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reword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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5 document was prepared by Technical Committee ISO/TC 69, Applications of statistic
committee SC 4, Applications of statistical methods in product and process management.

5 second edition cancels and replacesthe first edition (ISO 22514-7:2012), which has been
sed.

main changes compared to the previous edition are as follows:

use of the MPE values in the calculations;

addition of a_method to calculate the capability when the specifications of the chara
interest is defined as a one-sided specification (new 9.3).
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Introduction

The purpose of a measurement process is to produce measurement results obtained from defined
characteristics on parts or processes. The capability of a measurement process is derived from the
statistical properties of measurements from a measurement process that is operating in a predictable
manner.

Calculations of capability and performance indices are based on measurement results. The uncertainty
of the measurement process used to generate capability and performance indices are estimated before
the indices can be meaningful. The actual measurement uncertainty should be adequately small.

If the measurement process is used to judge whether a characteristic of a product conforms*fo a
specificatipn or not, the uncertainty of the measurement process is compared to the specification itpelf.
If the meagurement process is used for process control of a characteristic, the uncertainty.should be
compared with the process variation. Limits of acceptability are stated for both cases.

The quality of measurement results is given by the uncertainty of the measurement process. This is
defined by|the statistical properties of multiple measurements, or estimates of properties, based on|the
knowledgd of the measurement process.

The methofs specified in this document address the implementation uncertainty (for more informagion
on implemientation uncertainty, see ISO 17450-2). Therefore, they are only useful if it is known that
the methogl uncertainty and the specification uncertainty are smallcompared to the implementafion
uncertainty. This document specifies methods to define and< calculate capability indices | for
measuremgnt processes based on estimated uncertainties. The approach given in ISO/IEC Guide 98-3
(GUM) is the basis of this approach.
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5 document defines a procedure to validate measuring systems and a measurement procg
tate whether a given measurement process can satisfy the requirements forfa Specific mg
L with a recommendation of acceptance criteria. The acceptance criteriaraté defined as 4

re (Cys, Cyp) or a capability ratio (Qys, Qump)-

E This document follows the approach taken in ISO/IEC Guide 98-3 (GUM), and establis
blified procedure for stating and combining uncertainty components used to estimate a capabil
ctual measurement process.

5 document is primarily developed to be used for simple ohé-dimensional measurement]
re it is known that the method uncertainty and the specification uncertainty are smal
he implementation uncertainty. It can also be uséd”in similar cases, where measurg
H to estimate process capability or process perforiiance. It is not suitable for complex g
isurement processes, such as surface texture ‘and position measurements that rely
isurement points or simultaneous measurements in several directions.

Normative references

following documents are referired to in the text in such a way that some or all of th
Stitutes requirements of this document. For dated references, only the edition cited 3
ated references, the latest-édition of the referenced document (including any amendmen

3534-1, Statistics — Voeabulary and symbols — Part 1: General statistical terms and tej
bability

3534-2:2006, Statistics — Vocabulary and symbols — Part 2: Applied statistics

5725-1, Acguracy (trueness and precision) of measurement methods and results — Part
ciples anid definitions

ssin order
asurement
capability

hes a basic,
ty index for

processes,
compared
ments are
eometrical
on several

Pir content
pplies. For
[s) applies.

'ms used in

1: General

5725%2, Accuracy (trueness and precision) of measurement methods and results — Part 2: B
tHedetermination of repeatability and reproducibility of a standard measurement method

Tsic method

ISO 5725-3, Accuracy (trueness and precision) of measurement methods and results — Part 3: Intermediate
measures of the precision of a standard measurement method

[SO 5725-4, Accuracy (trueness and precision) of measurement methods and results — Part 4: Basic
methods for the determination of the trueness of a standard measurement method

[SO 5725-5, Accuracy (trueness and precision) of measurement methods and results — Part 5: Alternative
methods for the determination of the precision of a standard measurement method

ISO 5725-6, Accuracy (trueness and precision) of measurement methods and results — Part 6: Use in
practice of accuracy values
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ISO/IEC Guide 98-3:2008, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in
measurement (GUM:1995)

3 Term

s and definitions

For the purposes of this document, the terms and definitions given in ISO 3534-1, ISO 3534-2 and
[SO 5725 (all parts), and the following apply.

