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Requirement and related topics

Basics of statistics are beneficial for these descriptions. Further and related topics in-
clude:

www.weibull.de/COM/Process Capability Studies.pdf

www.weibull.de/COM/Measurement System Analysis discrete.pdf
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Introduction

Measurement System Analysis investigations are the basic requirement for carrying out
Capability Studies. They are intended to ensure that the used measuring equipment is
suitable.

Note: With destructive tests (e.g., tensile or bend tests), a "substitute normal" must be
used that is not destroyed (such as a thicker part, etc.). If there is force measurement of
destroying test specimens, the test specimen can, for example, be replaced by a spring
whose characteristic is in the test specimen's force/stroke range.

Basics
Overall, a differentiation is made between the following influences:

1. Repeatability on a "reference" = constant master part
(former process 1), pure test equipment deviation.

2. Repeatability on different parts (former process 3)
Consideration of the value range to be measured.

3. Reproducibility on different parts and different appraisers (former process 2)
Consideration of different appraisers.

According to VDA Volume 5 or the ISO 22514-7, measuring uncertainties are observed
by means of the corresponding standard deviations that are expressed by the symbol u
(measuring uncertainty budgets). The calculation is performed using an analysis of var-
iance (ANOVA).

The overview below shows the most important measuring uncertainties:

Proportion Calculation Description
Reso]ution of Upp = RE/ /12 RE Resolutilon of
the display the equipment
$ystematic devia- fg Disp. average val. of
tion _

Upi = |%g- xm |/V3 normal

Xm Reference value of
normal

Repeatability on n X; Meas. val. of the
normal 1 _\2 repetition i

Ugyr = ] (xi - xg)

n—=le n  Number of repetitions

From this, the influence of the instrument (MS = measuring system) is formed as an in-
termediate result (simplified representation considering no linearity deviation):
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- 2 2 2 .2
Uys = JHCal+ up + max{ugg; upyg}

The calibration uncertainty of the normal u,,; should be considerably less than the total
measuring uncertainty (recommendation of u.. < 0.15 uus). Refer to the calibration cer-
tificate for the calibration uncertainty.

k-2-uys K=2 VDA Standard for confidence level 95.45 %

~ 0L k=3 forconfidence level 99.73 %, if the application
requires, or the specialist department has
corresponding normative stipulations, e.g.
threaded fastener technology.

Requirement: %Qus < 15%

This corresponds to the older requirement:

__02-TOL 0,1 TOL=|% =%y X, : mean of the measurements

C, = ; Cox =
9 2ksg gk

k
59 X, . mean of reference standard

se : standard deviation

In addition to the measurement uncertainties of the pure measuring system, influences
from the part variation and the appraiser are also added. Overall, the measurement un-
certainty of the entire measuring process is determined by:

Measuring process = Measuring uncertainty of equipment /device+

Measuring uncertainty of different parts & appraiser

The effects are determined by ANOVA with a variance analysis (see also Chapter
ANOVA). In this method the effects are a combination of parts-variation, the appraiser,
and the interaction between these together. The biggest advantage of the ANOVA is the
consideration of the interaction, which is why this method is preferable. To assess the
effects separately, one divides the sum of the square-errors over all measurements in
sub-totals and their variances. The classic representation in the Anglo-Saxon world is:
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Degrees of Freedom Mean Square

nur?]ber sl Sum of Squares : g e oF Fvalue

mation ] ,

DF SS MS F

Part 9 1,181E-05 1,313E-06 71,7
Appraiser 2 3,640E-07 1,820E-07 9,9
Part*Appraiser (interact.) 18 3,293E-07 1,830E-08 0,7
Repeatability 30 7,700E-07 2,567E-08 <
Total 59 1,328E-05

2
S Ev

. 6 \iiS",_-,' 4_|

The table of the MSA is:

Sym. Sym.
Repeatability EV 9,080E-04¢ %EV 18,2
Appr.-influence AV 5,351E-04 %AV 10,7
Interaction 1A 0,000E-01 %lA 0,0
Part-variation PV 2,782E-03 %PV 30,0
Measurem. Equipm. RR 1,054E-03 %R&R 24,1
< L RR

RR = JEV?+ AV? + |A? %R&R = 7 100%

First of all, the sums of squares of the table data will be formed horizontally and vertically
(Sum of Squares). With the help of the degrees of freedom DF the variance can be
determined (Mean Square) and the standard-deviation of the set. The results are in each
case multiplicated with the factor 6 the standard-deviations, which means that 99.73%
of the parts are included. Via the F-value, which is the ratio of the sum of variances of
the appraiser to the repetitions the significances can be determined (which results mostly
in the p-value).

In the example one has to consider that the results are different by calculation with inter-
action compared.

The scope of the equipment and the appraiser is:

Portion Calculation Description

Repeatability of test object |4, = ./MS,, MSey Variance repeatability
Reproducibility of appraiser |,, = ./MS,, MS.4v Variance of appraiser
Interaction U, =+/MS;, MS;4 Variance Interaction

Overall, the measuring process is determined by (simplified view):
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_ 2 2 2 ..2 .2 2 2
Uyp = \[ Ugq + Upy + max{uge; Uzyr; Ugyo) + Ujy + Upy

In a similar way to the repetition and comparability precision %R&R reference is made
to the tolerance and it yields the key figure:

gbcbwp = 100% -

k'Z'U,Mp
USL-LSL

The requirement is, depending on the technology and importance of the application

%Qup < 20% (recommendation)

%Qypr < 30% (standard)

Example

VDA 5 /150 22514-7 values / 1000

Resolution of gauge u re 0,0289 |

Repeatability Master u ewr 0,0738 ||

Standard uncertainty (Bias) u = 0,0058 i}

Repeatability test-object u evo 0,1513 |

Repeatability appraiser u av 0,0892 [

Interaction u s 0,0000 |

Uncertainty measurement U ms 0,0740 |

Uncertainty process u me 01758 |
I

Measurement %Q s 55.45%) 14,8 d

Process %0 P (o5.45%) 35,2 *
|

| | |
0 10 20 30 40
In this example, the requirement was met with %Q0us < 15%, but the uncertainties from
repeatability at different parts and appraiser are too high = %Qur= 35.2% > 20%. The
reason can be in an incorrect measuring range, which cannot cover the variation of the

parts. The appraisers should be re-instructed ("operational definition"), so that all pro-
ceed in the same way.

One-sided limited attributes and non-normally distributed data

In some cases, there is only one-sided specification limit, e.g. an upper one for emission-
relevant characteristics or a lower one for holding forces. Likewise, there are features
that are generally not normally distributed, e.B. concentricity, perpendicularity, parallel-
ism, imbalance.

The calculation of the capability indicator is based on the normal distribution. This also
applies to non-normally distributed features, as the measurement scattering around a
"constant" measuring point can be neglected in relation to the asymmetric distribution.
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Case 1: Natural limit exists

A natural O limit is, for example, roughness, roundness, flatness. The value 0 is also the
desired target in these cases. Example: A maximum roughness should not be exceeded,
or a roundness should not be worse than a maximum value. Here there is only the re-
quirement of USL.

The same principle is given when there is a physical upper limit for a lower limit, e.g. a
saturation at Lim upper = 100% in a liquid solution. Here there is only one requirement
according to LSL. The relationships for both cases are then:

Natural lower limit at 0 Natural upper limit
One-sided upper specification limit One-sided lower specification limit
L I :
0 USL LSL Limob
k 20 Ump k . 2 . u’MP
%Qup = 100% - ———F— % = 100% - ————
" USL ©Qne * Limy, — LSL

with k=2 for confidence 95,45%, or k=3 for 99,73%

Case 2: Known application or defined nominal value.

