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INFLUENCE OF THE INTERACTION BETWEEN PARTS
AND APPRAISERS ON THE RESULTS OF
REPEATABILITY AND REPRODUCIBILITY ANALYSIS

JIRI PLURA, PAVEL KLAPUT

1 INTRODUCTION

The success of companies at the market has foradelecades depended on the
quality of the provided products and services. Tquslity cannot be achieved
without functioning quality management system, vehosain task is to plan,
manage and continuously improve all the process#smnthe organization. All
decision-making within the scope of this "trilog¥ quality" should be done on
the basis of collected data or facts. In the céseamufacturing processes, these
facts represent the measured data of all the mexitquality parameters. An
important condition for making the right decisios) in this case, a sufficient
amount of quality data, provided thanks to a quatieasurement system only.
ISO/TS 16949 standard, which includes the requirgsnefor quality
management system in the automotive industry, say<lause 7.6.1, that
statistical studies must be performed in order nalyse the variability of all
types of measurement and test systems.

2 METHODOLOGY

In practice, these statistical studies are camigidaccording to several methods.
One of them is the VDA 5 methodology, which origeth in the German
automotive industry. The basic principle of thisthoalology is the narrowing of
tolerance of a given quality characteristic by tbalculated measurement
uncertainty. However, this methodology is used vemgly, and evaluation of
measurement uncertainty is practically done onlytdasting and calibration
laboratories. The most widely used methodologylizetli not only in the
automotive industry, is the MSA methodology - Measnent System Analysis
which was created by three American carmakers: $¥émryGroup LLC, Ford
Motor Company and Generals Motors Corporation.nii@in principle is the
evaluation of the most important statistical prdiesr of the measurement
systems, including stability, bias, linearity, rapability and reproducibility. The
most often performed of the studies is the studgarhbined repeatability and
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reproducibility (GRR) of measurements. MSA Handbo(®kIAG, 2010)
describes three methods used for evaluating thedees. They are:

* Range method
» Average and range method
» Analysis of variance (ANOVA).

Using each of these methods brings certain advastagd disadvantages that
can affect the quality and informative value of tiesults achieved. The range
method, also referred to as "short method", isnwomally used for verification
of the measurement systems quality, but it sereegdick verification whether
the percentage share of combined repeatability mmdtoducibility in total
variation (% GRR) is satisfactory. Its major disadtage is the fact that it does
not allow independent evaluation of repeatabilityd areproducibility of the
measurements, which is why this work will be foaigmly on the remaining
two methods. The variability of results achievedingsthe average and range
method is analysed in detail in previous work (Kiag Plura, 2012). The
following part of this work uses real and purpodlgfmodified data in order to
compare the GRR studies by means of the averageaagd method (A&R) and
the ANOVA method. Based on the results of thesdist the conditions under
which the results of the methods are going to leestime or, on the contrary,
completely different are discussed.

2.1 Average and range method

The average and range method (A&R) is most commosdd for measurement
system repeatability and reproducibility assessnimeptactice. The required data
are obtained by repeated measurements of prodogiles realised by various
appraisers. It uses a defined procedure, whichuded both numeric and
graphical evaluation of repeatability (EV) and whrcibility (AV). On the basis

of their values, it is possible to calculate thembined repeatability and

reproducibility (GRR) according to the relation.(1)

GRR = \[(EV)? + (AV)? (1)

The percentage share of GRR in the total variaéiod the number of distinct
categoriesr{dc) are used as the criteria of the measurementreyasteeptability.
They are calculated using relations (2) and (3).

GRR
0 — 2
%GRR 7 .100 (2
PV

=141 —— 3
ndc = 1.41 T (3)
where:
TV is total variationTV = \/(GRR)? + (PV?) (4)

PV — parts variation.
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A measurement system is considered as fully acbkptia the cases, when
%GRR value is lower than 10% and, at the same tideyalue is at least 5.

