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Abstract

This paper deals with the experimental validatibthe suitability of the method for measuring rddiariation:
of components on the process tool. The tests warducted using a computerized PSA6, which was cosn
to a Talyrond 73. The rekis of measurement of roundness deviations as aglfoundness profiles wi
analyzed for a sample of 70 shafts. The roundnesgtibns were assessed by determining the expeté
errors, while the profiles obtained with the testiVice were compadeto those registered by the refere
device using three correlation coefficients.
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1. Introduction

The method for measuring roundness profiles onpileeess tool which bases on the
variations in the component radius belongs to aigraf non-reference methods. It requires
fixing a component in the centres, rotating it aegistering the variations in the radius in the
rotation angle function by means of a probe fitmatpendicular to the axis of rotation
[1, 2, 3].

The measurement data may contain an error, whioklased to the type of probe applied
and the accuracy with which the center holes wemdenThe method error was determined
theoretically [4]. It can also be estimated experitally by comparing the results obtained
with the tested instrument to those from the refegeinstrument. This paper discusses the
results of statistical tests and calculations Far &nalyzed and reference instruments, PSA6
and Talyrond 73, respectively. The assessment wade msing the experimental error of
roundness deviation and the correlation-based cosgpa of the measured roundness
profiles. In statistical testing, we used a sangflé0 ground shafts with center holes selected
at random from a batch. The measurements were ctedlunder laboratory conditions at the
Kielce University of Technology, applying equipmesuitable for measurement of form
profiles.

The sequence and range of the calculations weidlaws:

a. Determination of the experimental error of thetinod for measuring roundness profiles,
according to the principles of statistical inferenctaking roundness deviations into
consideration:

— the procedure for the estimation and test of dipnice for the mean value of the

experimental error [1, 5],

— the procedure for the estimation and test of diggniice for the variances and mean

deviations of the experimental error [1, 5],
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— the estimation of the confidence interval of a Engethod error and measurement
accuracy,
— the procedure for the test of concordance betweedistribution of the method error in a
population with the theoretical distribution [1, 6]
. Statistical comparison of roundness profileagi$he correlation calculus:
comparison of roundness profiles by means of ccosselation coefficients,
comparison of roundness profiles by means of Pa&r$iaear correlation coefficients,
comparison of roundness profiles by means of Spmalewwank correlation coefficients.
First, the reference instrument, Talyrond 73, wseduto measure the roundness profile of
each component of a sample. In this way, a reahdoess profile was obtained. The
measurement results for a given roundness prafilhé digital form and the values of the
roundness deviatio®dZ, and the amplitudes of the particular harmonicthis profile were
transmitted to the memory of the test-stand conmpute
Statistical inference, i.e. drawing conclusionstlea properties of the general population
basing on the results obtained for a sample or k&mTgrawn from this population, requires
estimating the values of the parameters of theiloligion (point estimation), determining the
confidence intervals (parameter estimation) orirtgsstatistical hypotheses. To reduce the
probability of errors to a minimum, it was necegdar
— select an appropriate statistical method accordinghe data concerning the analyzed
properties and the tests to be conducted,
— use a representative sample,
— strictly follow the procedure of each statisticadtimod,
— apply the statistical methods selected for eadiotdy once,
— maintain the assumed level of significance througlioe entire statistical hypothesis test,
maintain the assumed level of confidence when deténg the confidence interval.

(op

2. Experimental error

The basic method for identifying the accuracy o@asurement instrument is to compare
its results with those obtained by means of a esfg® instrument [1]. One of the most
important parameters used for this purpose is xperénental errorAEBM) described by the
following relationship:

AEBM =)‘y;y )

where: AEBM - experimental error,
X — measurement result obtained with the testeduimsnt;
yi — measurement result obtained with the referendeuiment.
The calculated experimental errors were used teraie the accuracy of the analyzed
instrument and, accordingly, validate its suitapifor certain applications.
Table 1 shows ranges of relative method errordksited in our previous research and the
corresponding applications.
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Table 1. Ranges of relative method errors in serfagture measurement and the corresponding apptisg1].