If there are empirical values from process data and a corresponding median Xso <%, or a
target value Xnom, the following applies:

Natural lower limit at 0 Natural upper limit
One-sided upper specification limit One-sided lower specification limit

— | >
> -

X002 USL

MPp X500, — LSL MP USL — X5,

X500 Median, here from process experience

Case 3: Unknown application and not natural limit.

If there are no empirical values or target values and no natural limits are available, %Quws
=100 % (k - ums) / LSL results in an unfavorable value, especially if the process data is
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close to 0. On the other hand, %Qwus = 100 % (k - ums) / USL gives too good a value,
especially if the process data is far away from 0. In this case, the following procedure is
recommended: First, a usable minimum measuring range MRmin (smallest measurable
tolerance) should be determined. This results from the conversion of the forms under
case 2, if

MRuin ® Xsoo - LSL = USL - X509,

Uys

%Qus

MRy = 100% -

The requirement %Qus = 15% result in:

MRmin,15% = 6,67 * k * ums

In the specific application for the process range PR, the following situations may arise.
1.) PB = MRmin

The process range is equal to or greater than the minimum usable measuring range of
the measuring system:

= Measuring system suitable
2.) PB < MRmin

The process range is smaller than the minimum usable measuring range of the measur-
ing system:

= A better measuring system should be used.
» If not representable, a correspondingly higher requirement for C,.« / Cpx applies
Similarly, the same designations apply to %Qup, where a requirement

%Qmpr = 20 % applies:

MRmin20% = 5 k- ums
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Overview of the methods

The overview below is a comparison with the old methods mentioned above:

Influences
Repeatability Repeatability Reproduceability
Part to part Part to part & Ap-
praiser
Testing with Testing with various  Testing with various
reference standard parts parts and various ap-
praiser
VDA Volume 5 UEVR, Ul URE, Uevo Uevo, Uav, (”IA)
(1ISO 22514-7) Ucal, Ulin
Requirement Oms<15% Omp <20 % Omr <20 %
methods range range, mean value
difference
Cg/Cek 21,33 %R&R <20 % %R&R <20 %

Other influences on measurement uncertainties

Along with the proportions of measurement uncertainties described above, there is a
series of other possible influences such as stability and temperature.

2 2
Upyp = J + ul, + ui+ o

Man Power Machine Measurement

Instruction Material Resolution

Different appraiser Deformation Stability

Physical condition Surface Range

Concentration Form deviation Calibration

Carefulness Accessibility Drift

\ \\_= Measurement
n in
Statistical methods / Dust / uncertainty

Interaction Humidity
Conversion Vibration
Procedure Voltage / Current
Arrangement Temperature

Method Mother Nature
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Here too, as regards calculation further measurement uncertainties uiuene are cumula-
tive in accordance with the Gaussian law of error propagation.

— 2 2 z
Uyp = J + upy + Up, + Ugs -

Especially measuring equipment holding devices and their possible deformation may
have considerable influence on measurement uncertainties, see example mentioned in
Ishikawa diagram. These should be quantified by tests as far as possible. If this is not
possible, the percentage shares shall be considered e.g. by rigidity calculations. Further-
more, manufacturers’ specifications shall be considered, e.g. in case of electronic meas-
urement sensors.

Reducing the measuring uncertainty by repetitions

In the event that the requirement is not met but no alternative measuring equipment is
available, the possibility of repetitions exists. By multiple repeat measurements and av-
eraging, it is possible to achieve a reduction in measuring uncertainty. It is possible to

reduce random measuring uncertainties with m-repetitions by a factor = . The proportion
Ugvo then becomes

UEyo

uZ‘VO = \/’E

If uevo is known from previous measurements, it is possible to determine the necessary
number of repetitions to achieve the required measuring uncertainty.