ISO and IEC maintain terminology databases for use in standardization at the following addresses:

ISO Or

IEC Ele

3.1
maximum
maximum
limit of err
MPE
extreme va
by specific

1. 1 H ) Y lalal dotodede. LL H Lol
HITICT DT UWOSITG PldtlULILL. avdalldUIT dt LItLpPS. /7 VW W W.1SU.UL 5 /UUD

ctropedia: available at https://www.electropedia.org/

permissible measurement error
permissible error
or

lue of measurement error, with respect to a known reference quantity value (3.15), permi
htions or regulations for a given measurement, measuring instrizment, or measuring sys!

Note 1 to erftry: Usually, the term “maximum permissible errors” or “limitsofierror” is used where there are
extreme values.

Note 2 to enftry: The term “tolerance” cannot be used to designate “miaximum permissible error”.

[SOURCE: ISO/IEC Guide 99:2007, 4.26, modified — The abbteviated term "MPE" has been added.]
3.2

measurand

quantity intended to be measured

Note 1 to erftry: The specification of a measurand\requires knowledge of the kind of quantity, description o
state of the|phenomenon, body, or substance carrying the quantity, including any relevant component, and
chemical erIities involved.

Note 2 to entry: In the second edition-ofthe VIM and in IEC 60050-300:2001, the measurand is defined as

“quantity sy

Note 3 to
measureme

measured njay differ frontthe measurand as defined. In this case, adequate correction is necessary.

EXAMPLE 1

bject to measurement”.

entry: The measurement, including the measuring system and the conditions under which
ht is carried out;might change the phenomenon, body, or substance such that the quantity b

with a sign
be calculat

EXAMPLE 2

from the length at

necessary.

ificant internal conductance to perform the measurement. The open-circuit potential difference

The potential difference between the terminals of a battery may decrease when using a voltm

d from'the internal resistances of the battery and the voltmeter.

ted
em

two

the
the

the

the
Ping

eter
can

the specified temperature of 20 °C, which is the measurand. In this case

rent

, a correction is

Note 4 to entry: In chemistry, “analyte”, or the name of a substance or compound, are terms sometimes used for
“measurand”. This usage is erroneous because these terms do not refer to quantities.

[SOURCE: 1

SO/IEC Guide 99:2007, 2.3]
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3.3

measurement uncertainty

uncertainty of measurement

uncertainty

non-negative parameter characterizing the dispersion of the quantity values being attributed to a
measurand (3.2), based on the information used

Note 1 to entry: Measurement uncertainty includes components arising from systematic effects, such as
components associated with corrections and the assigned quantity values of measurement standards, as well
as the definitional uncertainty. Sometimes estimated systematic effects are not corrected for but, instead,
associated measurement uncertainty components are incorporated.

Notg 2 to entry: The parameter may be, for example, a standard deviation called standard measuremenfuncertainty
(3.6]) (or a specified multiple of it), or the half-width of an interval, having a stated coverage probabil]ty.

Not¢ 3 to entry: Measurement uncertainty comprises, in general, many components, Some of these may be
evaluated by Type A evaluation of measurement uncertainty (3.4) from the statistical distribution of the quantity
valyes from series of measurements and can be characterized by standard deviations. The other Jomponents,
whifh may be evaluated by Type B evaluation of measurement uncertainty (3.5);)cah also be charjcterized by
stanjdard deviations, evaluated from probability density functions based on experiénce or other infofmation.

Note 4 to entry: In general, for a given set of information, it is understood that the measurement urjcertainty is
assqciated with a stated quantity value attributed to the measurand. A'modification of this value|results in a
modification of the associated uncertainty.

[SOPRCE: ISO/IEC Guide 99:2007, 2.26]

3.4
Tyge A evaluation of measurement uncertainty
Type A evaluation

evaluation of a component of measurement ungertainty (3.3) by statistical analysis of mdasurement
quantity values obtained under defined measurement conditions

Notg¢ 1 to entry: For various types of measurement conditions, see repeatability condition of mg¢asurement,
intefmediate precision condition of measutrement, and reproducibility condition of measurement.

Notg 2 to entry: For information abgut.statistical analysis, see e.g. ISO/IEC Guide 98-3.
Note 3 to entry: See also ISO/IEC.Guide 98-3:2008, 2.3.2, ISO 5725 (all Parts), ISO 13528, ISO 21748, ISP/ TS 21749.
[SOPRCE: ISO/IEC Guide\99:2007, 2.28]

3.5
Type B evaluation.of measurement uncertainty
Type B evaluatien

evaluation of @ component of measurement uncertainty (3.3) determined by means other than a Type A
evaluationef measurement uncertainty (3.4)

EXAMPLE Evaluation based on information

— associated with authoritative published quantity values,

— associated with the quantity value of a certified reference material,
— obtained from a calibration certificate,

— about drift,

— obtained from the accuracy class of a verified measuring instrument,
— obtained from limits deduced through personal experience.

