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Abstract

Signd analysis performed during surface texture measarg frequently involves applying the Fou
transform. The method is particularly useful fosessing roundness and cylindrical profiles. Siheevtavele
transform is becoming a common tool for sigaalysis in many metrological applications, itigakto evaluat
its suitability for surface texture profiles. Thesearch presented in this paper focused on sigahapositiol
and reconstruction during roundness profile measane and the effectfdhese processes on the change
selected roundness profile parameters. The caleotatvere carried out on a sample of 100 roundpesfiles
for 12 different forms of mother wavelets using MAAB. The use of Spearman’s rank correlation coéfit:
allowed us to evaluate the relationship betweertioechosen criteria for selecting the optimal nestivavelet.
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1. Introduction

The dynamic development of technology and prodoctiwocesses has given rise to
considerable improvements in the surface finisharhponents and accordingly the quality of
finished products. Assessing the surface qualitgrotiucts requires applying state-of-the-art
measurement techniques and equipment, includingisdpeomputer programs based on
advanced algorithms for digital processing and yemalof signals, particularly the fast
changing ones [1, 2, 3].

The most common algorithm used for digital signabcessing is the discrete Fourier
transform, which allows us to convert time domagnals into frequency domain ones, this
being known as spectrum analysis. The procedumseitsuited for analyzing stationary

signals. Non-stationary signals, however, may meqydint time and frequency domain

representation. The time resolution of an analgaisied out using the Fourier transform is
not sufficient, especially in the case of rapidhanging signals [3, 4].

A significant improvement in quality can be acqditgy applying the wavelet transform. It is

important that individual wavelet functions are Wetalized in time or space represented in
the function of time and frequency (scale). Thexistemany sets of mother wavelets that
differ in smoothness and localization in the tineen@in. Unlike the Fourier transform, where
the resolution remains stable over the whole timegdency domain, the wavelet transform
has the so-called time-frequency windows, whoseedsions are dependent on localization.
Wavelet transforms are mainly used to approximdtgsigcal phenomena. The aim of the
approximation is to determine their characteridéatures by decomposing the signal
describing a given phenomenon.
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The wavelet transform has been used extensivelpuimerous fields of science and
industry to analyze, denoise and compress sigeajs,for vibration and shock analysis in
mechanics, biomedical signal analysis in medicB8G, EEG), and acoustic analysis in the
music industry [5].

As the wavelet transform is being applied more mnode frequently, researchers dealing with
surface texture analysis have begun using it mdorlyoughness profiles to filter and identify
their parameters [6].

The aim of the study presented in this paper wassess the level of decomposition and
approximation of roundness profiles at which tham no significant changes in the
geometrical parameters and to evaluate the infRiendifferent forms of the mother wavelet
on the approximation process using statistical oegh

2. Wavelet transform for processing measurement Sigls

Waveletsy(t), as the name indicates, are small waves oscill&ocharacter with time and
amplitude boundaries. The independent varidlike referred to as time or spatial variable.
Wavelets are a specific set of basis functionsiegpb describe function space. They are
particularly appropriate for discontinuous and gukar functions, which are common in
responses of real physical systems. Bases of wdwueletions are generally well localized in
the time and frequency domains. They are creatdarigyscaling (with parametej and time
shifting or translation (with parametey the mother wavelej(st + 1), which results in a
hierarchical representation of the analyzed funcfig 8].

The Continuous Wavelet Transform (CWT) of thg) signal for a given waveleiy(t), is
defined as [3, 9]:

W(r.0) = [xO@S,Od i @, 0= %w(‘%), 1)

where:r — time shifting (translation); —scale (frequency) - conjugate wavelet.
The Discrete Wavelet Transform (DWT) can be impleted after thex(t) signal is
discretized, assuming that:

g=27, r=2"°M[, 2

where:l — translation coefficieng —scale coefficient.
Considering the above, we get:

W(r,0) =W( 2°.2°) =W(l,s) =2°? Tx(t)w(zs @-1)dt=
N-1 h (3)
=2"2%" x(nyy (2°h- ).

There has been hardly any research on the usevaletanalysis to assess waviness and
form profiles of machine parts. This may be du¢htat fact that such profiles are frequently
assumed to be stationary and the Fourier trans$@ems sufficient to analyze them. It is also
important to find out how the processes of profiecomposition and approximation affect
their parameters. Profile approximation may requémoving certain information-carrying
details but only if their absence does not sigaifity change the input profile (i.e. its
geometrical characteristic).

Many findings show that the mother wavelet showddaarefully selected so that the profile
is then decomposed and reconstructed appropridtaedyvital that further research should be
carried out to determine the criterion for selegtine base wavelet (mother wavelet).
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3. Parameters used in roundness assessment

The basic parameter to assess a roundness pofirindness deviatioRON{ hereafter
denoted asZ; [10]. This parameter is well-suited to evaluatenfodeviations in regular
profiles (e.g. ovals). In practice, however, weqfrently deal with complex roundness
deviations, and the information provided by thisgmaeter may be insufficient. It is thus
essential to use other parameters which carry mésemation about a roundness profile.
Basing on the selected reference circles, i.e. LACC, MIC, MZC, one can define and
compute different parameters of roundness profttegh reference circle is responsible for a
different parameter of roundness profiles. Thetlegsiares circle (LSC) seems to be most
suitable [10, 11].