Measurement chain

Input Input Output
Reference- Test- : .
e R — - e
Normal Normal M-Device Display
true value ,right value*
,used
from reference from «
. . measurement
normal calibration -
certificate X
\ Y )\ Y )
Calibration vy Meas. System ug;, Ugyr

MSA for discrete characteristics
The methods for discrete attributes are described here:

www.weibull.de/COM/Measurement System Analysis discrete.pdf
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71| Application in Visual-XSel

www.crgraph.com

Our software Visual-XSel is a powerful tool for all important statistical quality and relia-
bility methods. To get started, use the topic areas in the guide (see also
crgraph.de/en/themen-index), or the icon Evaluation.

Z8 icyal-XSel 20.0 - [nonamexvign] = ) >
File Edit Inset Data Calculate Statistics Options Help
= zEH& b A | ER i TQ;-
e B | e EA|ER )
= (5 @ & Paste Diagram  Weibull | Evaluate | DoE  Analyse Six Sigma Tools  Macro Draw 8 7
Project
Eéowrmlif Pﬂm‘-'.si'ww m@“
=, it 025 £
e T R i
X=143mm Y=178.0mm Ste1 H B § -——fJ——+ 0% g

Here you can find an introduction and a short video:
crgraph.de/visual-xsel-software/

Here you can also find some introductory videos:
crgraph.de/downloads/software/Visual-XSel Basis Functions.mp4
crgraph.de/downloads/software/Visual-XSel Methods.mp4

It is not for nothing that this software is used in many well-known companies:
References

The following description is a guide and introduction to the topic shown

10 © 2025 CRGRAPH
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All procedures and analyses are carried out via templates. There are several possibilities
to open them. The direct way is via the selection in the start guide, or via the icon Eval-
uate/ Capability.

Mo @ L %ng
Evaluate

Diagram  Weibull DoE  Analyse Six Sigma

iz E=

[ N o
Discrete Hypothesis | Capabilty Shainin
i MSA Overview L
S——
MSA discrete measurements L4 Type 1 more attributes ...
MSA ordinal scaled ... L4 Type 2 (ARM)
Mce Type 3 (ARM) ..
[ Guide process capability ... Type 1.3 (ANOVA MSA 4th Edition) ...
Machine capability Cm/Cmk ... Type 1.3 (ANOVA VDA 5) ..
Process perfomance Pp/Ppk ... Metea
Process capability Cp/Cpk L4 -
More ...
Tolerance specification
As an alternative there is a menu item to load di- B8 \isyal-XSel 17
rectly measurement data in the AQDEF® format. File = Edit Insert Calculate Statistics Format
www.qg-das.com/en/service/data-format-aqdef New !
(5L Open Strg+0 8
After loading one can select the analysis method. Measurement or process data ... ma
Add file or sheet L4
AQDEF Evaluation x File manager P
Tile Templates L4
Examples...
[ ﬁ?’ (¢ Measurement System Analysis ] Num attributes. 1
Num measurem. 30 E S Sl
S " Process- or Machine capabilty )
B ¢ Read only measurement data By USing the first two OptionS the
[ and check distribution relevant template will be loaded.
Only templates with an under-
score *_.vxg are shown here, as
Abort a sign for the AQDEF® format.
However, manual data input via

clipboard is still possible here.

Please note: Only one attribute can be used in the templates here!
In case of the template Meassurement System_Analyse ANOVA _VDAS .vxgn it is

possible to load data in the AQDEF® format. This option is available in all templates
which ends with an underscore *_.vxgn. Click to the first option:
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What data are transferred depends on the source. For this template one shall load first
the data for the measure with different parts and appraisers. In the second step the fol-

lowing options are possible:

Data for master

{« Load as AQDEF
i~ wil be copied

{" alternative def =

L

Define or estimate from...

o define Uus
{" from MPE

(" from resolution

E =it

Some fields in column J have default values, like the requirements for Q_mp and Q_wms.
May be also missing information about u_cal and u_lin should be defined manually.