Measurement accuracy Type of application
range [%]
2%+ 5% Measurement of standards:
roughness, waviness, form profiles
5%+ 15% Scientific research
10%+ 25% Measurement of surface texture under

industrial conditions

3. Statistical determination of the method error ugg roundness deviations

A sample consisting of 70 ground shafts was usesktablish the experimental error
through statistical testing. The analysis included:
— the estimation and test of significance for the mealue,
— the estimation and test of significance for théarares and mean deviations,
- the estimation of the confidence interval of a Engiethod error for the assumed
confidence,
— the determination of the concordance of the digtiim of the method error in a
population with the theoretical distribution .

3.1. Procedures for the estimation and test of sfgpance for the mean value of the
experimental error

In order to compare the mean values of the expeaitiaherror, it was necessary to measure
roundness deviations in the same cross-sectiomg tisiee different instruments. First, the
value of the roundness deviation was establishethégns of the reference instrument, i.e.
the Talyrond 73, with higher spindle rotation a@myr (spindle runout of 20 nm). Then, the
experimental errors were calculated. Their meanesivere determined using the following
relationship:

AEBM :£ZAEBI\/I“ 2)
n=

where:n —number of samples,
JEBM - relative method error of the roundness deviatfon each element
of the sample.
The mean value of the method error in the analyrgullation was estimated using the
following procedure:
a. Determine the method error including the rousdrdeviation of the profile measured at a
computerized test stand,
b. Estimate the mean value of the method error,
c. Estimate the interval of confidence for the mealue of the method error with normal
distribution and the unknown mean deviation ushgfbllowing formula:

(AEBM—upDi;AEBM+ u Eli) )
n

P n

where: AEBM —the mean value of the method error,
s —the calculated mean deviation,
up —the quantile of the normal distribution read frdme tables in Refs.[1, 6, 7, 8].
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To explain whether or not the divergence between rttean values is random, it was
necessary to conduct a test of the means for avdase the values of the mean square errors
are unknown. The mean values could be thus comjmgrediculating the value &ffrom:

=% (4)
s, /i + 1
nl nZ

where:x, , x, - the mean values being compared,
ni, N, — number of measurements,

_ |(n-1)08 +(n,-1)08
SZ - 1 (5)
(nl _1)+ (nz _1)
where: g, $ — mean square errors of the measured valueg &f x
The calculated value of was compared with its critical value, t(P, k) réeain the tables

in Ref. [1]. The critical value is determined whBn= 0.95 and the number of degrees of
freedom is calculated from the following relatioish

k=n+n-2. (6)

If ts exceeds the critical value, it can be assumedtligativergence is significant; if not,
the divergence is random (insignificant).

3.2. Procedures for the estimation and test of sfgance for the variances and mean
deviations of the experimental errors

When establishing the relationships between th@nees, one needs to estimate and test
the significance for the variances. This is pafédy important when the accuracy of
instruments is checked.

The procedure to estimate the population variancefcase when the mean value of the
method error is unknown involves:

a. calculating the variances value according to thnida:

&2 =ni_1@§(AEBM -AEBM), )

where:n —number of samples,
AEBM; — the method error for the measurement of an elemdhe sample,

JEBM - the estimated mean method error for the sample.

b. calculating the value of the coefficient F using thllowing relationship:
2

L=F>1
2 8
S
The calculated value of the coefficidatwas compared with the critical value read from
the tables in Ref. [1]. If the value @&f is greater than the critical value, the divergence
between the analyzed variances is significant. HewevhenF is less than the critical value,
the divergence is assumed to be random (insignifica
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3.3. Estimation of the confidence interval of a gile method error and measurement
accuracy

