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Summary: The evaluation of quality of products and processes depends on
the ability to obtain accurate measurements consistently over time. With these
measurements different control tools are used to monitor the performance of
processes and the conformity of products. One of these tools, widely used and each
time more recognized as relevant, is Capability analysis. Through a set of well-
known parameters, as C, and C,, capability is a key element in quality control
with a continuous improvement approach. As capability indexes are computed
using data coming from measurement processes, the consistency of capability
indexes depends highly in the quality and reliability of the measurements obtained
from such processes. In this paper we analyze the relation between the
performance of the measurement systems and the representativity of the capability
studies.
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1. INTRODUCTION

In manufacturing industry, the importance of meameant systems has been
increasingly recognized. Data obtained using diffier types of gages and
measurement devices (measurements) are the basil forther quality analysis,
and consequently the basis for a decision-makinggss with important economic
and commercial consequences. Thus, all efforts rhastione to guarantee the
quality of measurements and the good performanoseaSurements systems.

A first step to achieve reliable measurements systs to ensure that those
systems have metrological traceability, usuallyiemdd by the requirement of
maintaining measurement devices in a state of redidm and maintain this
calibration via periodic revisions. According toetlinternational Vocabulary of
Metrology [BIPM, 2012], calibration is the "opemi that, under specified
conditions, in a first step, establishes a relatetween the quantity values with
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measurement uncertainties provided by measurenemiards and corresponding
indications with associated measurement uncergirgind, in a second step, uses
this information to establish a relation for obtagna measurement result from an
indication". These conditions usually are thoseaahetrological laboratory, and
the people involved in this process are specialistsetrology.

But a part of this fact, that serves to ensure pleeformance of the
instrument itself, it is also necessary to verifie tactual performance of these
devices when used in production conditions, byrthetual users (production staff,
not specialized in metrology).

Statistical Process Control (SPC) include two basis [Montgomery,
2008]. The first are the well-known control chadsntering the effort of achieving
stable processes. Starting with the classic Sheveharts, lot of different charts
have been developed to improve the effectivenesthefcontrol or to adapt to
specific circumstances. The second basic tool paluitity analysis, oriented no to
process stability (considered here a pre-requisibef to product/process
conformity. That is, capability analysis evaluates ability of the process to fulfill
the requirements or specifications usually affectime product (but sometimes the
process itself). SPC tools use as input informatoming from measurement
processes, and in consequence the quality of tthetse affects the value of the
analysis made with control charts, with capabitityalysis or whatever other tool
used.

In this paper we will review the impact that theality of data (or the
performance of the measurement system) has overathe and representativeness
of capability studies.

2. MEASUREMENT SYSTEMS EVALUATION

One the most used approaches to evaluate the parioe of a measurement
system comes from the automotive sector and isaditgicore tool known as
Measurements System Analysis [MSA, 2010]. The exfee guide for using this
tool has been developed by the Automotive Indugiciion Group (AIAG), an
association of carmakers and suppliers that inclbdehree great North American
OEMSs: Ford, Chrysler and General Motors. There @her approaches as that
generated by the German carmakers associated in Mbgand der
Automobilindustrie (VDA). In this paper we will usiee AIAG scheme.

First it is important to understand what is a measient system and what is
the purpose of MSA. A measurement system is thebomtion of a measurement
device, used by some specific users (or apprajsers) specific way to measure
one or more product characteristics under someitonsl In other words, is the
set formed byappraisers (persons), measuremenstrument andmethod, working
in some environment. As not always environment loarcontrolled, usually the
first three elements are considered the componeintee measurement system:
people, instrument and method. If environment veengtrolled, it can be included
in method.
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MSA defines the types of variations affecting a sugament system, thus
reducing the quality of the data generated by nr@agprocess (MSA 2010).
These are:

« Affecting the value of the readings
Bias
Stability
Linearity
Affecting the variation of the readings
Repeatability
Reproducibility
Consistency
Uniformity
Affecting the sensitivity of the readings
Number of distinct categories (ndc)

All types of variation are important, and a good, deep analysis of a
measurement system requires to evaluate all of.tkty the number of distinct
categories, ndc, can be discussed, as it has a&h kation with % GRR, and in
consequence may be ignored [Carrion, 2013]. Unfhartely, by different reasons
(time availability, lack of knowledge, budget limitons, short term thinking ...)
decisions tend to be taken considering only onéworof them. In any case the
more relevant is the combination of repeatabilitg aeproducibility in the R&R or
GRR index.

