 

range of frequencies from 0 cycles/inch to 1760 cycles/inch, corresponding 

to a range of periods from 00 to approximately 15 X CLA. 

The rms response in figure 6-23 does not define the range of filter 

pseudo periods clearly, whereas the spectral response in figure 6-24 

shows the ranges involved in a distinct manner. 

The spectral density maxima for the outputs of the high pass filter 

are constant from 330 X CLA to 908 X CLA. The changing spectral density 

maxima lie in two ranges, from 33 X CLA to 330 X CLA and 908 X CLA to 

1485 X CLA, figure 6-24. 

Again considering the profiles in figures 6-15 through 6-21 the same 

analogy and reasoning applies. Hence the filter pseudo period range that 

defines the roughness characteristics most in terms of the outputs of the 

high pass response is 330 X CLA to 908 X CLA. This corresponds to CLA 

height values from (table 6-2) ranging from 29 microinches to 33 micro¬ 

inches. These values are not very different from the CLA height value 

of the original signal (37 microinches). 
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Figure 6-21 
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B. AVERAGE OF PEAK MOMENTS 

The average of peak moments for positive peak extrema are calculated 

according to equation 5-14 and the resulting values are tabulated in 

table 6-3 and table 6-4 for both cases 1 and 2. The values in parenthesis 

are the average of peak moments for positive peak extrema using the S. 0. 

Rice peak distribution, Ref (5). Since S. 0. Rice derived his peak 

distribution by assuming a gaussian process, then a matching set of peak 

moments would correspond to a gaussian process. 

It should be Interesting to note that in both tables 6-3 and 6-4, a 

close match of moments occurs at filter pseudo periods of 659 X CLA and 

839 X CLA for case 1 (CLA = 51 microinches) and 824 X CLA for case 2 

(CLA = 37 microinches). To make a definite choice in case 1 the corres¬ 

ponding kurtosis values are considered in table 6-1. A pseudo period of 

659 X CLA corresponds to a kurtosis of 3.27, whereas a pseudo period of 

839 X CLA corresponds to a kurtosis of 3.1. Since the kurtosis of a 

gaussian prosess is 3, then the filter pseudo period corresponding to a 

gaussian process in case 1 would be 839 X CLA height value. Therefore, 

the profiles of filter outputs of the high pass filter with filter pseudo 

periods of 839 X CLA height value (CLA = 51 microinches) and 824 X CLA 

(CLA = 37 microinches) are normal. Moreover, it also turns out that the 

824 X CLA filter pseudo period is within the range determined in case 2. 
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TOTAL 
NUMBER 

Tp/CLA CLA RMS KURTOSIS SKEWNESS OF PEAKS ALPHA 

50.50 62.49 2.42 +0.015 154 0.2402 

24 8.79 11.36 3.48 -0.253 206 0.8058 

53 19.98 26.87 4.52 -0.279 168 0.5357 

120 24.10 32.29 4.07 -0.617 156 0.5576 

180 25.71 34.27 4.09 -0.621 156 0.4038 

240 26.31 34.94 4.03 -0.544 156 0.4166 

299 26.45 35.29 4.17 -0.581 154 0.4480 

359 27.17 36.07 4.34 -0.734 152 0.4276 

418 28.78 37.96 4.24 -0.788 154 0.3961 

479 30.48 40.04 4.02 -0.718 154 0.3701 

534 32.52 42.56 3.75 -0.568 152 0.3618 

598 34.79 45.48 3.47 -0.391 150 0.3666 

659 36.82 47.88 3.27 -0.266 150 0.3133 

717 38.08 49.28 3.17 -0.207 150 0.3533 

776 38.68 49.91 3.13 -0.187 150 0.3266 

839 38.98 50.19 3.10 -0.181 150 0.3133 

895 39.24 50.46 3.07 -0.172 150 0.3399 

957 39.61 50.85 3.03 -0.152 150 0.3399 

1021 40.16 51.44 2.97 -0.124 150 0.2999 

1075 40.90 52.20 2.90 -0.090 150 0.2733 

1135 41.76 53.11 2.83 -0.057 150 0.2333 

1202 42.70 54.10 2.76 -0.029 150 0.2466 

Table 6-1 



STATISTICAL PROPERTIES OF FILTER OUTPUTS OF THE HIGH 

PASS FILTER OF A HARD AND SOFT GROUND SPECIMEN. 