The confidence interval of a single method errartfee assumed level of significance
was read from the normal distribution tables. Toeficience interval was calculated using the
following relationships:

(AEBM-u,[5  AEBM+ yO¥ )

where: JEBM — the mean value of the method error,
u, —the quantile of the normal distribution,
s — the mean square deviation of the method error.
The measurement accuracy of the analyzed methosisietarmined using the following
relationship:

DP =[AEBM+ 4, . (10)

Formula (10) was used to qualitatively assess thasnrement accuracy of each method. It
included roundness deviations of the components figiven statistical sample, which were
measured twice: first with the reference instrumemd then with the tested instrument.
Accuracy defined in this way includes experimergaiors related to the systematic and
random errors of the measurement of this deviation.

3.4. Procedure for the test of the concordance bestw the distribution of the method error
in a population with the theoretical distribution

All the considerations were based on the assumphianthe results of the experiment are
distributed normally. The doubts concerning thenmadity of distribution will be finally
dissolved if the procedure for the tests of thecoodance between the method error
distribution and the theoretical distribution ispaed. In this analysis, we used one of the
most popular tests determining the level of conance with the normal distribution — tegt
[1, 3].

3.5. Assessing the results of statistical teststfer method error

Table 2 includes results of the statistical tedtshe method error established for the
measurement of radius variations on a processdoa sample of 70, estimation of the tests,
estimation of the confidence intervals and testcaicordance between the method error
distribution and the theoretical distribution.

The mean values of the relative experimental eofothe method and the confidence
intervals of a single value of the error indicdtattthe accuracy of measurement of roundness
deviations for the analyzed samples ranges from tt026% [1].

Table 2 shows results of statistical testing ofékperimental method error calculated
with respect to the Talyrond 73. The significanest for the mean values and the variances
indicates that the divergence between the valueslated on the basis of the randomized test
and the critical values is random. The test of oot@nce with the theoretical distribution
confirms that the results of the experimental earerin agreement.

The statistical testing of the experimental err@dm it possible to calculate the accuracy of
the method for measuring roundness profiles onptieeess tool based on the variations in
component radius. The accuracy was approximatedp, M8hich confirms the instrument
suitability for analyzing surface structure undetustrial conditions.
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Table 2. Results of the statistical determinatibthe experimental error for the PSA 6 based orréisalts
obtained by means of the Talyrond 73.

Sample type Ground shafts
Number of samples 70
Observed value OEBMy, 0.000
the method error | AEBMya, 0.253
Mean value 0.081
Confidence interval for P=0.99.08%0.013
(u;=1.96)
Test of significance for the mearandom divergence
value
Test of significance for the variangegandom divergence
Mean deviatiors 0.056
Test of concordance with th&he error distribution in concordance
theoretical distribution with the theoretical distribution
Method accuracy MA [%] 18 %

4. Method for comparing roundness profiles by meansf the correlation calculus
4.1. Comparison of roundness profiles using crossrelation coefficients

The analysis and estimation of the experimentalhotkterror were used to assess the
suitability of an instrument for accurate measuneimk is extremely important to determine
how similar the measured profiles are, becauserétieally, an instrument may provide us
with approximate results despite the fact that mpletely different roundness profile is
registered. It is possible to visually compare t@sults obtained for the same cross section
with different measurement instruments. The conspari however, is only of qualitative
character. To compare the measured profiles ga#iméty, one needs to use the correlation
calculus [1], by determining the cross-correlationction.

It can be represented using the relationship festircalled coefficient of concordance:

2[Z, )2y + o) dd
r((R)) = 2m .

= , (1)
[ 22 (@)do + [ 2%, (6) db

where: Z(¢) — profile measured by applying the tested method,
Zw(9) — profile measured using the reference method,
¢o — shift between the measured profiles.

The coefficients can be used to compare even desimgasurement result. They may
range from —1 to 1. When the cross-correlation fameft is negative, there is definitely no
agreement between the measured profiles. Postie#icients can be estimated basing on the
rules provided by I. P. Guilford [1].