Note 1 to entry: See also ISO/IEC Guide 98-3:2008, 2.3.3.

[SOURCE: ISO/IEC Guide 99:2007, 2.29]
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3.6

standard measurement uncertainty

standard u
standard u

ncertainty of measurement
ncertainty

measurement uncertainty (3.3) expressed as a standard deviation

[SOURCE: I

3.7
combined

SO/IEC Guide 99:2007, 2.30]

standard measurement uncertainty

combined standard uncertainty

standard n
uncertaint

Note 1 to
also be tak
ISO/IEC Gui

[SOURCE: I

3.8
expanded

expanded yincertainty

product of

Note 1 to
measuremef

Note 2 to enftry: The term “factor” in this definition refers to a coverage factor.

Note 3 to
Recommengd

[SOURCE: 1
39

measurenpent bias

bias
estimate o

[SOURCE: 1

es associated with the input quantities in a measurement model (3.11)

entry: In case of correlations of input quantities in a measurement model, covatiances 1
en into account when calculating the combined standard measurement uncertainty; see
de 98-3:2008, 2.3.4.

SO/IEC Guide 99:2007, 2.31]

measurement uncertainty

A combined standard measurement uncertainty (3.7) and a fagtor larger than the number

ntry: The factor depends upon the type of probability distribution of the output quantity
t model (3.11) and on the selected coverage probability.

entry: Expanded measurement uncertainty ;is$termed “overall uncertainty” in paragraph

Jation INC-1 (1980) (see the GUM) and simply “ancertainty” in IEC documents.
SO/IEC Guide 99:2007, 2.35]

Fa systematic measurement error

SO/IEC Guide 99:2007,2.18]

ent result
ity values being attributed to a measurand (3.2), together with any other available reley

easurement uncertainty (3.6) that is obtained using the individual standard measurgnjent

hust
hlso

bne

in

of

oT

rant

probability density functlon (PDF)

Note 2 to entry: A measurement result is generally expressed as a single measured quantity value and a
measurement uncertainty (3.3). If the measurement uncertainty is considered to be negligible for some purpose,
the measurement result may be expressed as a single measured quantity value. In many fields, this is the common
way of expressing a measurement result.

Note 3 to entry: In the traditional literature and in the previous edition of the ISO/IEC Guide 99 (VIM),
measurement result was defined as a value attributed to a measurand and explained to mean an indication, or an
uncorrected result, or a corrected result, according to the context.

© ISO 2021 - All rights reserved
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3.11

measurement model

model of measurement

model

mathematical relation among all quantities known to be involved in a measurement

Note 1 to entry: A general form of a measurement model is the equation h(Y, X;, ..., X;) = 0, where Y, the output
quantity in the measurement model, is the measurand (3.2), the quantity value of which is to be inferred from

information about input quantities in the measurement model X, ..., X,,.

Note 2 to entry: In more complex cases, where there are two or more output quantities in a measurement model,
the ieasuTemMent Mode! CONSISTS 0f MOTE thal ONe equation.

[SOPRCE: ISO/IEC Guide 99:2007, 2.48]

3.12
measurement task
qualntification of a measurand (3.2) according to its definition

Note 1 to entry: The measurement task is synonymous with the purpose of applying the measuremeng procedure.
Notg 2 to entry: The measurement task can be used, e.g.:

— |to compare the measurement results (3.10) with one or two specification limits in order to state pvhether the
value of the measurand is an admissible value;

— |to state whether the measurand characterizing a manufacturing process is within the specificatfions given;

— |to obtain a confidence interval of given average lengthfor the difference between two values |of the same
measurand.

3.18
measurement process
set pf operations to determine the value of'aquantity

[SOPRCE: ISO 9000:2015, 3.11.5]

3.14
resplution
smdllest change in a quantity being measured that causes a perceptible change in the corfesponding
ind{cation provided by almeasuring equipment

Note 1 to entry: Resolition can depend on, for example, noise (internal or external) or friction. It mayjlso depend
on the value of a quantity being measured.

Note 2 to entpys For a digital displaying device, the resolution is equal to the digital step.

Note 3 to entry: Resolution not necessarily linear.