Repeatability is usually interpreted as the valigtin measurements caused

by the instrument and is referred to as EV (equignvariation) or0e (standard
deviation caused by the equipment). Statisticalpeatability is the standard
deviation generated when one appraiser, with oseument measures repeatedly
one part.

The combination of repeatability and reproducipilis the variation in
measurements due to the measurements system, lamalnia as R&R or GRR, as
mentioned above. The expression is:

* OO0OO0OO0O ®* O0O0OO

o

GRR = EV? + AV? (1)

Reproducibility is interpreted as the variation doghe fact that more than
one appraiser is taking part in the measuremerdegsy or simply the variation
caused by appraisers. It is noted as AV (apprarseiation) or 0, (standard
deviation due to the differences between apprais&tatistically is the standard
deviation between appraisers’ means, corrected thigheffect of repeatability.
Two other variabilities have to be considered tonplete the analysis of the
measurement system: the total variation TVgprthe standard deviation observed
in the measurements obtained; and the part varig®9 or op, the standard
deviations between parts.
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Usually GRR analysis is performed using a expertalewesign that
includes three appraisers, ten parts and threategpeeadings (per appraiser per
part). The better way for analyze resulting datANSOVA. In terms of this type of
analysis we have two controlled factors (apprasset part), one with three levels
(the three appraisers) and the other one with éxeld (the ten parts to be
measured) and with three repetitions, being th@omse variable the reading
obtained. The general ANOVA table do not generdiectly the values of EV,
AV, PV and TV, but simple well-known expressions ¢z used. table 1 shows a
general ANOVA table for two factors without congidg interaction, and table 2
with interaction.

Table 1. ANOVA table without interaction

Source Sum Degrees Mean F-Ratio P-value
of squares| of freedom| square
Appraisers SSa a-1 MSa MSa/MSr
Parts SSp p-1 MSp MSp/MSt
Residual SSp a*p*r-p- MSr
a+l
Total SSt a*p*r-1
Table 2. ANOVA table with interaction
Source Sum Degrees Mean F-Ratio P-value
of squares| of freedom| square
Appraisers SSa a-1 MSa MSa/MSr
Parts SSp p-1 MSp MSp/MSt
Interaction SSi (a-1)*(p-1) MSi MSi/MSr
Residual SSp a*p*(r-1) MSr
Total SSt a*p*r-1

If interaction between appraisers and parts isgmteshe variability of the
measurements system must include this term, reguhiat equation 1 should be:

GRR = EV?+ AV? + | (2)

The most important relation for the analysis of thariability of a
measurement system express the relationship betvedleriour variabilities
mentioned:

TVZ=PV + GRR (3)

Where GRR is obtained using equation 1 or eq. Remiding on the presence
of interaction.
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Alternatively, we can write this expression usirggignces (is just a matter
of notation, as TV, PV or GRR are standard deviio

of =05 + 05 (4)
Where, 0oy, comes from rewriting equation 1:

GRR* =EV*+ AV?* =02 =02 + a3

Or from equation 2:

GRR* =EV:4+AV:4+1* —of =0f +0f +0of

Have in mind that in both cases the result thaf imterest for this paper is
eg. 4, and do not changes.

The acceptance criterion for a measurement systasged on the variability
assessment is in fact based in the percentage afoVered by the measurements
system error, GRR:

GRR
A measurement system is generally accepted if %BRRder 10%, can be
accepted in some cases if it is under 30%, andotdrmaccepted if is over 30%.

3. PROCESS CAPABILITY

Process capability studies seek to assess theyatiilthe process to meet
specifications. They basically make sense in mehdeirquality characteristics
(length, dimensions, temperature, pressure, amthegs).

Before determining the Capability of the processjlist be ensured that the
process is under statistical control, that is sitai stable process. To ensure the
above, special causes of variation must be elimthalThese special causes
generate changes in the variation, location, amgestof the processes. The data
obtained should be used to predict the future pedoce of the process
[Montgomery, 2008].

3.1 Normal Data Capability

The G index indicates potential process capability. tmpares the
maximum allowable variation as indicated by theetahce to the width of the
process distribution (i.e., process variation).

The G provides measure of the extent to which a procefispwduce
output which meets specifications if the productiutput distribution is centered
between the specification limits.,@s not impacted by process location (i.e.
centering) and can only be calculated for bilateslrances. It has no meaning for
unilateral tolerances.
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.. _USL-LSL
T B
where:
€z = Potential process capability
USL = Upper specification limit
LSL = Lower specification limit
0 = Standard deviation measurements
C, indicates how many times the width of process sardtribution can fit
between the specification limits. As the processawdity decreases the Gndex
increases. Therefore, larger, @alues are better than smallep ¥@alues. Some
frequently considered threshold values are 1.331a6d. Usually the first one is
the minimum required Cand the second one is the preferred minimum vi@ee
table 3). Same critical values will apply fogC

16)

Table 3. Threshold values for C,

Potential Process Capability Co value
Bad <1.33
OK 1.33t0 1.66
Good >1.66
3.2 G Index

The Gk index indicates actual process capability. It sakbe process
location as well as the process variation into antdt used to determine whether
or not a process is capable of meeting customerirsgents. It also uses,Qvith
C, to predict potential process capability.