For the entire sampl@& € 70), we determined:

— the mean value and confidence interval,
— the confidence interval for a single cross-corretatoefficient.

Using the calculated mean values of the coeffisi@htconcordance between the compared
roundness profiles and the estimated confidenesvials for a single value of the coefficient
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one can assume that the correlation between thepamoh roundness profiles, i.e. ones
measured with the radial method and ones obtain#d the reference instrument is very
high. This is confirmed also through qualitativés@al) comparison of these profiles (Figs.1
and 2)

Table 3. Results of statistical tests of crosselation coefficients for the pair of instrumentse tPSA 6
and the Talyrond 73

Sample type Ground shafts
Number of samples 70

Observed min 0.9313

value max 0.9998

Mean value 0.995
Confidence interval for P=0.954£1.96) |0.995-0.002
Mean deviatiors 0.009
Confidence interval for the variances 0.009:0.00002

Figures 1 and 2 show the visual comparison of roass profiles measured using the
reference instrument (Talyrond 73) and the analymetrument (PSAG6). The results
illustrated below were obtained for three composvith different values of the coefficients
of concordance.

a)

roundness profile [pum]

o
=

18721

93606

roundness profile i [pum]

roundness profile [pum]

range of the angle of rotation of component No 68 [°]

Fig. 1 Visual comparison of two roundness profifesectangular coordinates measured with two ckffie
instruments (the Talyrond 73 — solid line, the FBA dotted line: a) comparison for component Ndct6ss-
correlation coefficient 0.9994), b) comparison domponent No 26 (cross-correlation coefficient 8®9c)
comparison for component No 68 (cross-correlatimefficient 0.9951)
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Fig. 2 Comparison of the amplitude spectra ofrtmdness profiles measured with two instrumehts: t
Talyrond 73 — shaded bars, and the PSA 6 —white bgicomparison for component No 16, b) comparieon
component No 26, ¢) comparison for component No 68.

4.2. Comparison of roundness profiles using Pear&solinear correlation coefficients

An alternative solution for a cross-correlation dtion is to apply the Pearson’s linear
correlation function to assess the concordanceaffigs. The comparison required changing
the coordinates of the measurement points into iudps and phase shifts for harmonics
from 2 to 15. That was possible by applying a Fasirier Transform. The estimation was
carried out using the obtained values of amplitunfethe particular harmonics. Establishing
the concordance between profiles by means of ptfafis was less important as this testifies
to the repeatability of positioning of a componienan instrument [1].

Once the values of the amplitudes of the harmofiiom the two instruments (the
reference measurement instrument and the PSA 6@ weuped into 14 sets for each
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harmonic number, they were statistically analyzedjich involved establishing the
coefficient of correlation between the amplituddsttee harmonics obtained by using the
reference method and the tested method. Then, #téxmf the correlation coefficients was
calculated.

Pearson’s correlation coefficients were calculateidg the following relationship:

S><Yn

r= :
S By 42

where:S.y, - covariance of the XY sets,

S« - mean deviation for the values of thesit

Si,- mean deviation for the values of thes¥t.

1.3 — —
Sxvn :EQ(CXm - CX”)( Cvp_ C(”)i (13)
i

where:Cy,, - values of the amplitudes of the particular harrestior profile Z (¢)

C xn - mean value of the amplitudes of the particulantuaics for profile 4 (¢)

Cyy - values of the amplitudes of the particular harmefis profile Z (¢)

Cvn - mean value of the amplitudes of the partichnmonics for profile £(¢)

The SADCOM program was used to calculate the caicel matrices. The results are
tabularized in Table 4. Using the I.P. Guilford legbone can determine the relationships
between the obtained correlation coefficient and ttegree of correlation between the
obtained roundness profiles.