[SOUREE: ISO/IEC Guide 99:2007, 4.14 modified - "provided by a measuring equipment” has been added
in the definition, Notes 2 and 3 to entry have been added.]

3.15

reference quantity value

reference value

quantity value used as a basis for comparison with values of quantities of the same kind

Note 1 to entry: A reference quantity value can be a true quantity value of a measurand (3.2), in which case it is
unknown, or a conventional quantity value, in which case it is known.

Note 2 to entry: A reference quantity value with associated measurement uncertainty (3.3) is usually provided
with reference to:

a) amaterial, e.g. a certified reference material,

© IS0 2021 - All rights reserved 5
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b) adevice, e.g. a stabilized laser,

c) areference measurement procedure,

d) acomparison of measurement standards.

[SOURCE: ISO/IEC Guide 99:2007, 5.18]

3.16

measurement repeatability

repeatability

measurement precision under repeatability conditions of measurement
[SOURCE: ISO/IEC Guide 99:2007, 2.21]

3.17

measurement reproducibility

reproduciHlility

measurement precision under reproducibility conditions of measurement
[SOURCE: ISO/IEC Guide 99:2007, 2.25, modified — The Note has been deleted:]
3.18

stability of a measurement process

property of a measurement process (3.13), whereby its properties remain constant in time
3.19

item

entity

object

anything that can be described and considered separately

4 Symbols and abbreviated terms

4.1 Symbpols

a half width of a distributien of possible values of input quantity
dop; maximal form deyiation

a significance level

B, bias

B max maximal found bias

B, arithmetic mean of biases

Cyp measurement process capability index

CMP min minimum measurement process capability index

Cus measuring system capability index

CMS min minimum measuring system capability index

G process capability index

Cok minimum process capability index

6 © IS0 2021 - All rights reserved
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approved

e result as
nsatisfied

h reference

Cp obs observed process capability index

Cp real real process capability index

A process dispersion/variation

Ay 50 % process dispersion/variation to upper limit

A 50 % process dispersion/variation to lower limit

dir interval from the last reference value, for which all operators have assessed the result as
unsatisfied to the first reference value, for which all operators have the result;ag

dyr interval from the last reference value, for which all operators have assessed th
approved to the first reference value, for which all operators have the résult as y
coverage factor

K total number of replicate measurements on one reference. The rieference can be
standard or a reference workpiece

keal, coverage factor from the calibration certificate

1 measured length

L lower specification limit

Mpgq maximum permissible error (of the firsteliaracteristic)

Mpg, maximum permissible error (of the second characteristic)

Mpy maximum permissible error (oftthe measuring system) (MPE-value)

N number of standards

n number of measurements

ny; ijth frequencies-of measurement results

nj; jith frequencies of measurement results

P probability

P, progess performance index

Py obs observed process performance index

Py by real process performance index

Qater attributive measurement process capability ratio

QMs min minimum measuring system capability ratio

Qus measuring system capability ratio

QMP min minimum measurement process capability ratio

Qup measurement process capability ratio

Rg resolution of measuring system

© IS0 2021 - All rights reserved
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SA

SEV
SLIN
Sobs

SRES

Upy
Up)
UcaL
Ugy
UgvR
Ugyo
Ugy
Uaj
ULIN
Ump
UMPE
Uys

UMS-REST

Uppj
URE

UREST

UsTAB

sample standard deviation (on the mean bias)

sample standard deviation (on the measuring system repeatability, ANOVA)
sample standard deviation (on the measuring system repeatability)

sample standard deviation (from the linearity system repeatability)
sample standard deviation (the observed standard deviation)

sample standard deviation (on the mean bias)

temperature

temperature difference

the two-sided critical value of Student's ¢ distribution

upper specification limit

standard uncertainty

standard uncertainty on the coefficient of expansion

standard uncertainty from the operator's reproducibility

standard uncertainty from the measurement bias

calibration standard uncertainty on a standard

standard uncertainty from maximum valué-of repeatability or resolution
standard uncertainty from repeatability on standards

standard uncertainty from repeatability on test parts

standard uncertainty from reproducibility of the measuring system
standard uncertainty from interactions

standard uncertahity from linearity of the measuring system
combined standard uncertainty on measurement process
standardyuncertainty calculated based on maximum permissible error

combined standard uncertainty on measuring system

c¥andad i cnt oty foao b a T fl o s e o s ol dad s dh o

nalucic
T

a
STaToaT o G e oAttty 11T O Ot T o e et CoOTTpOTICIICS o T o Tt T crrc—oftt

measuring system
standard uncertainty from test part inhomogeneity

standard uncertainty from resolution of measuring system

TTy STS UT

ofithe

standard uncertainty from other influence components not included in the analysis of the

measurement process
standard uncertainty from the stability of measuring system

standard uncertainty from temperature

© ISO 2021 - All rights reserved
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Ura standard uncertainty from expansion coefficients