To calculate G for bilateral tolerances as the minimum of the dow
capability index (denoted CPL or,fsy)) or the upper capability index (denoted
CPU or Gyusy) as follows:

Cok = Minimum CPL, CPU,

®— L51 UsL— =

Coe = Minimum [(F1 = 505 FU=5
where:

X = Process average

LSL = Lower specification limit

USL = Upper specification limit

0 = Standard deviation measurements

For unilateral tolerances,,Cis equal to the lower capability index or the
upper capability index, depending on whether tHeramce is an LSL or USL.
Therefore, it calculatescfor a unilateral tolerance using one or other fadam
CPL or CPU.
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3.3 Interpreting C,and Cy

Using G and Gy together provides information about the processerg:

* When G is equal to or approximately equal tg,Qhe process is well
centered on the target.

* A large discrepancy between, @nd G indicates a process centering
problem. If the process is off target (i.e, CCp), it can make adjustments to
achieve the "potential” indicated by @.e., Gk= C,).

4. IMPACT OF GRR OVER CAPABILITY INDEXES

Capability indexes are computed with data comingmfrmeasurement
processes, and in consequence are affected by#tigypf these data. But it is of
interest to formalize this relationship, and tlsishie aim of this paper.

In all capability indexes, we find the standardidgon of the process denoted as

0. This standard deviation is calculated from thesaeements and corresponds in
MSA terminology to the total variation, TV . Then we can write, from Eqg. 6:

_ USL—LSL

= ATV

And, according to eq. 4:

USL — LSL
?  6+JPVT + GRR®
Where we find a first insight of the impact of GRRer G, and similarly

over Gy
It can be developed that:

1 36+(PV*+GRR®)  36+PV* 36+ GRR?
C:~  (USL—LSL)? _[USL—LSL]=+[U5L—L5L]=

2

And, we can name:

1 36sPV° 1 36s+GRR®
CZ,  WSL-I50)? €%, WSL—LSI)
Thus:

1 1 1
Gt (7)

€3 Cip Cisu
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The direct capability index {an be considered as tBbserved Capability,
while Cris theActual Capability, that is the capability obtained if we had a peirfe
(free of error) measurement system. The third céfyamvolved in Eq. 7 is the
Measurement System Capability, and is linked with the gage repeatability and
reproducibility, both in absolute value, GRR, or [rercentage of the Total
Variation, % GRR.

The practical meaning of this relationship is tlavays, the observed
capability will be lower than the actual capabiliue to the error introduced by
the measurement system. The size of this differdepends on the performance of
the measurement system.

Using Eq. 7, we can build table 4, that presenésGhvalues for different
combinations of g and Gsw. Special emphasis has been made in values,of C
usually considered as critical: 1.33 and 1.67.

Table 4. C, values after Cpp and Cpgu

Cop
05 | 1 | 1,33] 167 2 3 4 5 6
05| 035| 045/ 047 048 049 049 050 0/50 0,50
1 |045| 071 080 086 089 095 097 0098 099
2 | 049| 089 1,11 128 141 166 179 1B6 190
4 | 050| 097| 126 154 179 240 2,83 312 3|33
6 | 050 099 1,30, 1,61 190 268 3,33 3B4 424
7 | 050|099 | 1,31 | 162 | 1,92 | 2,76 | 3,47 | 4,07 | 4,56

Cosm 10 | 0,50 ] 100 | 1,32 | 164 | 196 | 2,87 | 3,71 | 447 | 514
13/ 050] 100 132 | 165| 198 | 292 | 3,82 | 467 | 545
16 | 0,50] 100 | 1,33 | 166 | 1,98 | 2,95 | 3,88 | 4,77 | 5,62
19 | 050|100 | 133 | 166 | 1,99 | 296 | 391 | 484 | 572
201 050 | 100 | 1,33 | 166 | 199 | 297 | 3,92 | 485 | 5,75
25 1 050 100|133 166 | 1,99 | 298 | 3,95 | 4,90 | 5,83
30 | 050 100 1,33 | 1,66 | 2,00 | 2,99 | 3,96 | 493 | 5,88

We can also obtain the expression that directligsliobserved and actual
capabilities, depending on the % GRR value:

%GRER
C';!Jz 100 *C-;J_‘-'M (8)
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Using Eq. 7 and Eq. 8, the direct relationship leetwG and G can be
obtained:

%GRE'): (9)

o = Cor 1_( 100

This relation produces the graphic in figure 1, ave$ GRR=0 corresponds
to the behavior of a "free of error" measuremestay, where observed and actual
capabilities will be the same. As it can be seen% GRR under 30 the impact in
observed capability is very low.

