www.czasopisma.pan.pl P N www.journals.pan.pl

N
<

Metrol. Meas. SystVol. XVII (2010), No. 3, pp. 397404

P N METROLOGY AND MEASUREMENT SYSTEMS

Index 330930, ISSN 0860-8229 &
www.metrology.pg.gda.pl L

POLSKA AKADEMIA NAUK

QUANTITATIVE COMPARISON OF CYLINDRICITY PROFILES ME ASURED
WITH DIFFERENT METHODS USING LEGENDRE-FOURIER COEFF ICIENTS

Stanistaw Adamczak, Dariusz Janecki, Wiodzimierz M&ieta, Krzysztof Stepien

Kielce University of Technology, Faculty of Mecloaics and Machinery Design, Al. 1000-lecia P.P25-314 Kielce, Poland
(adamczak@tu.kielce.pl, djanecki@tu.kielce.pl, wirlat@tu.kielce.plp< kstepien@tu.kielce.pk48 41 342 4477)

Abstract

The paper discusses a method of quantitative casguaof cylindricity profiles measured with diffen
strategies. The method is based on applying seecélegendrd-ourier coefficients. The comparison is car
out by computig the correlation coefficient between the profilésis conducted by applying a normali:
cross-correlation function and it requires appration of cylindrical surfaces using the LegenEmasriel
method. As the example two sets of measurementatatamployed: the first from the CMM and the sec
one from the traditional radial measuring instrutndime measuring data are compared by analyzingahe:
of selected cylindricity parameters and calculatimg coefficient of correlation between profiles.
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1. Introduction

In order to obtain reliable results of cylindrigitit is necessary to apply a suitable
measuring strategy. The strategy should enableopppte representation of the analyzed
surface and appropriate density of measuring pliitsAn important criterion for selecting a
measuring strategy is the assumed predominant mécnmemmponent of roundness and
straightness profiles [2, 3]. In practice, it igdig possible to measure a workpiece surface
using the theoretical minimum number of points wiedi in ISO 12180-2 [4]. This standard
describes other measuring strategies as well. fhtegies provide specific information on a
workpiece, yet their application is limited, asyh#o not make it possible to evaluate the
entire cylindrical surface. ISO 12180-2 describesrflimited measuring strategies: the
strategy for measurement of roundness profiles streegy for measurement of generatrix
lines, the “bird-cage” strategy (which is a combio@ of measurement of roundness profiles
and generatrix lines), and the point strategy. €mmesasuring strategies are shown in Fig. 1.
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Fig. 1. Measuring strategies described by ISO 12184: a) the strategy for measurement of roundnes
profiles; b) the strategy for measurement of getnigriines; c) the “bird-cage” strategy; d) the pt
strategy.
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In this study, cylindrical surfaces are approxindatg combining the Fourier series and the
Legendre orthogonal polynomials. This type of agpmation can be employed to compare
cylindricity profiles measured with different siegies.

2. Mathematical model of the method
By expanding the profiles in a Fourier series gopraximating the expansion coefficients

by means of the Legendre polynomials, we can veaieh cylindricity profile in the following
form:
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where:

- L,, —mdegree Legendre polynomial;

— @ — polar angle in the workpiece related cylindricabrdinate system;

- z-displacement along the Z-axis in the workpiedated cylindrical coordinate system;
— n—number of the profile harmonic component;

- M, — degree of the Legendre approximating polynomial;

- My — number of Fourier components being considered;

- amn, bmn— coefficients of the profile approximation usithg Legendre-Fourier method;
— H - cylinder height.

To compare cylindricity profiles measured with difént strategies, it is necessary to
perform an approximation using relationships)L Assume that the approximation of the
cylindrical surfaces by means of the Legendre-Fewunethod with appropriate values of the
M, and My degrees is based on the measuring points. Theoxipmtion coefficients
determined with the first method are denoted by the upper index, while those determined
with the other method bgin the upper index. In Ref. [5] the following foraf a normalized
cross-correlation function is proposed:
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where:

— k—number of subsequent measuring point;
— N - number of all measuring points;

- 17— phase shift between compared profiles.

The function described by the formula (3) is th@ansion of the function that was used
when comparing roundness profiles, presented iaf@] developed on the fundamental of the
form of the cross-correlation function that is apglin digital signal processing.

The coefficient of coincidence of the compared jsfcan be defined as:

0 =maxr (7). (4)

The value of at which the maximum of the cross-correlation fiorcoccurs is considered
to be the phase shift between profiles. This valae be used to graphically represent the
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measured cylindrical surfaces in one diagram. Omeuld note that the value of the
correlation coefficient calculated from formulas) @nd (4) is sometimes not sensitive to
differences between compared profiles. Therefdre, duthors recommend comparing the
values of cylindricity deviations of the profileadathen the visual comparison of profiles by
superimposing them. The value of the coefficientegi by formulas (3) and (4) can be
regarded as an additional measure of coincidendbeoprofiles, only. The most important
property of formulas (3) and (4) is the abilitydetermine the phase shift between the profiles
that can be used for graphical comparison of coatpprofiles.

By applying Parseval’s theorem, which assumes ttieogonality of basis functions and
the cross-correlation function, we get:

MK
r(r)=Ag+ Y (A, cosnr + B, sinnr), )
n=1
where:
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Values denoted by the upper indesefer to the measurement data obtained by thalradi
method and by the indexto the measurement data obtained from the codedmaasuring
machine Eclipse.

3. Experiment

The above mentioned concept of applying differenasaeement strategies was used in
practice to compare form profiles of a cylindriedément. The dimensions of the element
were the following: diameter = 40 mm, height = I8t. The element was manufactured by
the NSK in the framework of a research grant camogr new methods of cylindricity
measurements. The form and approximate values ofdridity deviations were designed in
the way that would make it easier to compare restdken from different measuring
instruments.