2.2 ANOVA

The last, fourth edition of the MSA manual lays m@nd more stress on the
evaluation of repeatability and reproducibility ngithe analysis of variance
(ANOVA). As far as this method is concerned, yon davide the total variation
into repeatability (EV), reproducibility (AV), patvariation (PV), and the
interaction between appraisers and parts (INT). GRRR study using this
method makes possible to obtain more informatiantim case of the average
and range method, because it also provides infiaman how much of the total
variation is caused by the interaction among tltividual appraisers and parts.
If this interaction is statistically significantsivalue is presented separately, and
combined repeatability and reproducibility is cddétad as follows:

GRR=~/(EV) +(AV ) +(INT) (5)

If the interaction is not statistically significant is assigned to the value of
repeatability. That is how ANOVA method can detectre accurate estimates of
the variances, provided that the measurement em@snormally distributed.
This assumption can be assessed using approprapdigal tools (Klaput &
Plura, 2011). The disadvantage of this method ismniore complicated
calculations of the individual components of vailigh and its application
requires the use of a computer (Petrik & Palfy,1201

3 IMPACT OF CHANGES OF THE MEASURED VALUES ON
THE RESULTS ACHIEVED BY VARIOUS METHODS

As already mentioned above, the results of GRRyaisabbtained using both
methods can be very different. This difference rhayaused by the occurrence
of a statistically significant interaction betwethie measured parts and appraisers
(Osma, 2011; Kazerouni, 2009). In this article, s going to focus on
exploring the impact of outliers that simulates #ifect of interaction between
parts and appraisers. The outcomes of the analykisepeatability and
reproducibility obtained by the average and rangthod and ANOVA method
were compared on real data of nuts height measuntgermperformed by three
appraisers from Tab. 1 (Plura, 2001).

In order to analyse the partial results of thesslyeses as well, an application in
MS Excel 2010 were prepared for both methods. Teeracy of the results was
verified using Minitab 16 program. The obtainedutesare shown in the first
line of Table 3. A comparison of the determined %E&AV, %GRR andndc
values clearly show minimum differences among #sults of the applications
of the individual methods. It is mainly related ttee fact, that the variability
caused by the interaction between the parts andaigps was evaluated by
ANOVA method as statistically insignificant (it é®@nsidered to be zero).
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Table 1 Measured data of nuts height, mm (Plura, 2001).

g " Measured part

© |

E%L Fl o1 2 3 4 5 6 7 8 9 10

A |1 [1096] 100 [ 1067 103% 10.71 1042 10555 1065.4610 10.55
2 | 1097 | 108¢ | 1068 | 104 | 1068 | 1081 | 1056 | 1063 | 1047 | 1057

5 |1 | 1099 10.89[ 10.64 104p 1073 108 10554 1064.451) 10.57
2 | 109€ | 1093 | 1074 | 103¢ | 1072 | 1084 | 106 | 106¢ | 1043 | 1054

c |1 20941 10.85] 1074 1036 1043 10.J5 10[48 14.68.421] 10.55
2 | 1091 [ 1084 1064 1038 10685 1016 1049 10.66.451| 10.53

The following solution stage deals with a simulatiaf the effect of increasing
variability caused by the occurrence of outlierbiclhi simulate the interactions
between parts and appraisers, on the results eotdig both methods. That is
why the measured values of one or two selected ghdth measurements for
each part) were successively changed in case afaigpp A, while always

maintaining the range of repeated measurements.nféesured values of the
selected parts were gradually increased or deatdasenultiples of the standard
deviation of repeatability, which was set to 0.02Bn. The changes of the
measured values for all three cases are showrgurd-iL.

3.1 Simulation 1

In the first case, parts No. 3 and No. 8, whiclgioal measured values were
close to the average value of all the measurenmarfermed by the appraiser,
were selected for the given changes. The measaleés/were increased in one
part and decreased in the other one, so there evakange in the total average or
the change of the range of averages of all the mneagnts of the individual
parts. This setting of the performed changes edsatability of the values of
%EV, %AV, %GRR andndc, evaluated by means of the average and range
method (see Table 2).

Table 2 shows the summary results of the analy$isrepeatability and
reproducibility obtained using the average and eamgethod and ANOVA
method, depending on the number of standard dewigtby which the measured
values of parts 3 and 8 were increased and decke®@deereas in the case of the
average and range method the results remain constdnen the ANOVA
method is used, there are considerable changdedatainly to the occurrence
of the part — appraiser interaction.
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Figure 1 Thechanges othe measuredalues forall three simulations.