Urp standard uncertainty from temperature difference between workpiece and measuring system
Usier expanded uncertainty on an attributive measurement

UcaL expanded uncertainty on the calibration of a standard

Uys expanded uncertainty of the measuring system

Uyp expanded uncertainty of the measurement process

ULik expanded uncertainty from linearity of the measuring system

Xoi3s 0,135 % quantile of process dispersion
Xsdo, 50 % quantile of process dispersion

Xod ge59, 99,865 % quantile of process dispersion

X; ith measurement input quantity

X, reference quantity value

Xnld process midpoint

Xooh nominal value/operating point

Xy arithmetic mean of all the sample values
Yn nth measurement value
Vnj njth measurement value

y average of all measurements

4.2| Abbreviated terms

ANQVA analysis of vatiance

GPS geometrieal product specifications

GUM guide to the expression of the uncertainty of measurement (ISO/IEC Guide 98-3)
MPE myaximum permissible error

MPL maximum permissible error limit

SPC statistical process control

VIM international vocabulary of metrology (ISO/IEC Guide 99)

5 Basic principles

5.1 General
The method described in this document covers a large part of the estimation of measurement

uncertainty that occurs in practice. In some cases, where the preconditions set out for this method (no
correlation between influence components, no sensitivity factors, simple linear model present) are not
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present, the user shall utilize the general current method for determining the measurement uncertainty
that is described in ISO/IEC Guide 98-3 (GUM).

The following method addresses the implementation uncertainty (see also ISO 17450-2). Therefore, it
shall be determined before the method is applied that the method uncertainty and the specification
uncertainty is small compared to the implementation uncertainty. Further, the method is not suitable
and shall not be used for complex geometrical measurement processes, such as surface texture and
location measurements that rely on several measurement points or simultaneous measurements in
several directions, or both.

The ISO/IEC Guide 98-3 (GUM) permits the evaluation of standard uncertainties by any appropriate

means. It distinguishes the evaluation by the statistical treatment of repeated observations as a Type A

evaluation
In evaluati
by square
be aggreg
uncertaint
uncertaint
in ISO/IEC

To assessa

ng the combined standard uncertainty, both types of evaluation are to be chamnaeter
I standard uncertainties and treated in the same way. The standard unceftainties
hted to obtain the (combined) standard measurement uncertainty. This)évaluation
y is carried out, according to ISO/IEC Guide 98-3 (GUM), using the law<{ef propagatio
y. Full details of this procedure and the additional assumptions on which itis based are g
Guide 98-3 (GUM).

measuring system or a measurement process, the capability ratig Qys or Qp or the capab

index Cyg

specificatipn.

The combined expanded uncertainty should be substantially smaller than the specification of

characteris

If the unce
the expect
cannot be ¢
model (Tyy
and the no
fully under

Figure 1 d
found usin

the MPE-v4

fmal temperature variations of the place of the future application). The practitioner sh

r Cyp can be calculated based on the combined standard measurement uncertainty and

tic being measured.

'tainty components estimated from an experiment (Type A evaluation) do not correspon
bd spread of these components in the actual measurement process, then these compong
bstimated experimentally. Instead, they shoild be derived through the use of a mathemat
e B evaluation e.g. constant temperaturge.in‘a measuring laboratory when conducting a st

h

stand the model to be used.

bscribes the step by step approach of the method. Linearity, repeatability and bias ca
b a reference standard as shown in the flowchart. Alternatively, bias can be found base
lue (maximum permissibleerror).