3.1. Amplitude parameters

The above differences are best described by $tatigtarameters, i.e. the arithmetic mean
deviation,Z, and the mean square deviatidy, The parameteZ, is the arithmetic mean of
the absolute deviations of a profile measuredikgdb the reference circle.

_13
A—WEML 4)

where:y; — deviation of thé-th point of the roundness profile.
The parameter is the mean square deviation of a profile measuetative to the mean
circle according to the following formula:

®)

3.2. Dynamic parameters

These parameters are related to the vibrationafatiee measurement tip moving across a
surface. Examples inclu@®v/UanduPC,with the latter defined by the following formula]{4

V,
pPC= —4, (6)

oV

where:Vy— radial vibration rate of the measurementrip;- rotational speed of the object.
3.3. Parameters related to the shape of the roundness profile [4, 10]

Theskewness coefficienf a roundness profilég, which is a measure of the asymmetrical
amplitude distribution, is defined as:

113
Zy==—> VY,
«=Zina Y

where:Z; — mean square deviation of the roundness prgfiledeviation of the-th point of
the roundness profil®&\ - number of deviations (intervals) of the roundngsile.
Theflattening (excess) coefficieBy, is given as:

Z‘iiif 8
ku Z4Ni=1i1 ()

whereZ,, v andN are as defined in Eq. (7).
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4. Parameters used in roundness assessment

Applying wavelet analysis to assess measuremendlsigequires determining the location
and character of signal discontinuities and appnaxing the signal after total or partial
removal of details selected in the decompositimtess.

The approximation leads to profile smoothing andnsequently, a change in parameter
values. This study aimed at determining how far, to which decomposition level, we can
approximate each irregularity profile, not causisignificant changes in their amplitude
parameters. It was vital to assess the influendbeoform of the mother wavelet on the scale
of changes in the amplitude parameters.

Since surface irregularity profiles are not ideatiover the whole area and are measured at
random, the tests were conducted using a largeplsagize. Five different surfaces were
measured to obtain 20 roundness profiles eachfdfdes in total).

The suitability of the mother wavelet was assesssithg a special program developed
in MATLAB, applying the minimum Shannon entropy (8fand the white noise test (WNT)
[9, 12, 13]. The variation in geometry of decompbpeofiles was evaluated by means of the
following parameters:

— the arithmetic mean of the profile ordinates,)(

— the mean square root of profile ordinates),(

— the total profile height),

— the skewness coefficient of the profile ordinatég) (

— the kurtosis coefficient of the profile ordinat&gj.

Five different surfaces were measured. The chaisiits of the main parameter, i.e. the

roundness deviatio®;, (RONtaccording to ISO/TS 12181-1:2003) are:

—  Surface number IZ; = <2.391; 7.689> um,

- Surface number Z; = <2.112; 3.356> um,

— Surface number Z; = <24.063; 30.195> um,

— Surface number %; = <2,589; 3.488> um,

— Surface number &; = <0.375; 1.997> um.

Twenty profiles were measured in different sectimfsthe surface. Each profile was
decomposed and approximated with twelve forms ofherowavelets using the MATLAB
environment. The variation in the selected paramef®, Z,, Zs, Z«, Z) Was determined
with respect to the original profile. The motherveket was selected using two criteria: the
minimum Shannon entropy (Shn) and the white n@se(WWNT) [7, 9, 13].

The calculation results are presented in Table He Tank of each wavelet is given
according to the criteria. The wavelet ranking weed to statistically compare the two
criteria for wavelet selection (the minimum entr@d the white noise test) for twelve forms
of mother wavelets by applying Spearman’s rank atation coefficient. The results
summarized in Table 1 indicate that the correlabetween the two methods for selecting
wavelets for roundness profiles are moderate agupid the Guilford scale [10, 14].

Considering the scale of variation in the amplitpdeameters of roundness profiles, one
can state that the decomposition and approximatiooesses can be conducted up to level
six, with no significant changes in the characfeihe approximated profile. This high
decomposition level with no considerable changétsihasic parameters is attributable to the
previous filtration of harmonic components from treginal (measured) profile to a high-
frequency profile. Based on five selected mothevelets, in Figures 1-5, we present how
profile approximation’s characteristics deviatenfrthe original profile, as the level of
decomposition progresses.
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Table 1. Ranking of wavelets and Spearman’s ciogl coefficients.