Measurements were conducted using a ZEISS EclipSeefbipped with a triggering
probe head and a computerized Taylor Hobson Talycergehine for measurement of
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cylindricity. In both cases, cylindricity was measd in various cross-sections. Due to special
properties of Legendre polynomials, only the fiestd the last cross-section in both
measurements should be the same.

While employing the Hobson Taylor Talycenta, it wessible to collect 1024 measuring
points per cross-section. When employing the Eelig8 measuring points were sampled.
The measurement data was used to determine tleving values of cylindricity deviation:

— CYL¢=30.1 um, when applying a Zeiss Eclipse 550;
— CYL;=27.6 um, when applying a Taylor Hobson Talycenta

In a traditional approach, the comparison of pesfiinvolves analyzing the differences
between selected cylindricity parameters and itsdoet require applying the function of
cross-correlation. This analysis, however, contagmnsiderable errors, particularly if
uncertainty of measurement with a CMM is taken iatwount [7, 8]. For instance, the
uncertainty of the Zeiss Eclipse 550 for a measergnn three axes is 2.9 + L/250 um, and
the difference between the values of cylindricityvidtion is 2.5 um. When comparing
profiles based on numerical values of parametelys one may draw erroneous conclusions.
If the cross-correlation function — relationshifs-10) — is employed to assess profiles, no
such drawback is observed. Fig. 2 shows a diagranth@ cross-correlation function
calculated for the compared profiles. The maximatue of the function being represented in
diagram form in Fig. 1 is 0.99. The relationshiglwases that this value refers also to the
coincidence between profiles. This high value @& torrelation coefficient testifies to high
cross-correlation of profiles.

When calculating the correlation between the pesffbllowing values were assumed:

- number of Fourier components being considekég= 15;
— degree of the Legendre approximating polynomiak 6.

A value ofM, = 15 was selected because in measurements of gemahquantities it is
assumed that when analyzing deviations of formmioaic components 2—15 should be taken
to account. The degree of the Legendre polynoméa selected to be equal to 6 on the basis
of results of some preliminary measurements. Thesealts showed that the straightness
deviation of the generatrix of the cylinder is sigrantly small in relation to the deviations of
the cross-sections. Therefore, authors assumedvithaté would allow sufficiently accurate
approximation of the measured profile. Of coureeghie case of different elements such value
might not be correct.

Applying the cross-correlation function describgdrélationships (510) is advantageous
because the phase shifis used to equalize the values of the comparetilggowithin a
phase. In this way, the compared profiles can btqa together in one diagram and assessed
visually. In the analyzed example, the cross-cati@h function assumes the maximum value
for 7 C 06 rad. This value is then used to equalize the coeapprofiles within a phase. The

profiles can then be analyzed in various crossiaexgt which helps visually to assess the
coincidence between them.

The diagram in Fig. 3 shows the difference betweanes of the compared profiles at
individual points of the profile. These are thefeliénces of local deviations of the profiles
from the least squares cylinders. In order to mle\a more complete view of distribution of
these differences, the diagram was plotted asfacginstead of dots.

Analyzing the differences shown in Fig. 3 one catige that in some points they are quite
large. There are a few possible sources of sudbreifces. The first is that there is a large
difference between the uncertainty of measuremgrihé radial method (for the instrument
used in experiments it was about 0.1 um) and byagipdied coordinate measuring machine
Eclipse (2.9 + L/250 um in three axes). Anotherreewf errors can be the difference of
number of sampling points in measurements by tké@lranstrument (1024 points in one
cross-section) and by the coordinate measuring mag¢b4 points in one cross-section). So,
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in case there are significant local irregularitiéghe profile, they may not be detected when
only 64 points in the cross-section are sampled detdcted in case when 1024 points are
sampled. Another source of the difference can dreexample, dirt on the measured surface.
Although, such reason is not very probable, becdlnseoperator did his best to keep the
measurement conditions correct.
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Fig. 2. Values of the cross-correlation functiontfte compared profiles.
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Fig. 3. Difference between the profile values.

Observing the profile changes in each cross-sectioseems particularly convenient to
determine the difference between profiles at setectoss-sections of the element, as shown
in Fig. 4.
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Fig. 4. Visual comparison of the profiles at theeetad cross-section of the cylinder.
4. Summary

The experimental data confirm that the presentethogemakes it possible to compare
cylindricity profiles measured with different ingtnents and strategies. The quantitative
study involves calculating the correlation coe#iti between profiles, while the qualitative
analysis requires visual comparison of profilese Thasults also show that the correlation
coefficient provides more information about prefgimilarity than the values of selected
parameters of cylindricity, which might be confugimBy taking account of the phase shift in
relationship (5), it is possible to equalize anslially compare the analyzed profiles. It should
be noted that of disadvantage is the fact thattwedinates of the measuring points need to
be known, which is not always possible, especiallihe case of special-purpose systems for
measurement of cylindricity deviations. Howevere thalue of the correlation coefficient
calculated from the formulas (3) and (4) is sometmot sensitive to differences between
compared profiles. Therefore, the authors recomneamparing the values of cylindricity
deviations of the profiles and then the visual carigon of profiles by superimposing them.
The value of the coefficient may be regarded aadditional measure of coincidence of the
profiles only. Despite this limitation, the propdssoncept can be used to assess the accuracy
of measurement of cylindricity deviations on CMMs, it helps to perform a qualitative and
quantitative analysis of profiles measured withedtént instruments and strategies.
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