]

10

of uncertainty, and the evaluation by any other means as a Type B evaluation of uncértainty.
zed
can

of

h of
ven

lity

the

the

d to

nts

ical
udy

uld

be
on
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Measurement
task

Resolution Improve
acceptable? equipment
N MPE ,,
INO I'csS
U caL known & U vpE
used

Ugy -Up
U LIN - U MS-REST

Combined and expanded uncertainty of the measuring
system U yg

Capability ratio of the measdring system Q ys
Capability index of the nieasuring system C yg

Measuring system capability analysis

No

Q M= max acceptable Q ms
Ca%s = min acceptable Cwms

Yes

Estimation of u gyq,
Upy,Ugy,UsTAB
Upis Uggys U, UREST

:

Combined and expanded uncertainty of the measuring
process U yp

Capability ratio of the measuring process Q yp
Capability index of the measuring process C yp

Q@ MP < max acceptable Q mp No
€Mr T acceptabte € mr

lYes

Measurement

Measugement process capability analysis

process accepted

Figure 1 — Measurement process capability analysis
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5.2 Resolution

The resolution is one of the contributors to the measurement uncertainty. It shall never be lower than
the resolution effect. If the expanded uncertainty calculated based on only the actual resolution is bigger
than the requirement to the measurement process, then the measuring system should be improved.

If a measurement system is used to evaluate processes in a bilateral specification without a specific
rule being agreed between supplier and buyer, the resolution shall be less than 1/20 of the specification
interval by default. In a one-sided specification, the resolution shall be less than 1/10 of the specification
interval defined in 9.3.

When using a measurement system to control a manufacturing process using the SPC tools according
to a bilatefal specification, without a specific rule agreed between supplier and buyer, the resolution
shall be loyer than 1/10 of the process variation expressed by the reference interval (often 6,standard
deviations] see ISO 22514-1) by default. Since the variation of the process can vary over {ime, |t is
recommenfed that the requirement be kept at 1/20 of the bilateral specification interyahor 1/10 of{the
half-sided ppecification interval to avoid re-evaluation due to variable variation. This*also appliefs to
cases wheile the capability of the manufacturing process is very large and therefore the variation offthe
manufactulring process is very small in relation to the manufacturing tolerances:

5.3 Maxjimum permissible error known and used

5.3.1 General

If a standard measuring system is used, then a maximum pertissible error (MPE), or more oft¢n a
number hereof, should be defined for the actual system. The>calibration system is used to docunfent
the complifince with the requirement to the defined metrological characteristic(s) given as one or njore
maximum permissible errors.

In this casg, the MPE value or, if more than one metrological characteristic influences the measufing
task, the dombined result of the actual MPE values can be used to calculate the capability of|the
measuring|system instead of the experimentaliiethod. If a population of different equipment should be
used as measuring system, then the method using MPE is recommended. If only one defined measufing
system cam be used in connection with the' measurement process, then the experimental method is
preferable pecause the combined uncertainty is normally smaller.

5.3.2 MRE, maximum permissible deviation of the measuring system — uy;pp

The maximhum permissible-deviation (MPE) or the error limit (often called MPL) is the permitted
extreme value of a meastxement deviation in relation to a known reference value. The MPE always
describes g half width éf‘the allowed deviation.

If the MPE is proven by calibration and includes calibration uncertainty and is trustworthy,|the
determination ofithe individual uncertainty components of the measuring system can be omitted. T do

this, it shall be'ensured that the evidence provided by the calibration service provider contains at l¢ast
the followi g additional information in addition to the defined MPE:

— reference to the applied accredited calibrated national/international standard;

— appropriate calibration methods that have been published and international accepted or similar
methods shall be used;

— documentation of the standards (nominal values and calibration uncertainty), the used reference
points, and how many repeated measurements were carried out;

— under what conditions (laboratory, the actual temperature deviations, range of air humidity, etc.)
has the calibration been done;

— whether the usage decision is made with or without calibration uncertainty;
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— theresolution should be significantly lower than the specified error limit value (reference value: RE
< 25 % MPE).

It is important that the used MPE be directly related to the actual measurement task. For example,
the MPE of a micrometer specified in ISO 3611 explicitly refers to the maximum permissible length
deviation under different use cases in practice. In other cases e.g. the MPE is determined according
to ISO 10360-2 and ISO 10360-5 only refers to the conditions defined in these standards (stylus,
environment, calibration ball, probing points, ...) and does not relate to the measurement processes and
shall not be used in practice (e.g. measurement of parallelism) for the calculation of the Qyg or Cys.

5.4

3 rent
prqcess

If the measuring system shall be classified to a specific measurement process, it is important to set a
lim{t on measurement uncertainty. In this way, the selection of a measuring system is simplified for
upcpming measurement tasks.

If there is no requirement for a maximum Qyp or a minimum Cy;p, then prioeeed and calculate Q)5 or
C
MS

The following method is based on the precondition that some unceftainty components assogiated with
themeasurement process, such as non-homogeneity of the measured object, resolution and tgmperature
shopld be modelled mathematically.