(CLA = 37 microinches) 
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TOTAL 
NUMBER 

Tp/CLA CLA RMS KURTOSIS SKEWNESS OF PEAKS ALPHA 

36.61 45.15 2.49 +0.024 147 0.3741 

33 8.93 11.55 4.05 +0.105 197 0.7614 

73 20.05 26.71 4.30 -0.587 154 0.6168 

165 25.89 33.98 3.65 -0.248 153 0.5032 

247 28.03 36.07 3.59 -0.066 151 0.4635 

330 28.82 36.59 3.41 -0.086 151 0.4635 

412 29.50 37.08 3.31 -0.146 155 0.4387 

495 30.21 37.76 3.22 -0.198 155 0.4129 

577 30.75 38.41 3.12 -0.233 157 0.4076 

660 31.43 39.22 3.00 -0.234 157 0.4331 

741 32.19 40.10 2.90 -0.202 155 0.3999 

824 32.76 40.73 2.88 -0.176 151 0.3841 

908 32.96 40.94 2.88 -0.178 149 0.3892 

987 32.92 40.88 2.86 -0.202 143 0.3916 

1069 32.84 40.76 2.88 -0.226 147 0.3537 

1157 32.84 40.77 2.89 -0.235 147 0.3673 

1233 32.92 40.88 2.88 -0.225 147 0.3673 

1320 33.12 41.11 2.85 -0.199 147 0.3809 

1408 33.40 41.46 2.79 -0.162 147 0.3809 

1482 33.77 41.91 2.73 -0.122 147 0.3945 

1564 34.23 42.43 2.68 -0.085 149 0.3624 

1656 34.71 42.97 2.63 -0.055 149 0.3489 

Table 6-2 
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Average Value of the m*h Power of a Peak Using Filter 
Outputs of the High Pass Filter of a Hard & Soft Ground Specimen 

Values in Parenthesis Are Obtained from (Ref. 5) 
(CLA = 51 microinches) 

Tp/CLA a mi m3 1H5 m7 mg 

00 0.2402 0.8833 
(0.9055) 

1.889 
(2.126) 

6.439 
( 9.525) 

27.48 
(62.57) 

no 
(540.9) 

1202 0.2466 0.9214 
(0.9083) 

2.206 
(2.140) 

9.015 
( 9.611) 

46.78 
(63.24) 

273.3 
(547.4) 

1135 0.2333 0.9327 
(0.9024) 

2.266 
(2.1H) 

9.539 
( 9.432) 

51.14 
(61.85) 

308.0 
(534.0) 

1075 0.2733 0.9051 
(0.9200) 

2.231 
(2.200) 

9.676 
( 9.971) 

53.66 
(66.04) 

334.0 
(574.3) 

1021 0.2999 0.8884 
(0.9316) 

2.217 
(2.260) 

9.889 
(10.331) 

56.64 
(68.83) 

364.3 
(601.2) 

957 0.3399 0.8646 
(0.9491) 

2.194 
(2.349) 

10.189 
(10.872) 

61.18 
(73,04) 

413.4 
(641.6) 

“Ü35 0.3133 0.8823 
(0.9375) 

2.249 
(2.290) 

10.566 
(10.512) 

64.26 
(70.24) 

439.9 
(614.8) 

776 0.3266 0.8737 
(0.9433) 

2.238 
(2.319) 

10.618 
(10.692) 

65.25 
(71.64) 

451.4 
(628.2) 

717 0.3533 0.8592 
(0.9549) 

2.221 
(2.379) 

10.719 
(11.053) 

67.13 
(74.46) 

473.3 
(655.1) 

659 0.3133 0.8947 
(0.9375) 

2.357 
(2.290) 

11.80S 
(10,5121 

77.20 
(70.24) 

568.7 
(614.8) 

533 0.3666 0.Ô803 
(0.9607) 

2.393 
(2.409) 

12.836 
(11.233) 

90.73 
(75.84) 

723.4 
(668.4) 

534 0.3618 0.9135 
(0.9587) 

2.576 
(2.398) 

14.992 
(11.168) 

116.60 
(75.34) 

1023.1 
(663.6) 

475 0.37Û1 0.9296 
(0.9623) 

2.717 
-12-4.17L 

17.014 
(11.280) 

142.91 
(76.21) 

1374.4 
(671.9) 

418 0.3961 0.9401 
(0.9736) 

2.850 
(2.475) 

18.776 
(11.631) 

165.22 
(78.92) 

1619.2 
(697.9) 

359 0.4276 0.9507 
(0.9873) 

2.995 
(2.546) 

20.215 
(12.055) 

179.84 
(82.19)_ 

1768.5 
(729.1) 

299 0.4480 ' 0.9417 
(0.9962) 

2.977 
(2.591) 

19.319 
(12.328) 

163.27 
(84.30) 

1525.7 
(749.2) 

240 0.4166 0.9677 
(0.9825) 

3.038 
(2.521) 

19.205 
(11.907) 

158.39 
(81.05) 

1450.2 
(718.3) 

180 0.4038 0.9848 
(0.9770) 

3.140 
(2.493) 

20.260 
(11.735) 

170.94 
(79.72) 

1604.6 
(705.6) 

120 0.5576 0.9217 
(1.0442) 

2.965 
(2.836) 

19.124 
(13.774) 

161.22 
(95.30) 

1528.0 
(853.2) 

53 0.5357 0.9766 
(1.0346) 

3.347 
(2.787) 

26.570 
(13.489) 

309.30 
 (9_3.15) 