A B E D E F G H I J K I=

1 W' measure part  appraiser master1 'master2 master3
2 1] 30,0054 { | A | | 30,0054 [ | =-reference vz
o 2 30‘0 T | A 1 i —
4 | 3] 300/ Opena*.dfqfilein AQDEF format es 30.0061] usL
5 4| 30,0/ orpaste datafrom clipboard 30.0041| LSL
6 5] 300 -Load*,dfq Paste Paste-Spec.
7 6 30,5— : o 30.0055| nominal 2
8 7| 30,0049] 7 A 30,0055 natural limit
9 8] 30,0056/ 8 A 30,0054 (if exists)
10 9] 30.0054] 9 A 30,0053 | 0,0001] resolution
1 10] 30,0057 10 A 30,0053
12 11] 30.0055 1 A 30,0054
13 12| 30.,0058] 2 A 30,0054 Requirem.
14 | 13] 30.0054] 3 A 20] Q_MP or %R&R
15 | 14| 30.0042] 4 A 15] Q_MS
16 | 15] 30.0053] 5 A

17 | 18] 30,0052 6 A lU.OOOUZU u_cal
18 17 30,005 7 A 0,000000§ u_lin 4
19 18] 30.0056] 8 A e —
20 19] 30,0055 9 A | mm| unit
M an an nnEQ 1N A

¢ Load the master repetitions via *.qdf file. All other
data in column J will be used from this file.

e Copy the data via clipboard in column F.

e |f no data are available, the needed information for

tha mactar ran ha dafinad in a fiirthar Adialan

¢ Direct definition via the uncertainty of measurement
system

¢ Estimation from Maximum Permissible Error MPE
(documented by the supplier of the Measurem. Syst.)

a Fcatimatinn fronm the reenhitinn RF nf the cuctem
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Optional the basis for RR can be de- | 10
fined heet T2. The default | 11 RR/Qbasisin s
Ined on shee : € detault values 12 4,000 Number appraisers
are 4 standard deviations, which cor- | 13 = «ssss% 515299%; 69973%  |Number parts

. 14 Cq basi Numb titi
respondents to a confidence level of | . £ bas'ss4 = UITRET Teperiions
95,45%. | 16 | 4:9545%; 6:99,73%

Only yellow marked cells should be defined. The number of appraisers, parts and repe-
titions were calculated through the data in sheet T1 by the macro.

On the first page in the main-window the most important charts are shown. Here it is
possible to regard the deviations between appraisers an parts.

§ 0,0006 N
S 0,0004
Q
&  0,00024
a o.oooolﬂ]l:ﬂ:-:

1,0
- x10 -3 0% A )
E 05 b
2 Q + g A H/’ !
£ 0.0 JHAR >? A 2\ |
g , ! ,-10%T ¢ \ ] P /5[ \ ? !
- f VI N 1 K]
E 4 \ele W
S A 4 W/
g )il
g s : . ! , !
= »\m,?g‘f;?c,yq,,«f”@%,@}' \?ﬁ,?@?}?@?{o?»\?ggq /\Q? \90,939)9@9@9«9@99/@9
g a5 L I C
g 10 3 E : - = ] O
s - \* ol {\\\ /// y A
g - A\ —¥
§ 10 AN
5 15

1 2 3 4 5 6 7 8 9 10

P T T T T

30,0080 ]

mms-ﬁH - I i —
30,0050 \ /

20,0045 X P
30,0020 *

All meassurem . all appr.