Table 2 Results of Smulation 1 for A& R and ANOVA methods.

Shift A&R ANOVA
6 | %EV [ %AV [ %GRR | %PV | ndc | %EV | %AV [ %INT | %GRR | %PV | ndc
0 | 13.55|11.62| 17.85 | 98.397.77]| 11.14| 12.93 17.09 | 98.53 8.13
1 | 13.55|11.62| 17.85 | 98.39 7.77| 11.33| 12.91 17.43 | 98.47 7.96
2 |13.55|11.62| 17.85 | 98.397.77| 10.85| 12.88| 7.41 18.39 | 98.297.53
3 | 13.55|11.62| 17.85 | 98.397.77| 10.50| 12.83| 10.94 | 19.86| 98.016.96
4 | 13.55| 11.62| 17.85 | 98.397.77] 10.01| 12.76| 14.44| 21.72| 97.616.34
5 |13.55|/11.62| 17.85 | 98.397.77] 9.36 | 12.69 17.89| 23.85| 97.115.74
6 | 13.55|11.62| 17.85 | 98.39 7.77| 8.52 | 12.60 21.28 | 26.16| 96.525.20
7 |13.55|11.62| 17.85 | 98.397.77| 7.45 | 12,50 24.59 | 28.58| 95.884.73
8 | 13.55|11.62| 17.85 | 98.397.77| 6.04 | 12.39 27.83 | 31.05| 95.064.32
9 | 13.55|11.62| 17.85 | 98.397.77| 3.97 | 12.27| 30.97 | 33.55| 94.203.96
10 | 13.55/ 11.62| 17.85 | 98.397.77] 0.00 | 12.13] 34.02 | 36.12| 93.253.64
11 | 13.55| 11.62| 17.85 | 98.39 7.77| 0.00 | 11.98 36.93 | 38.82| 92.163.35
12 | 13.55/ 11.62| 17.85 | 98.397.77] 0.00 | 11.82] 39.73| 41.45| 91.003.10
13 | 13.55| 11.62| 17.85 | 98.39 7.77| 0.00 | 11.65] 42.43 | 44.00| 89.802.88
14 | 13.55| 11.62| 17.85 | 98.39 7.77] 0.00 | 11.48 45.01 | 46.45| 88.562.69
15 | 13.55| 11.62| 17.85 | 98.397.77| 0.00 | 11.31] 47.47 | 48.80| 87.282.52
16 | 13.55/ 11.62| 17.85 | 98.397.77] 0.00 | 11.13] 49.83| 51.06| 85.982.37
17 | 13.55/ 11.62| 17.85 | 98.397.77] 0.00 | 10.95 52.08 | 53.22| 84.662.24
18 | 13.55| 11.62| 17.85 | 98.39 7.77| 0.00 | 10.77| 54.22 | 55.28 | 83.332.13
19 | 13.55| 11.62| 17.85 | 98.39 7.77| 0.00 | 10.59| 56.26 | 57.24| 81.992.02
20 | 13.55] 11.62| 17.85 | 98.39 7.77| 0.00 | 10.40| 58.19 | 59.12| 80.661.92

When you change the values of the parts in quediypronly one standard
deviation, the interaction is still statisticallysignificant and the results remain
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practically the same. When you make changes bystaondard deviations and
more, however, the value of interaction signifidaimcreases. This also causes a
significant increase of %GRR (see Figure 2). Theaw®ur of the values of
repeatability (% EV) and reproducibility (% AV) isteresting. While the value
of %AV decreases with increasing number of standi@dations and when the
values are changed by ten standard deviationsadhes zero, the value of %EV
decreases only slightly. With the increasing sbiifthe measured values, there is
also a slight decrease in %PV. Increase of %GRRaaslijht decrease in %PV
are reflected in a significant decline in the vatdi@dc (see Table 2). Even when
you change the values by 7 standard deviationsidb@alue decreases below 5
and the measurement system would be classifiedacaptable.

60

50

0 - A- EV-A&R

-©- AV-A&R

30 - €1- GRR-A&R

% X

—o6— AV - ANOVA

20

—2— EV- ANOVA
—+&— GRR - ANOVA

L, et S ol - G AR
v*“@\@\ e [NT - ANOVA
0 : & o

0 5 10 15 20
Shift against original data (humberaf

Figure 2 Changesin GRR study for Smulation 1.