4339.5 
(833.0) 

24 0.8058 1.0677 
(1.1562) 

3.047 
(3.372) 

15.078 
(16.795) 

100.55 
(117.47) 

801.1 
(1057.1) 

Table 6-3 
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Average Value of the mth Power of a Peak Using Filter 
Outputs of the High Pass Filter of a Hard & Soft Ground Specimen 

Values in Parenthesis Are Obtained from (Ref. 5) 
(CLA = 37 microinches) 

Tp/CLA a mi m3 ms m7 mg 

00 
0.3741 0.9578 

(0.9640) 
2.270 

(2-425) 
8.391 

(11.391) 
38.32 

(76.62) 
200.3 

(675.9) 
1656 0.3489 1.0308 

(0.9530) 
2.585 

(2.360) 
10.594 

(10.994) 
56.31 

(73.98) 
361./ 

(650.6) 
1564 0.3624 1.0251 

(0.9589) 
2.592 

(2.399) 
10.961 

(11.176) 
61.23 

(75.40) 
404.7 

(664.2) 
T?82 0.3945 1.0167 

(0.9729) 
2.600 

_(2^471J_ 
11.386 

(11.609) 
67.21 

(78.76) 
472.2 

(696.3) 
1408 0.3809 i.o3ol 

(0.9670) 
2.65/ 

(2.441) 
12.058 

(11.426) 
75.22 

177.34L 
560.7 

(682.7 
1320 0.3809 1.0321 

(0.9670) 
2.682 

(2.441) 
12.569 

(11.426) 
82.28 

(77.34) 
644.7 

(682.7) 
1233 0.3673 1.0433 

(0.9610) 
2.727 

(2.410) 
13.070 

(11.242) 
88.47 

(75.91) 
716.9 

(669.1) 
115/ 0.3673 1.0438 

(0.9610) 
2.734 

(2.410) 
13.226 

(11.242) 
90.71 

(75.71) 
744.2 

(669.1) 
"TÜ69 0.3537 1.0545 

(0.9551) 
2.759 

(2.380) 
13.268 

(11.059) 
90.20 

(74.49) 
732.7 

(655.4) 
987 0.3916 1.0396 

(0.9716) 
2.741 

(2-465) 
13.002 

(11.570) 
86.26 

(78.45) 
682.7 

(69314) 
9ÜS 0.3892 1.0090 

(0.9706) 
2.631 

(2.459) 
12.285 

(11.538) 
79.66 

(78.20) 
615.3 

(691.0) 
824 0.3841 1.0085 

(0.9840) 
2.620 

(2.448) 
12.255 

(11.469) 
79.83 

(77.67) 
619.9 

(685.9) 
741 0.3999 0.9893 

(0.9753) 
2.571 

(2.483) 
12.361 

(11.682) 
84.42 

(79.32) 
689.5 

(701.7) 
660 0.4331 0.9663 

(0.9897) 
2.536 

(2.558) 
12.813 

(12.128) 
94.23 

(82.76) 
829.6 

(734.5) 
577 0.4076 0.9942 

(0.9786) 
2.636 

(2.501) 
13.999 

(11.786) 
109.90 
(80.12) 

1029.1 
(709.3) 

495 0.4129 1.0078 
(0.9809) 

2.703 
(2.512) 

14.877 
(11.857) 

121.22 
(80.67) 

1170.6 
(714.6) 

412 0.438/ 0.9859 
(0.9922) 

2.688 
(2.570) 

157127“ 
(12.203) 

”124.42 
(83.34) 

1200.4 
(740.0) 

330 0.4635 0.9812 
(1.0030) 

2.834 
(2.626) 

17.020 
(12.535) 

146.63 
(85.88) 

1481.4 
(764.21 

165 0.5032 0.9761 
(1.0203) 

2.915 
(2.714) 

18.105 
(13.062) 

132.28 
(89.91) 

1161.4 
(802.4) 

73 0.6168 0.9603 
(1.0703) 

3.119 
(2.966) 

23.424 
(14.531) 

“254714 
(100.98) 

3213.8 
(906.11 

33 0.7614 1.0849 
(1.1355) 

3.557 
(3.278) 

25.566 
(16.288) 

270.86 
(113.84) 

3489.7 
(1024.1) 

Table 6-4 



VII. CONCLUSIONS 

Several conclusions relative to surface characterization can be 

drawn from this study. 

(1) Typical field procedures for estimating surface finish proved 

to be very inconsistent with CLA height values produced by 

surface measuring instruments. 

(2) Surfaces prepared by different techniques can exhibit the same 

CLA height value, hence making the complete roughness charac¬ 

terization of surfaces by means of one single number very 

misleading. 

(3) The use of a fourth order Butterworth filter to separate the 

high frequency components from the low frequency components 

helped define the roughness contribution to surface texture 

without the need to vary the sampling length. 

(4) Future studies should be made with a longer sampling length 

which will improve the filtering and add more points per period. 