Deviation form means
|
[
o
5] —_+——< }-—
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The first results are on page 2 are equal to the standard ANOVA like in the MSA 4t

Edition.
ANOVA with interactions
Reference : Tolerance Tol 0,0020 resolution 0,0001 5,0%
p-value

Repeatability EV 6,053E-04 WEV 30,3 0,000

Appraiser AV 3,568E-04 AV 17,8 0,001

Interaction 1A 0,000E+00 SolA 0,0 not used

Part variation PV 1,854E-03 %PV 82,7 |

Total variation TV 1,883E-03 |

Meassurement-System R&R  7,026E-04 %R&R (Tol) 35,1

Number of distinct categories ndc a7 required %R&R 200 , 4o 20 30 40
DF 55 MS F p-value

Part 9 1,181E-05  1,313E-06 71,742 0,000

Appraiser 2 3,640E-07  1,820E-07 9,848 0,001

Part*Appraiser 18 3,293e-07 1,829E-08 0,713 not used

Repeatability 30 7. 700E-07  2567E-08

Total 59 1,328E-05

ANOVA without interaction

DF 55 MS F p-value
Part 9 1,181E-05  1,313E-06 57,3100 0,000
Appraiser 2 3,640E-07  1,820E-07 7,9471 0,001
Repeatability 48 1,099E-06 2 290E-08
Total 59 1,328E-05

The next table shows the uncertainties of the VDA 5 / ISO 22514-7 definition, see intro-
duction in the first section.

VDA 5 /150 22514-7 alue / 1000
Resolution of gauge u Re 00269
Repeatability master U evr 00738 alue / 1000
Standard uncertainty (Bias) u sl 00058 @ Bi 0,0100
Repeatability test-object u =vo 0,1513 (I
Repeatability appraiser U av 00892 I
Interaction u A 0,0000 |
Calibration U ca 0,0200 @
Linearity U in 0,0000 |
Uncertainty measurement U ms 00767
Uncertainty process u we 01769 I
I
Measurement %0 ws Esas 15,3 d vorg, 15
{reference to 4=, or 35 45%) %0 we (35,455 35,4 * vorg. 20
0 10 20 30 40
Capability index C 3 1,355

(reference to 35,45%) C gk 1 ,288
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In templates without an underscore *_.vxg all data must be transferred via the clip-
board, for example Measurement_System_Analysis_GageR&R_Discrete.vxgn.

An overview of all methods can be found in File/Templates/Measurement System Anal-
ysis.

Open template >

CAApps\XSel_14\Templates\07_Measurement_Svstem_Analys ~

LSy = 8
i BIW_VA447_2014_test_procedure_process_capabilt
@ Meassurement_System_Analyse_ANOVA+VDAS vxg

@ Measurement_System_aAnalyzis_ANOVA_nested.vxg

@ Measurement_System_Analysis_Discrete_Bowker_Tes
@ Measurement_System_analysis_Discrete_Kappa vxg Quantitative measure Discrete measure Ordi
@ Measurement_System_Analysis_Discrete Kappa_Fleis
@ Measurement_System_~Analysis_GageRSR_Dizcrete.vs
@ Measurement_System_Analysis M344 GageR&R.vxg
@] Measurement_System_Analysis_Ordinal_Kendall vxg

Overview Measurement System Analyses

S Repeatability J i i Repe:
@ Measurement_System_Analysis_Quick_Test_CogCgk.vx s PR s et e e SRR R e
@ Measurement_System_Analysis_Type1_CgCgkvxg seweralsamples severalsamples seweral samples cewerslsamples sewr
uli] Measurement_System_Analysis_TypeZ_ARM.vxg
@ Measurement_System_Analysis_Type3_ARM.vxg
Typs 1 Tywe=2 Tw=2 ANOVA, Comparison appraiser Con
MSA MSA4 Gage RER M3A4 Gage R&R Gage RER good | bag e
Cg/ Cgk ARM- Method ARM- Method nested

Gage RERdiscrete | Ken

e e for example Comparison appraisar
fordestucie anahsss o
ANOVA/ VDABand S / ISO22514-T Cohen's Kappa -

Interacfions

ANOVA- Method |
Comparison appraiser

Testofsymmatie

Bowker Test w
oK Exit I Preview ( =