Table 4. Pearson’s correlation matrix for measurgmby applying the tested method and the reference
measurement instrument Talyrond 73

| Macierz korelacii [_[O[x
ek

=
-]

Harmon[2 e [a [5 [6 [7 [8 [o [0 |1 iz 13 a4 15
2 0987 011 007 0253 011 008 02 002 0082 0133 014 011 015 016

B 010 0998 065 0160 0684 0011 037 0514 0310 0306 0,101 0068 0182 0,108

4 005 065 0998 006 048 0264 058 015 0049 002 0,184 0128 0205 0,195

5 0236 0161 006 0994 0721 0221 001 -008 0050 0390 007 0216 0341 0,000
B
7
B

oK

Al

0,10 0681 047 0099 099 0,138 023 0,113 0227 0279 0,176 0302 0262 0215
007 0032 0263 07142 07142 0987 0333 002 0123 0115 010 0481 0292 0481
-028 039 0603 000 -025 0317 0992 -000 -016 007 0062 07140 035 0411

9 004 049 0,13 005 07117 004 0049 0978 0200 0,108 008 004 07155 0282 -

10 0,053 0356 0039 0095 0293 0,60 010 0228 0975 0073 005 004 0028 0,111

11 0,111 0321 000 0389 0292 10150 005 0101 0075 088 000 0151 0219 0,102

12 016 07110 0765 -002 0232 007 0076 011 011 0040 0974 0215 -001 -0,00

13 006 0009 0179 0231 0334 0506 0214 005 015 0091 0113 0917 0222 0294

14 0,10 0230 07142 0309 0285 0308 0331 0127 0022 0213 007 0015 0953 0246

15 0,16 0075 07189 0058 07161 0390 0438 0287 0015 0007 003 0247 0249 0913
| [

In addition, the hypotheses were verified for eaolrelation coefficient by calculating the
statistic according to:

t=—"_/n-2, (14)

where:r, — estimated correlation coefficient,
n — number of samples.
After assuming the probability (P = 0.95) and thenber of degrees of freedom £ 2),
we read the critical valuesq,tand compared them to the statistic, t. It was thessible to



S. Adamczak et al.: STATISTICAL VALIDATION OF THETMED FOR MEASURING RADIUS VARIATIONS OF COMPONENTS...

define whether or not there exists any correlatlonthe correlation matrix, the highlighted
numbers indicate that the correlation occurs, wthiese in a white background represent null
correlation.

4.3. Comparison of roundness profiles using Speantsarank correlation coefficients

Another function used to compare measured roundmmefiles is the Spearman
correlation. Since the method has previously protede effective, it was used for this
analysis. The basic definition of Spearman’s catieh function is as follows: if the
compared properties can be ordered increasingy, ithis possible to apply a rank correlation
function. This was particularly significant in tlegperimental tests conducted as part of this
analysis. Determining Spearman’s rank correlatioefficients for measurement of different
components will imply that there is a correlatiaivieen the obtained roundness profiles.

The procedure to derive Spearman’s coefficientshef rank correlation between the
amplitudes of the particular compared roundnesSlgsovas as follows:

— determining the amplitudes of each harmonic inXrend Y sets, from the highest to the
lowest according to variablerZand then according to another variable, i\, Z

— for each pair of ranksZand Zy, determining the differenc® by subtracting the lower
rank from the higher one,

— assessing a rank correlation coefficient usingdeheula

6D,

rg =1_m, (15)

where: D, — sum of squares of differences between the ramfermiined by means of
relationship (16)
n— number of samples.

n
Dn = Z(rxi _ryi)zi (16)
i=1
where:r, — rank of an element of the 3ét,
ryi — rank of elements of the; ¥et.

As shown in Table 5, the calculated coefficientshef rank correlation between the values
of amplitudes of the particular harmonics for eaemple were given in the form of the
matrix of Spearman’s correlation coefficients. e tmatrix, the null correlation results were
highlighted.