A sampling length five times the one used in the study will 

cover all the requirements dictated by the British Standard 

1134 (Ref 1). 

(5) The ranges of filter pseudo periods chosen by the results of the 

spectral analysis were used to determine CLA height values that 

appear to be descriptive of the true roughness characteristics 

of the surfaces. 

(6) The ranges of filter pseudo periods chosen by the results of 

the spectral analysis are a characteristic of the trace under 

study. On the other hand, additional studies will be necessary 
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using other surfaces and different sampling lengths in order to con¬ 

clude if a filter pseudo period may in fact be a characteristic of the 

finishing process. 

(7) The filter outputs of the high pass filter had a gaussian 

distribution at some filter pseudo periods. Moreover, in some 

cases the pseudo periods were within the pseudo period ranges 

determined by the spectral analysis. 

Although the techniques developed 1n the study permit a more meaning¬ 

ful determination of the CLA height value of a surface, it is not conclu¬ 

sive what additional parameters should be used to further define the 

surface roughness. A promising error of future investigation would be to 

establish the relationship between surface characteristics and fatigue 

life. 
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APPENDICES 

A. Graphical Determination of CLA values. 

The surface is assumed to be flat and is represented by a straight 

line. This straight line is regarded as the center line of the profile 

and the sampling length as well. See Ref (1). 

Consider Fig (A-l): draw, provisonally any straight line X—X, 

parallel to the center line (L). The sums of all areas pi, p£, etc., and 

qi, q2» etc., are then determined throughout the chosen sampling length, 

and the algebraic sums of these areas are calculated and divided by L: 

-, Sum of areas p - Sum of areas q 
L " L 

The resulting value is the distance between the line X—X and the required 

center line Y—Y which is drawn parallel to X—X. The sum of the 

areas rj, r2» etc., will then be equal to the sum of the areas sj, S2* etc. 

Lastly, the arithmetical sum of all the areas r and s is determined, and 

^ _Sum of areas r + Sum of areas s 

gives the value of the CLA height in micro-inches. 

B. The Sande-Tukey Algorithm for computing the DFT. 

The expressions for the Discrete Fourier Transfer (DFT), Ref (6), is 

given as: 

, N-l 
Xd(k) * — 2 X(n) exp [-j2îrkn/N] 

0 N n=0 

where, 

N » number of samples being considered. 

n = time sample index. Its values are n=0,l,2,...,N-1 

K = index for the computed set of discrete frequency components. Its 
values are K=0,1,2,...,N-1 
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Xd(K) = the set of Fourier Coefficients obtained by the DFT of X(n) 

For notational convenience, restate the DFT expression as: 

N-l n* 
A(n)=Z XQ(t) W“nt 

t=0 

for n=0,l,...,N-l. The time domain data is given by Xo(0), X0(l),..., 

X0(N-1) and 

W = exp[j2ir/N] 

Since the 1/N term preceding the Summation Sign in Xd(K) is simply a 

scaling term, it is omitted for the sake of simplifying the expressions. 

Computing the FFT of X0(t) consists of log2N=M stages. Each stage 

requires pairs of computations of the form. 

Xmtl(r) - Xm(r) + Xm(s) 
and 

W*> ■ -Xm(s)]Wl> 

for specified integers r, s, p between 0 and N-l and m between 0 and M-l. 

The results at the end of the m^h computational stage are denoted by 

Xm(t), where t = 0,1,...,N-1. Also, Xm+i(t) overwrites Xm(t) in going 

from stage m to stage m + 1 which means that the current results replace 

the previous results. The subscript 'm' merely defines a sequence of 

arrays that define the contents of an associated storage location at the 

end of the mt*1 stage. 

C. Preferred CLA Values. 

These values are expressed as 'preferred' in order to discourage 

unnecessary variation of the values expressed on drawings. Moreover, 

there are circumstances where values other than the preferred values are 

specified. See Ref (1). 
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1CLA 16CLA 250CLA 
2CLA 32CLA 500CLA 
4CLA 63CLA 1000CLA 
8CLA 125CLA 

The number on the left is the CLA height in microinches. 

D. Meter Cut-Off Values. 

Listed below are the standard meter cut-off values used in instrument 

construction. See Ref (1). 