The changes of the evaluated indicators are alsnamed with the change of the
total variation (TV) to which the percentages otatated indicators are related.
It was calculated on the basis of the measuredegahs the set of measured nuts
represented the production range. While with usimgrage and range method
total variation did not change, the total variaticaiculated using the ANOVA
method was increasing with the growing shift ofues (see Figure 3), which
somewhat mitigated the changes of the evaluatadatu's.

3.2 Simulation 2

In the second case, the measured values of paft, Mdich has the highest
average value of all the measurements of all thasomed parts, were increased.
These changes therefore led to a change of thealbwvererage of all the
measurements of the given appraiser, but therenwashange of the average
range. The values of the final parameters for theosd case are shown in
Table 3 and illustrated in Figure 4.
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Figure 3 Changes of total variation in the individual simulations depending on
the shift of measured data.

When applying average and range method, the grosfniig of the measured
values to higher values over the entire range wa®mpanied by a slight
decrease in %EV, which is associated with an irs@ea the value of the total
variation (see Figure 3), because the value ofatapdity does not change,
thanks to the constant value of the average rahfjeeaepeated measurements.
In case of the percentage share of reproducil{fi@pV), there is firstly a slight
decline in the values and only with higher changeste is an expected growth
of values. The initial decreasing course is reldteth to increasing value of the
total variation and also to the fact that with derathanges of the values, the
average of all the measurements of the given aggardioes not affect the value
of the range of averages of all the measurementsrpeed by the individual
appraisers. The course %GRR practically copiesdhiese of %AV.

When using the ANOVA method, the value of %GRR @ases even with the
smallest shift by one. In this case, however, the interaction part -rajger
itself is not statistically significant yet, ancetiefore the value of this interaction
is included in the value of repeatability, whichréeflected in a slightly higher
value of %EV. If the shift of both measured valogéshe given appraiser issr
higher, the interaction is already evaluated assfitally significant and hence
its contribution is calculated independently. Irasiag the size of interaction
leads to a gradual reduction in the value of %AY &EV, which is in line with
the calculating relations of ANOVA method (BurdidBprror & Montgomery,
2005).

ISSN 1335-1745



32 KVALITA INOVACIA PROSPERITA/ QUALITY INNOVATION PROSPERITY XVI/1 —2012

Table 3 Results of Smulation 2 for A& R and ANOVA methods.

Shift A&R ANOVA

6 | WEV | %AV | %GRR | %PV | ndc | %EV | %AV | %INT | %GRR | %PV | ndc
0 | 1355|1162 17.85| 98.397.77]12.93| 11.14 17.09 | 98.53 8.13
1 13.36] 11.44| 17.59| 98.447.89| 13.12| 11.22 1726 | 98.5| 8.0%
2 13.18] 11.29| 17.35| 98.488.00| 12.71| 11.24| 5.53 17.85| 98.397.77
3 13| 11.14| 17.12| 98.528.11] 12.60| 11.27| 7.84 18.63| 98.257.44
4 12.83 10.99| 16.89| 98.568.23| 12.48| 11.30| 10.1 19.63| 98.057.04
5 12.66 10.85| 16.67| 98.6 8.3412.36| 11.32| 1231 20.8 | 97.816.63
6 1249 11.11| 16.72| 98.598.31| 12.23| 11.34| 14.48] 22.09] 97.5%.23
7 1232/ 11.62| 16.94| 98.568.20| 12.11) 11.35| 16.59| 23.46] 97.215.84
8 1216/ 12.11| 17.16| 98.528.10] 11.98| 11.35| 18.65 249 | 96.8%.48
9 12| 12.59| 174 | 98.487.98]11.85| 11.34| 20.67] 26.38] 96.465.16
10 | 11.85 13.06| 17.63| 98.437.87|11.71|11.34| 22.63] 27.89] 96.03.85
11 | 11.69 13.51| 17.87| 98.397.76] 11.58| 11.32| 24.54 29.4 | 95.584.58
12 | 1154 13.95| 18.11| 98.357.66]11.45| 11.30| 26.39] 30.91] 95.114.34
13 114/ 14.38| 18.35| 983 7.9511.31|11.28| 28.2 3241 946 4.2
14 | 11.26) 148 | 1859 | 98.267.45|11.18| 11.26| 29.95] 33.89] 94.08.91
15 | 11.12) 15.2 18.84 | 98.217.35| 11.04| 11.23| 31.66/ 35.35| 93.543.73
16 | 1098 156 | 19.08 | 98.167.25]10.91| 11.19| 33.31] 36.79] 92.998B.56
17 | 10.85 15.98| 19.32| 98.127.16] 10.77| 11.16| 34.91 38.2| 92.423.41
18 | 10.72 16.36| 19.56| 98.077.07]10.64| 11.12| 36.47| 39.58| 91.8§38.27
19 10.6/ 16.72| 19.8 | 98.026.98] 10.50| 11.08| 37.98| 40.93| 91.243.14
20 ] 10.47 17.08| 20.04| 97.976.89] 10.37| 11.03| 39.44| 42.25| 90.643.02