6 |Implementation

6.1l General

As flor other processes, the measurement proeess is under the influence of both random and|systematic
soufces of variation. In order to estimatexand control the variation of the measurement pyfocess, it is
necpssary to identify all important sources of the variation, and, if possible, to monitor them/In general,
uncertainty components that are less'than 10 % of the largest uncertainty component are cofisidered to
be ynimportant and therefore are not'taken into account.

6.2 Factors that influence’'the measurement process

6.2{1 General

In ipdustrial practice, the reported uncertainty of the measurement process is usually linfited to the
uncertainty derivéd from repeatability of the measurement process on a reference standard, or an
item typical®f that to be produced, known as a workpiece. The uncertainties arising from any linearity
devjiation fs-either intentionally set to zero or acquired from the manufacturer's specificafion, e.g. in
terpns of adopted error limit (MPE values).

Th usc Uf t}lC LUllllllUll]ly }\llUVVll 1cpcatq1ul}1t_y CAPCI illlCllt Ull d leCl CIILT Dtdllddld tU Chtlmate the
repeatability and bias of the measurement process is recommended. Based on this experiment, one can
then estimate a measurement capability index. This method can be extended by the use of more than
one reference standard, located near or inside the specification limits. In both cases, the measuring
system can be corrected by use of the identified systematic error(s).

If the linearity of the measuring system shall be determined, it can be done by means of a linearity
study based on at least three reference standards. The result of this investigation (the regression
function) can then be used for correction of the measurement result. Hereby, the uncertainty caused by
the linearity deviation is reduced.
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6.2.2 Uncertainty components that belong to the measuring system

6.2.2.1 Types

The uncertainty components related to the measuring system (see Table 4) are either
— uncertainty estimated from maximum permissible error,
or

— uncertainty estimated from the combination of:

— calibration uncertainty,

— repeatability or resolution,
— bias,

— linjearity, and

— other uncertainty components.

6.2.2.2 Hstimation of uncertainty using the maximum permissible error value

When a measuring equipment or measuring standard is known tg)cenform to stated MPE valueq for
each of thg metrological characteristics, these MPE values should\be used to estimate the uncerta|nty
component as shown in Table 1.

Table 1 — Uncertainty from maximum permissible error

Uncertainty components Symbol Test/model
MPE value UppE Standard uncertainty due to maximum permissible erfor.
.
V3

where a rectangular distribution is assumed.

In cases where more than one MPE value influences th|
measurement process, the combined standard uncertdin-
ty can be calculated from:

[¢’]

2 2
_ | Mpg1 | Mpgy
UMPE— —_— T ...

3 3

6.2.2.3 easuring/system resolution

The actuall proposed measuring system should have a high enough resolution so that the expanded
uncertaintl calculated from the standard uncertainty of the resolution is much lower (common pradtice
is 5 %) than the specification interval for the characteristic to be measured (measurand).

The resolution of the measuring system, or the step in the last digit of a digital display, or rounded
measured value, always causes an uncertainty component. When the repeatability uncertainty
component is derived from experimental data, the effect from resolution, etc., is included if the
repeatability uncertainty component (ugyy) is greater than the component based on resolution.

If the uncertainty of the repeatability component is greater than that of the resolution component, then
the resolution component is included in the repeatability component. If not, then the component upg
should be added to the model as shown in Table 2.
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Table 2 — Uncertainty from resolution

Uncertainty components

Symbol

Test/model

Resolution of the measuring system

URE

1 Ry Ry

3oz 2
where Rj, is the resolution and is assumed to follow a rec-
tangular distribution.

URg =

If analogue scales are used, the actual distribution can be
another, e.g. a normal distribution.

6.2
workpieces

The

used reference standards or workpieces should be traceable to stated references, usua
or international standards, or so-called consensus standards (standards agreed by both cu
supplier). The present uncertainty during this calibration should be determinéd (see Table 3)).

Table 3 — Uncertainty of standard calibration

2.4 Calculation of repeatability, bias and linearity using reference standards or cqlibrated

ly national
tomer and

Uncertainty components

Symbol

Test/model

Caljbration

UcaL

Standardddeviation of uncertainty due tjo calibra-
tion ffrom certificate).

In)cases where the uncertainty in protojcol is given
as“expanded uncertainty, it should be d{vided by
the corresponding coverage factor:

Ucar, = Ucar / Kcar,

Lingarity analyses should be made sufficiently:often so that the estimated value for Mp, is ndt exceeded

betveen two linearity analyses.