Inch 

0.003 
0.01 
0.03 
0.10 
0.30 
1.0 

It is interesting to note that these values conform approximately to 

part of a geometrical series with a common factor of /TÏÏ, 



E. COMPUTER PROGRAM 

Ida ON SRQ THEN 118 
118 POLL A1,A2j1 
128 OIN AAC66883 
138 PRINT VI*'ACCESS LEFT*ASCII* CURVE?' 
148 HTUT V1*AA 
168 PRINT AS 
168 PIM AC18173 
178 AC13-I810 
188 LA-SE6CAA,0,S3 
188 AC23—VALCLA3 
Z88 1-3 
218 K-1 
228 K-POSCAA,'.',K*-13 
238 LA-GE6CAA,K,63 
248 A<X3—VALCLA3*C96/1323*2 
2sa i-z-i 
268 IF K1818 THEN 228 
278 A<13—612 
288 FOR 1-2 TO 688 
298 ACZ3-AC2*X-13 
388 NEXT X 
318 FOR 1-618 TO 513 
328 ACE3-«*ACX-13-ACX-23 
338 NEXT X 
348 DIM AC5133 
3S8 om XC6123 
388 FOR X-1 TO 512 
378 XGC3—ACX-13 
388 NEXT X 
398 PRINT 'NUMBER OF PATA - '*AC13 
488 PRINT 'IF YOU WANT TO STORE PATA AC6133 IN THE TAPE, TYPE Y 
418 PRINT 'OTHERWISE, TYPE N ' 
428 INPUT BA 
438 IF BAO'Y' THEN 488 
448 PRINT 'INSERT PATA TAPE AND TYPE PATA PILE NUMBER * 
468 INPUT N 
468 FIND N 
478 METTE V33«A 
488 S-8 
498 1-2 
688 S-S+ACX3 
618 I-I+l 
628 IF X<5!4 THEN 688 
638 B-S/AC13 
648 DIM QC6133 
668 O-A 
668 FOR 1-2 TO 613 
678 ACX3—A0SCACX3—03 
688 1CXT I 
688 08 
088 z-e 
618 C-CfACI3 
628 I 
038 IF Z<614 THEN 018 
048 P-C/AC13 
068 FA8E 
068 PRINT VP8.'AUTO-CORRELATION FUNCTION ' 
078 PRINT VP8*' • 
688 TOR 1—2 TO 613 
688 A03-ACI3**2 
788 NEXT I 
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7ia E-e 
72a 1-2 
730 E-E+ACI3 
740 I-I-M 
760 IF I<BM THEN 730 
760 A-Q 
770 R-SQRCE/6123 
780 FDR 1-2 TO 613 
700 ACC3—ACI3-B 
800 NEXT I 
810 0-0 
820 1-2 
830 9-8t-ACI3~3 
840 I-X-l 
860 IF I<S14 THEN 830 
860 Q0-O/CAC13-R-33 
870 FDR 1-2 TO 613 
880 XCE-13-ACD 
800 NEXT X 

810 1-2 
020 88-QS*ACI3~4 
890 I—I—l 
840 IF X<5!4 THEN 020 
060 80-O8/CAC 0*4^43 
860 DIM DC18243 
070 CALL “CORR’.X.X.O 
080 FDR I-I TO 1024 
880 OCT3-OCI3/1024 
1000 NEXT X 
1010 CALL *MAX*.O.VZ.X 
1020 CALL "MIN’.O.Vl.I 
1030 PRINT 0POt’VERTICAL MAXIMUM- *JZNTCV2»IO0O3/1O00 
1040 PRINT »F0«’VERTICAL MINIMUM- ’jINTCV!«10003/1000 
1060 PRINT 0P0*’HORIZONTAL MAX- *j6IZ 
1060 PRINT #P0« ’HORIZONTAL MXN- *J-6I2 
1070 UINDOU-611.613.VI,.VZ 
1080 AXIS •POtia.VZ/lO 
1000 X2i—CI2 
1100 FDR N-l TO 1024 
1110 X2-X2-H 
1120 YZW3CN3 
1130 DRAW 0P0.X2.Y2 
1140 NEXT N 
1160 STOP 
1160 CALL ’FFT’.O 
1170 DIM YC5133.ZC6133 
1180 SET DEOREES 
1180 CALL ’POLAR*.O.Y.Z 
1200 CALL *MAX*.Y.V2.I 
1210 CALL ’MIN’.Y.VI.I 
1220 PRINT •P0«* 
1230 PRINT •POt’ 
1240 PRINT 0P0I* 
1250 PRINT 0P0i* 
1260 PRINT tPOi* 
1270 PRINT 0P0t • 
1280 PRINT 0P8** 
1200 PRINT #P0«’ 
1300 WINDOW I.6I3.V1.V2 

SPECTRAL DENSITY* 
VS ’ 
FREQUENCY * 

VERTICAL MAXIMUM - *;INTCV2»l8a83/l880 
VERTICAL MINIMUM - ’jHNrCVl-18883/1808 
HORIZONTAL MAX - *j5!3 
HORIZONTAL MIN - *> 1 



1318 AXIS *pa<ia,V2/i8 
1328 X2-8 
1338 FDR N-l TO 612 
1348 X2-X2-H 
1368 Y2-YCN7 
1368 DRAW «*8*X2,Y2 
1378 NEXT N 
1388 STOP 
1388 PAGE 
1488 WINDOW 8. 138.8.188 
1418 VIEWPORT 8,130,8,188 
1428 AXIS 8P8» 138,28,8,58 
1438 MOVE 8P8i8.E8 
1448 ORAW «*8* 138,68 
1458 ORAW 6P8*138,188 
1468 ORAW «*8*8, 188 
1478 ORAW «*a*a,a 
146a ORAW «*8*138,8 
1488 ORAW «*a*isa,68 
1688 MOVE 6P8*e,&8 
1618 Xl-a 
162a FOR N-2 TO 512 
163a X1-X1*138/S12 
164B Y1-0CN7-6 
1668 Y1—Y1/7.6+40.8088 
1668 ORAW 6P8*X1.Y1 
1678 NEXT N 
1668 MOVE 8P8*3,78 
1688 PRINT •P8i**188“ 
1688 MOVE «*8*3,38 
i6ia PRINT «*o**-iaaa 