Table 3 and Figure 4 clearly show that the ANOVAtmoe is much more
sensitive in terms of the occurrence of interactiban the average and range
method. Using the A&R method would, in this casa, change the evaluation of
the acceptability of the measurement systems, ven éor shift of 26. On the
contrary, the evaluation of GRR using ANOVA methatuld, in terms of
%GRR, rate the measurement system as unaccepgabtewith a shift by 12

With regards to the size of the achieved percenidgeaction share (% INT) or

%GRR, the values in question are lower in comparisoSimulation 1. This is

caused by the fact that, in this case, there wekaage of the two measured
values, while in Simulation 1, four measured valwese changed.

The differences in results obtained when usingirtdevzidual methods also have
an impact on the evaluation of the acceptabilitytted measurement system.
When using the average and range method, the sydtemasurement over the
entire range of simulated changes would remain@ab&e, and when using the
ANOVA method, it would become unacceptable witthdt©f values as low as

by 105, thanks to the low value ofic.
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Figure 4 Changesin GRR study results for Smulation 2.

3.3 Simulation 3

In the third case, the measured values of part Navhich has the smallest
average value of all the measurements of all thasomed parts, from the same
appraiser were gradually increased. As in the castimulation 2, there was a
change of overall average of all the measuremehtheogiven appraiser, but
there was no change in the average range of tteateg measurements. The
determined values of the final indicators for tbése are shown in Table 4 and
illustrated in Figure 5.

Because the simulation of occurrence of interadtiotiis case is very similar to
the Simulation 2, one would expect that the finalues or their changes
depending on the size of the shift of two measwades of the given part will
be similar, if not the same. However, when the agerand range method was
used, the first differences are apparent as earlg ¢he course of dependence of
%EV. While the percentage share of repeatabilitgimulation 2 was decreasing
over the entire range, in this case, small valdeshit first lead to increase of
this value, which remains constant when reachiegstfift by approximately®
The process is clearly related to the change of tttal variation, whose
dependence also has a shape of a broken curv&ifgee 3). The value of total
variation TV decreases with small values of shificause the variation range of
averages of all the measurements of the indivighaals used as the basis for
calculation of variability between the measuredtpdPV) declines. At the
moment when the average of all the measuremeritseajiven part reaches the
level corresponding to the second smallest pagtrdimge of the averages of the
parts remains constant.
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Table 4 Results of Smulation 3 for A& R and ANOVA methods.