%GRR

0
- 10 S

4 - =30 _{’ -

02 04 06 08 1 12 14 16 18 2 22 24 26 28 3 32 34 36 38 4 42 44 46 48 5
Actual Capability

Figure 1. Observed Capability versus Actual Capability, for different %GRR

For high % GRR values, the impact of measuremestesy lack of
performance over the capability evaluation mayddevant. For instance, with a %
GRR of 40, an actual capability of 2,5 is reduae@ t or with a %GRR of 80, an
acceptable actual capability of 1.66 is reduceal mon-acceptable value of 1.

The magnitude of this deviations is presented let®, where percentage
errors between actual and observed capabilities hagn computed.

These percentage errors between actual and obseapatilities can be linked
with the values of % GRR. These errors, E%, preskit table 2, are obtained
with a simple expression:

E% = —Cpp G

pd ol

=100
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Table 5. Percentage of deviation between C, and Cpp

Cop
05 | 1 | 1,33] 167 2 3 4 5 6
05| 293| 553 649 71,3 757 836 876 90,0 917
1 | 106| 293| 400 486 553 684 757 804 836
2 | 30| 106| 168 232 293 445 553 6329 684
4 | 08| 30| 51| 77| 108 200 293 375 445
6 | 03| 14| 24| 36| 51 106 168 232 293
7 | 03| 10| 18 | 27 | 38 | 81 | 132 186 | 241

Cosm | 10 0,1 0,5 0,9 1,4 1,9 4,2 7,2 | 10,6 | 14,3
13 0,1 0,3 0,5 0,8 1,2 2,6 4,4 6,7 9,2
16 0,0 0,2 0,3 0,5 0,8 1,7 3,0 4,6 6,4
19 0,0 0,1 0,2 0,4 0,5 1,2 2,1 3,3 4,6
20 0,0 0,1 0,2 0,3 0,5 11 1,9 3,0 4,2
25 0,0 0,1 0,1 0,2 0,3 0,7 1,3 19 2,8
30 0,0 0,1 0,1 0,2 0,2 0,5 0,9 14 1,9

Substituting here by its expression according to Eq. 9, we obtain:

e =[1- 1 GRRT 100
S R R AT

Thus, the percentage error between observed andl &etpabilities depends
only on % GRR value. If we look at the critical we$ of % GRR, 10 to consider
the measurement system as acceptable and 30 émdéional acceptance, we find
that:

« When % GRR is equal or lower than 10, the percentaipr E% is lower
than 0.5%.

* When % GRR is lower than 30 the percentage errorviibe lower
than 4.6%.

5. CONCLUSIONS

In this paper we haver reviewed the impact of tek lof performance of
measurement systems over capability evaluationh#¥e used as an indicator of
the performance of the measurement system the gegeatability and
reproducibility GRR and its value as a percentdghe total process variation, %
GRR. To evaluate capability, we have used the wadhwn Cp, potential capability
index.
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The exact expressions linking potential capabififex Cp with GRR and %
GRR have been developed, allowing a detailed aisabyfsthe relationship. We
have shown that if % GRR do not accomplishes thestiold value of 30, relevant
impacts may affect the capability evaluation, angvto deviations from the actual
capability of 80% and 90%.

Also, we have demonstrated that critical values%0GRR correspond to
specific values for the percentage error in thecuation of G (observed
capability) with respect to & (actual capability). When % GRR is under 30, the
percentage error in calculation of Cp is lower tha%6; when % GRR is under 10,
the percentage error for, & lower than 0.5%. Simplifying, and as a rulgrafmb,
we can remember that 30% GRR means less than Sftaten error in G and
10% GRR means less than 0.5%.

As final comment, we can remark that when % GRR iacceptable range
(0 to 10%, and 10 to 30%), the impact of the mesament system performance
over the capability estimation is not relevant. Bu¥% GRR is over 30%, impact
can be very important, invalidating the capabiligtimations and thus showing and
reinforcing the value of having quality measurensystems, that produce reliable,
accurate and significant data.
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