1628 09-XNTCD+8.5> 
1638 MOVE «*8*57.5.5 
164B PRINT 6P8** CL***j08 
166a MOVE «*8*55.32 
1668 PRINT «*8»*T-*jT 
1678 STOP 
168a 2-3 
1688 LI “8 
1788 L2-0 
1718 TS-8 
1728 08-8 
1738 63*4 
1748 GG-8 
1768 Q7-« 
1768 V8-0 
1778 2-2*1 
1788 2P 2<613 THEN 1818 
1788 GO TO 2118 
1888 N8—I 
1818 2P ÀCI—13—ACI—27 THEN 1778 
1628 2P ACI7-ACI—13<8 THEN 1648 
1638 GO TO 1868 
HUEI *rraTC*i 

1668 G2-CACX3—AC2—I »**<ACE—13-A< 
1868 2P 82>8 THEN 1778 
1678 LI—Ll+l 
1888 2P LlOl THEN 1818 
1688 G4-ACZ-13/AB5CACI-133 
1888 T6-I 

:-23> 
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fût Cl TJtaAfT 

1822 IF <ACD-ACX-t»Aa-l»e THEN 1772 
1832 L2-L2t| 
1842 LE-ABSCA<I-1» 
1868 B^eStLS 
1862 63"834L6<>3 
1872 G&-ÇG*US~G 
1862 67-67HJ6-7 
1888 V8-V8HjB^ 
2228 T2-L2 
2218 «J4»G8/T8/R 
2822 06-63/T8/ir3 
28sa u6-«6/ra/ir6 
2842 J7-Q7/T9/1T7 
2262 J8-V8/T8/R/*8 
2262 J3-L1 
2278 02-TS 
2262 T3-Ü2AJ3 
2882 T4-T8AJ3 
2188 60 T0 1772 
2118 PRINT 2P8»' PROFILE STATISTICAL PROPERTIES * 
2122 PRINT •PQ.'MEAN VALUE « 'jXNTCB«188eVI868 
2138 PRINT «P8t*MEAN DEVIATION - 'JINTCDWI200V1888 
2142 PRINT «P8i'RHS DEVIATION - *jXNTCR«1898Vl888 
2162 PRINT 2P8«'SKEWNESS - *;INTCG8»1828V1888 
2162 PRINT •Pat'HURTOSXS - *iINTCG8»1222V1282 
2172 PRINT 2P8*'NUMBER OF ZERO CROSSINGS - ',02 
2162 PRINT 2P8« 'TOTAL NUMBER OF PEARS - *;J3 
2182 PRINT 6P8«'NUMBER OF POSITIVE PEAKS AND NEGATIVE VALLEYS - *jLZ 
2282 PRINT 2P8t'BAND UUXTH PARAMETER CALPHA3- *,INTCT3»I88883/18988 
2212 PRINT 2P8i'THE FREQUENCY OF POSITIVE PEAKS - *|INTCT4«12B2V1202 
2222 PRINT 2P8t' ' 
2238 PRINT 2P8i* AVERAGE OF PEAK MOMENTS USING ' 
2242 PRINT 2P8*' POSITIVE PEAK EXTREMA • 
2262 PRINT 2PQ>'FIRST MOHENT HI - 'jINTCU4»l02aaV!8082 
2268 PRINT 2P8.'THIRD MOMENT MS - *,XNTC06»I89883/I8888 
2272 PRINT 2P8*'FIFTH MOMENT MS - 'jINTCOS*18282V18222 
2282 PRINT 2P8* 'SEVENTH MOMENT M7 - ',INTC07«»18222VI8222 
2292 PRINT •P8«'NINETH MOMENT M3 - ',INT<0a»188883/18888 
2322 STOP 
2318 DIN Z8C6813.TI C6813, J6C6813.R8C62I 3 
2322 FOR I—9PK TO 3wR STEP 9.8I«R 
2338 N-182/R»I*381 
2348 Q7-SQRC1-T3~23 
2352 06—l/<SQRC23»07«R3 
2362 60SUB 2632 
2372 Q8-06-T3 
2382 Z8CN3-06CN3 
2392 20SUB 2S32 
2422 NEXT I 
2418 FOR I—3«R TO 3*R STEP 2.81 wR 
2422 N" 188/R»X*>381 
2432 R8CN3-1/2**Z800-T3/Z*»EXPC-CI'*2/2/R'‘233»J8CN3 
2448 Tl CJO-1/C1 *T33*O*ZSCN3-T3*EXPC~Cr2/Z/R',Z33**0SCN3*T3-l 3 
2462 IF I<8 THEN 2472 
2462 60 TO 2498 
2472 TlCNW»T3/avr33»<I-EXPC“Cr"2/2/Fr2333-TlCN3 
2482 R8CN3-1-;i3*EXPC-<r*2/2/R'*233-RSCN3 • 
2482 NEXT I 
2628 X2-lNTCTKiaa/R»D*3aD»iea8V18aa 
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2518 09-XNTCR8C188/RM0+3813*18883/1988 
2528 STOP 
2538 08—8.284496730 
2548 H7-1.421413741 
2558 H0—1.463152827 
2568 H9-8.3276911 
2578 HS-1.861486429 
2568 H8-8.25482SS92 
2598 H4—l/Ct*’AK(H9«Q6«X33 
2688 H3-H4«H4 
2618 02-H4«H3 
2628 09-H4H32 
2838 Q4-H4wQ9 
2648 «J80O-<H6«H4+Q6»H3*H7«Q2+H6»Q9»HS»Q43»EXPC-<CQ8»X3~233 
2658 IF oe«i<a THEN 2678 
2669 80 TO 2068 
2678 vJ8CN3-2-U6CN3 
2668 RETURN 
2698 DIN VC5133,V3C6133 
2788 03-8.1 
2718 T-C8 
2728 FOR 1-1 TO 513 
Z738 V3CX3-CCX3 
2748 NEXT X 
2758 Z-l 
2768 L-613 
2778 NG-8 
2768 IF N-8 THEN 2798 
2798 N-5 
2688 K-CN-13/2 
2618 XF XNTCN/23-N/2-9 THEN 2838 
2628 80 TO 2848 
2638 K-N/2 
2848 Nl-N 
2858 £3-SXN<188«Q3/T3 
2668 H-l-S3~2 
2878 DIM A3C53.B3C63.C3C63.DK53.P2C63.E3C53 
2668 FOR Kl-1 TO K 
2898 A30C13-63«SXNCI6a/Nl/2*<2HCl-133 
2988 03OC1 3~CSQRCHMH«*4«A3CIC1 3**2>*+0/2 
2918 C3CKI3-1 /CS0RCB3OC13-H3+S0RCB3OC1333 
2928 D1OC13<-C2»A3CIC13~2/03CIC13-13*2»C3CK13'*2 
2938 D2CK13-<C3C1C13“43 
2948 E3CKI3-1-OIOC13-P2CJC13 
2968 NEXT K! 
2968 H2-2-€3^+l~2*S3-CtaRCS3^2»13 
2978 81-1-H2 
2988 N3-1 
2998 U-8 
3888 FOR Kl-1 TO K 
3818 FOR K3-1 TO L 
3828 N4-K3«N6*a.f1HC33«a-N53 
3838 K4-K3-1 
3848 IF K4<1 THEN 3868 
3868 80 TO 3878 
3868 K4-1 
3878 KS-K3-2 
3868 XF KS<1 THEN 3188 
3888 CO TO 3118 
3188 ICS-1 