Shift A&R ANOVA

6 | %EV [ %AV [ %GRR | %PV ndc | %EV | %AV [ %INT | %GRR | %PV | ndc
0 |13.55|11.62| 17.85 | 98.39 7.78] 12.93| 11.14 17.09 | 98.53 8.13
1 |13.73] 11.77| 18.08 | 98.35 7.67] 13.10| 11.41 17.37 | 98.48 7.99
2 113.93| 11.93| 18.34 | 98.3| 7.54¢13.57| 11.70 17.92 | 98.38 7.74
3 |14.13| 12.11| 18.61 | 98.25 7.44]| 13.19| 11.90| 6.56 18.93 | 98.197.31
4 |14.34|12.29| 18.88 | 98.2| 7.3313.26| 12.14| 9.07 20.14 | 97.956.86
5 | 14.55| 12.47| 19.16 | 98.157.22| 13.33| 12.38| 11.61 | 21.58| 97.646.38
6 | 14.76| 13.13| 19.76 | 98.03 7.00] 13.38| 12.60| 14.16 | 23.21| 97.275.91
7 |14.97| 14.12| 20.58 | 97.86 6.70] 13.43| 12.82| 16.73| 25.00| 96.835.46
8 |15.19| 15.13| 21.44 | 97.68 6.42]| 13.48| 13.03| 19.31| 26.91| 96.315.05
9 |15.31| 16.07| 22.2 | 97.51 6.19] 13.51| 13.23| 21.88 | 28.92| 95.784.67
10 | 15.29] 16.86| 22.76 | 97.38 6.03| 13.54| 13.42| 24.46| 31.01| 95.074.32
11 | 15.27] 17.65| 23.34 | 97.245.87| 13.55| 13.61| 27.03| 33.16| 94.344.01
12 | 15.25| 18.43| 23.92 | 97.1| 5.7213.56| 13.78| 29.58 | 35.34| 93.553.73
13 | 15.22] 19.21| 24.51 | 96.95 5.58| 13.56| 13.94| 32.12| 37.55| 92.683.48
14 | 15.2| 19.98 25.11 | 96.8| 5.4413.55| 14.09| 34.64| 39.77| 91.753.25
15 | 15.18] 20.57| 25.71 | 96.64 5.30| 13.54| 14.22| 37.12| 42.00| 90.753.05
16 | 15.15] 21.51| 26.31 | 96.48 5.17| 13.51| 14.35| 39.58 | 44.22| 89.692.86
17 | 15.12] 22.27| 26.92 | 96.31 5.04| 13.48| 14.47| 42.00| 46.42| 88.572.69
18 | 15.1| 23.03 27.54 | 96.13 4.92| 13.43| 14.57| 44.38| 48.61| 87.392.53
19 | 15.07| 23.78| 28.15 | 95.9 4.81| 13.38| 14.66| 46.72| 50.76| 86.162.39
20 | 15.04| 24.52| 28.77 | 95.77 4.69] 13.33| 14.75| 49.01| 52.89| 84.872.26

A similar effect can be seen in the percentageesbareproducibility (%0AV).
The initial increase of this value (up to app) & related, as in the case of %EV,
to decreasing value of the total variation. Thelofglng, more significant
increase is caused by the fact that the averagsl dfie measurements of the
given appraiser becomes the maximum value of therages of all the
measurements performed by the individual appraisgngh directly affects the
range of averages.

When applying the ANOVA method, the values of %Ednain practically
unchanged with increasing shift of the measuredesland %AV shows slow
increase only. There is, however, a significantease in the value of interaction
between parts and appraisers, the course of whitthen copied by the value of
the percentage share of combined repeatability r@pdoducibility (%GRR).
The analysis using ANOVA method leads to a chanfjehe evaluation of
acceptability of the measurement systems in thee e& well. When the average
and range method was used, the measurement systemrmés unacceptable only
when shifting the value by &8which is caused by low value ofic. The use of
ANOVA method makes the system unacceptable forsdme reason with the
shift by S.
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Figure 5 Changesin GRR study results for Smulation 3.

4 CONCLUSION

The results of the simulations show that the ANOMAthod is more suitable for
analysis of repeatability and reproducibility oétmeasurement system. Its main
advantage is the ability to detect eventual intévas between parts and
appraisers, which may significantly worsen the alaility of the used
measurement system. This makes the analyses uss\gnéthod usually more
sensitive to the occurrence of unusual situatisash as outliers.

In case of studies of repeatability and reprodlitibdof measurement systems,

where these interactions do not occur, comparadelts are achieved by means
of the average and range method, whose undispusalvientage is the fact that
the used procedure of evaluation is much more peest and a series of partial
results can be analysed as well. However, this ogettoes not allow detecting

variability caused by the interaction between parntd appraisers.

The analyses of the measurement systems basedeonutherical evaluation
must always be completed with appropriate graptutst(Klapute Plura, 2011).
They will make possible to obtain a much more caxgicture of the quality of
the evaluated measurement system and to identificrete causes of the
measurement system properties.
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