Table 5. Spearman’s correlation matrix

| Macierz korelacji = E
Blik

Harmon[2 [3 Ja Is 6 [z [8 o o [tz 13 s 15 |
2 0065 0097 011 0835 0045 001 024 0011 0129 0269 004 004 008 027

3 0,109 0095 064 0182 0648 0036 036 0470 0352 0315 0098 0055 0,197 0021

4 010 063 099% 003 047 0280 052 009 0084 0005 0,104 0103 0138 0235

5 0324 0202 003 0994 0211 0327 0029 -003 0060 0346 012 0281 0307 0035
6
7
B

oK

A

0,042 0639 047 0,182 099 0142 022 0120 0273 0260 0,153 0310 0310 0,176
0,017 0044 0285 10249 0,135 098 0295 0056 0,129 0111 007 0566 0,191 0391
026 038 0538 0029 022 029 091 0065 -018 003 0068 0,156 0365 0492
9 0015 0449 006 001 0127 0031 0112 0967 0239 07102 007 003 0242 0285 -
10 0,130 0397 0052 0094 033 0,161 012 0281 0968 0,109 004 003 0057 0114
n 0252 0320 0,007 0307 0285 07137 -004 0117 0,136 095 0049 0,138 0272 0093

12 011 0080 07119 -008 0218 -005 0101 -0,0 -008 0068 0958 0,187 0025 0001
13 001 001 07163 0267 0329 0548 0240 002 013 0081 0054 0912 07141 0343
14 003 0261 0046 0339 0369 0228 0331 0202 0071 0265 -005 0025 0937 0222
15 029 0020 0204 0030 0134 0320 0503 0303 0015 000 -001 0262 0237 0909
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4.4. Estimating the results of statistical testirigr the compared roundness profiles using
the correlation calculus

Pearson’s correlation coefficients were calculated each set of amplitudes of the
compared roundness profiles using a special computgram, SADCOM [9]. The profiles
were measured by means of:

— non-reference instruments equipped with ROFORMG@WEORM software,

— reference instruments equipped with the SAJD soéwa

- ZEISS coordinate machines with the CALYPSO software

— Some of the calculation results obtained by applyiRearson’s and Spearman’s
correlation coefficients for the amplitudes of ehelnmonic are provided in Table 6.

Table 6. Pearson’s and Spearman’s coefficient®wéation between the two instruments, the PSAbtha
Talyrond 73, for the amplitudes of each harmonic

Harmonic number Pearson’s coefficientSpearman’s coefficient
2 0.987 0.963
3 0.998 0.995
4 0.998 0.996
5 0.994 0.994
6 0.996 0.995
7 0.987 0.986
8 0.992 0.992
9 0.978 0.967
10 0.975 0.968
11 0.963 0.955
12 0.974 0.958
13 0.917 0.912
14 0.955 0.937
15 0.913 0.909

From Table 6 it is clear that all the analyzed treteships are correlated, which was
denoted by the plus sign (+) at each correlatiogffement. The values of the correlation
coefficients show that there is a very high or haginrelation between the amplitudes of the
harmonics that are dominant for the compared roesslprofiles and the amplitudes of the
harmonics that have a significant effect on thdilgréorm (n = 2+10).

For the other amplitudes of each harmonic, theetation is in most cases very high, high
and moderate.

5. Conclusion

The statistical tests show that there exists a Higtrelation between the roundness
deviations as well as the roundness profiles medswith two different methods. The 18 %
accuracy confirms that the analyzed method is Iskeitbor measuring surface texture under
industrial conditions. Visual comparison of rounskeprofiles also shows that the tested
instrument can be used for accurate measuremdrgscdrrelation between measured profiles
was very high when the profiles were compared usirfgnction of correlation, i.e. cross-
correlation, Pearson’s correlation and Spearmanisefation. The tests confirm that the
analyzed method can be effectively used for meagwdundness profiles under industrial
conditions.
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