3110 IF KI«N3-1 THEN 3130 
3120 60 TO 3143 
3130 UCN4)-V3CN4> 
3140 Kfi-JC4wN6*CL-HHCO«*Cl-NG} 
3160 K7*KS«N6<»CL*t-KS7»<l-M67 
3160 UCN4>—WCN43-01CJC1 >*»CUCN43-VCK633-P2CK1 )*CUCN4>UCie7» 
3170 NEXT K3 
3180 N3-0 
3180 NEXT K1 
3200 FDR K3-1 TO L 
3210 N4-K3*N6+CL+1-K33«CI-N63 
3220 K4HC3-1 
3230 XF K4<1 THEN 3250 
3240 60 TO 3260 
3260 K4-1 
3260 K8-IC4*N6*CL*rl-K43i»Cl-N63 
3270 UCN47-Q!»WCN4>i-H2*UCJG0) 
3280 NEXT K3 
3230 XF NG-1 TÆN 3320 
3300 NG-1 
3310 60 TO 3800 
3320 UC13-C12 
3330 FOR 1-1 TO 613 
3340 QCX3-QCX3-VCX3 
3350 NEXT X 
3360 AC13-612 
3370 FOR 1-2 TO 613 
3380 ACD-QCX3 
3390 NEXT X 
3400 80 TO 360 
3418 END 
3420 DIM A7C40.Y7C40 
3430 FOR !♦—4*tR TO 4«R STEP 8.2«R 
3440 d-6/R*N«2l 
3460 COSUB 4110 
3460 NEXT N 
3470 84-0 
3480 X-l 
3480 84-S4+A7CX3 
3680 X-X*l 
3610 XF X<42 THEN 3480 
3520 86-84/41 
3530 87-0. 
3540 X-l 
3560 87—87*<A7CX3-863*“2 
3660 I-I+l 
3670 XF X<42 THEN 3650 
3580 8^8QRCS7/42> 
3580 8O-0 
3680 X-l 
3610 S0-S0»CA7CX3-S63~3 
3620 X-X-l 
3630 XF X<42 THEN 3610 
3640 88-80/80^/41 
3660 10-9 
3660 X-l 
3870 X6-I0KA7CX3-SSD-4 
3660 X-X-*l 
3680 XF X<42 THEN 3670 
3700 17-16/68*4/41 