Number of surfaces measured Total
Wavelet 1 2 3 4 5
Shn WNT Shn | WNT | Shn | WNT Shn WNT | Shn | WNT Shn | WNT
dbl | 12 12 12 12 12 12 12 12 12 12 12 12
db2 7 7 7 5 8 9 8 1 7 1 5 7
db3 8 2 8 2 9 2 7 4 9 3 2 8
db4 9 5 9 6 7 10 10 6 8 6 9 9
db5 | 10 6 10 7 10 6 9 8 10 7 6 10
coif3 3 9 6 9 4 5 6 9 4 9 8 4
coif5 2 10 2 10 6 8 4 10 2 10 1 2
sym4 5 4 4 4 3 4 2 5 5 5 4 5
sym6 6 8 5 8 5 7 5 7 6 8 7 6
bior2.4 1 3 3 3 2 3 1 2 1 4 3 1
bior4.4 4 1 3 1 1 1 3 3 3 2 1 3
biorl.5 11 11 11 11 11 11 11 11 11 11 11 11
Spearman 0.35 0.36 0.70 0.53 0.34 0.49
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Fig. 1 Relative changes & during wavelet approximation for roundness prsfilgample: n = 100 profiles).

40

35

30 //ﬁ
. y/
s /Y

10 / .

; S A

0 A —— %

1 2 3 4 5 <] 7 8 g

Parameter deviation (%)

Decomposition level

=—4—dbl —E=—db5 coifS  =—e—cyma biorz2.4
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5. Discussion of results

As suggested in Refs. [6, 7, 8, 9, 13], the digcvedvelet transform can be used to assess
surface irregularities of machined parts, and dafig¢o:
— identify profile deviations and establish their sasl by determining the localization and
character of signals (frequency and amplitude),
— identify the noise and reconstruct the input sigmatording to the method applied (by
determining the noise form and soft or hard thré&thg),
— approximate the recorded irregularity profiles gsinselected mother wavelet.
In a majority of cases, the optimal wavelet is stelé according to the minimum entropy
criterion; no consideration is given to the waywihich the characteristic parameters change
during the decomposition process.
This paper reviews the findings on the selectiothefform of the mother wavelet using the
minimum entropy criterion. Changes in the basi@apaaters resulting from the decomposition
process have not been analyzed yet.
Because of the stochastic nature of surface ireetjigls and differences in the surface texture,
both closely related to the method of finishing #nalysis was conducted using a sample of
100 profiles, grouped in 5 series, obtained frome filifferent surfaces with 20 profiles per
surface.
Assuming that the absolute value of the changadh @arameter does not exceed 10%, we
can establish the level of decomposition. A spgmiajram was developed using MATLAB
software to calculate the optimal form of the motivavelet, which was applied to
approximate roundness profiles. The results are/shio Table 2.

Table 2. Maximum decomposition level for which tenge in the parameters does not exceed 10%.

Maximum
Profile parameters decomposition
level

Arithmetic mean deviatiorZ,) 8
Mean square deviatioiZy) 8
Total profile height Z;) 8
Skewness coefficienz() 6
Kurtosis coefficientZ,.) 6

The results summarized in the above table showthigaparameters which are most likely
to change during the approximation process are s&ssvand excess.
Further analysis indicates that the quality retathips are slightly dependent on the form of
the mother wavelet. The mother wavelet is resptmdibr the changes in the particular
parameters but the differences are not signific@ne can, thus, conclude that some mother
wavelets are more suitable for the wavelet tramsfof a given profile than others. This may
be due to the fact that there are many similar rotfavelets.
In order to accurately (quantitatively) assess itifeience of a given form of the mother
wavelet on the decomposition and approximation gsses, Spearman’s rank correlation
coefficient was used. This allowed us to answerfdliewing questions:
— lIs it possible to minimize the changes in the amgé parameters by selecting an
appropriate form of the mother wavelet?
— What is the correlation between the suggested rdetfioselection of the appropriate
mother wavelet aiming at the minimization of partéenechanges and the standard
methods based on the minimum entropy (Shn) and/tfie noise test (WNT)?
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The answer to the question concerning the coroglatietween the two classic criteria for
wavelet selection was provided in the previous isectf this paper. According to the
Guilford scale, the correlation is moderate or low.

Spearman’s rank correlation coefficients are preseim Table 3.

Table 3. Spearman’s rank correlation coefficientsskelecting the mother wavelet for roundness [@®fi

Profile parameters Previous criteria
Zy Z, Z Zy Zy, Shn WNT
Z, X 0.94 0.32 0.85 0.99 0.40 0.55
% Z, 0.94 X 0.31 0.96 0.90 0.43 0.65
29
IS % Z 0.32 0.32 X 0.23 0.31 0.37 0.07
o =
8| Z« 0.85 0.96 0.23 X 0.78 0.45 0.78
Zw 0.99 0.90 0.31 0.78 X 0.33 0.49

It can be concluded that for the roundness proéiteslyzed here:
— there exists a significant positive correlatiovegnZ,, Z,, Zs, andZy,,
— there exists a low correlation betwe&rand the other parameters.

6. Conclusions

From the analytical calculations performed on theua profiles of surface irregularities,

we can conclude the following:

1.The processes of decomposition and approximatiorroohdness profiles should be
performed up to level six to guarantee that théasertexture parameters do not change
significantly.

2.1t is recommended that this principle be used agreliminary guideline; each
approximation process needs to be combined withmtbeitoring of changes in the profile
parameters.

3.The program developed at the Kielce University afcAnology using the MATLAB
programming environment enables quick selectionthef optimal form of the mother
wavelet and simultaneous monitoring of changeshim parameters characterizing the
surface texture of machine parts.
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