3718 I8-INTCA7CS/R-0+213-1088V1888 
3728 CALL 'MAX'#A7.,E8#J 
3738 CALL "MIN",A7.E7,U 
3748 STOP 
3758 PRINT *P9.'CUMULATIVE DISTRIBUTION OP • 
3768 PRINT *P9i'POSITIVE PEAKS & NEGATIVE VALLEYS ' 
3778 PRINT 8P9*' 
3788 PRINT *P9«'VERTICAL MAXIMUM- *;INTCE6»I800V1009 
3798 PRINT 9P9t'VERTICAL MINIMUM- ' JINTCE7-1888V1888 
3898 PRINT 9P9» 'HORIZONTAL MAX. - 'jINTC4*R*1089V1808 
3818 PRINT 9P9*'HORIZONTAL MIN. - *AXNrC-4MR»108QV1988 
3828 STOP 
3838 PRINT •P9«'Pr<PCS.PEAKSaNE9.VALLEYS<CLJO-',I8 
3648 PRINT 8P9i' USING 8.0.RICE DISTRIBUTION * 
3858 PRINT iP9.'Pr<POS.PEAKSaNEG.VALLEYS<CUO-'jI9 
3868 PRINT *P8t'RATIO OP PROBABILITIES- 't INTCIS/ia-1888VI808 
3878 PRINT 8P9«'MEAN VALUE- *;INTCS6«100aVt008 
3888 PRINT «POi'RMS DEVIATION- *j3NTCS9»1808VI0e0 
3688 PRINT 8P9* 'SKEWNESS- "jINTCSS-1888V1888 
3988 PRINT 8P9«'KURTOSIS- "iINTCI7-1880V1800 
3918 UINOOU —4*<R#4*»R#E7,E6 
3928 AXIS 8P9»ia„Eft/18 
3938 X4—-4*R—8.2*R 
3948 POR N-1 TO 41 
3968 X4—X4+8.2**R 
3968 Y4-A7UO 
3978 DRAW •P9«X4.Y4 
3988 NEXT N 
3998 STOP 
4888 POR 1-1 TO 41 
4818 A7CI3-Y7CI3 
4828 NEXT Z 
4838 90 TO 3478 
4848 PRINT 8P9* 'CUMULATIVE DISTRIBUTION OP PEAKS* 
4858 PRINT 8P9«* * 
4868 PRINT 8P8» 'PrCPEAK VALUCS<CLA3-*;I8 
4878 PRINT 8P9*' USING S.O.RICE DISTRIBUTION * 
4888 PRINT 8P9»'PrCPEAK VALUES<CLA3-*j09 
4898 PRINT *P9i'RATIO OP PROBABILITIES-* ;XNTCI8/O9»1008V10a0 
4188 GO TO 3878 
4118 I«<3 
4128 L9-8 
4138 X7-8 
4148 I-Z*l 
4158 IT I<514 TTÆN 4178 
4168 GO TO 4268 
4178 IP ACI-15-AC1-25 THEN 4148 
4188 W^CAC»-ACZ-153»CACI-13-ACI-2D> 
4198 IP U8>8 THEN 4148 
4288 IP ACI3-4O0 THEN 4148 
^2|0 LIHLd+1 
4228 IP CACtt-ACI-l 33-ACI-l3>8 THEN 4148 
4238 IF AOHM THEN 4148 
4248 X7-X7+1 
4258 80 TO 4148 
4268 A7CJ3-X7/L2 
4278 Y7CU3-L9A0 
4268 RETURN 
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F. AUTOCORRELATION 

The autocorrelation function's plots in case 1 (CLA * 51 microinches) 

for both the original surface profile and the filter outputs of a high 

pass filter with a filter pseudo period of 839 X CLA are presented in 

figures 6-25 and 6-26 respectively. 

The autocorrelation functions in figures 6-25 and 6-26 show that 

the surface profile has maximum correlation when it overlapps itself at 

=0. All the properties of the autocorrelation function discussed in 

chapter five are satisfied. 

G. CUMULATIVE DISTRIBUTIONS OF PEAKS 

The cumulative distributions of positive peaks and all peaks for the 

unfiltered surface profile in case 1 (CLA = 51 microinches) are presented 

in figures 6-27 and 6-28. The corresponding cumulative distributions at 

a cutoff pseudo period of 839 X CLA are presented in. figures 6-29 and 

6-30. 
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