6.2)2.5 Experimental method

Thd
var

datp. The measurement data‘arise when a measuring system specified by (unknown) valueg
calibration function‘pdarameters is “stimulated” by standards with calibrated values of [X;, given in

the

experimental method considers how a relationship ¥ = A + BX (describing how the
able Y varies as a functign)of the independent variable X) can be determined from megasurement

dependent

A and B of

stapdard units, and thé-€orresponding “responses”, or indications Y}, of the instrument are rpcorded.

Table 4 — Uncertainty from measuring system

Uncertainty components Symbol Test/model
Un¢ertainty arising from linearity up N Instance 1: u; ;=0
Instance 2:
_a
ugN = NET

where a is half width of the range of a rectangular distri-
bution or the known MPE-value.

Instance 3: u;jy is determined experimentally together
with ugyg (see instance 2 in row ugyi below).

Instance 4: u; y is determined based on the results from
the calibration certificate.
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Table 4 (continued)

Uncertainty components

Symbol

Test/model

Uncertainty arising from bias

Upy

Instance 1: From the measurements on a reference stand-
ard, ug; can be calculated based on the distance between
the standard and the average of the measured values.

Instance 2: K repeated measurements on each of the N
(= 2) different reference standards with NxK > 30, ug; can
be calculated from the maximum bias of all standards.

Instance 3: ug; is determined experimentally together

WITh Uy R (S€€ INSTance 2 INTOW Uy g DEIOW).

_|Xg_xm|

Ugy = NE]

standards

Repeatabil{ty using reference

UgyRr

Instance 1: minimum 30 repeated measurerments on a
reference standard, whereby ugyi cande'estimated.

Instance 2: Krepeated measurementsion each of the N}
(= 3) different reference standards with NxK = 30.

Estimate both ugyy and uy  by-the ANOVA method.

Other unce
included in

[tainty components not
the above

UMS-REST

E.g. scale shift (use of different measuring faces in a
calliper).

6.2.3 Additional uncertainty components belonging to the measurement process

6.2.3.1 (

In an analysis of a defined measurement processcunder real conditions, an identification

feneral

and

determination of additional uncertainty components-of the process (see Table 5) should be carried|out
together wjith the above described uncertainty components coming from the measuring system.
6.2.3.2 Determination of uncertainty components from experiments (Type A)
Table 5(— Uncertainty from repeatability and reproducibility of the measurement process
Uncgrtainty component Symbol Test/model

Repeatability using workpieces Ugvo A minimum of 5 workpieces shall always be used in thp
Effect of oplerators changing.ifurepro- Upy analysis:

ducibility cpnditions of measturement — measured by a minimum of 2 operators, or
Reproducibility of themeasuring Ugy — measured by a minimum of 2 different measuring
system systems (if relevant).

(Place of mpasurefitent) Minimum total sample size: 30.

Effect of (j‘hanging over the times in UsTAB Estimation of uncertainty components hy the ANQVA
reproducibility conditions of meas- method .

urement '

Interactions s [ISO/IEC Guide 99 (VIM), ISO/IEC Guide 98-3 (GUM),

ISO 5725 (all Parts), ISO 13528, ISO 21748, ISO/TS 21749].

If no operator influence is present, the number of work-
pieces should be increased.

See Clause 8

NOTE 1 In special circumstances (e.g. high cost of test), two repetitions can be acceptable.

NOTE 2 If the number of samples is smaller than 30, the Student’s t-test can be used to expand the extended uncertainty.

16
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6.2.3.3 Determination of uncertainty components not included in the experiments (Type B)

In addition to the estimated uncertainty components of the measuring system (6.2.2), and the estimated
uncertainty components of the measurement process (6.2.3.2), the following additional uncertainty
components should be determined using mathematical models (see Table 6).

Table 6 — Other uncertainty on the measurement process

Uncertainty components Symbol Test/model
Non-homogeneity of the part Uop) . aop)
MENE
where agp; is the maximum permitted oréxpefted error
due to the object (e.g. form deviation).
Temperature Uy The influence from temperature can he'calculdted using

the formula:

_[2 2
Ut =yUrp tUTp

The uncertainty from tefmperature differences
e.g. be estimated as défined in ISO 14253-2.

Urp can

AT - o -4
V3

Urp =
where

a is the expansion coefficient; AT is the differe
peratutes; and a rectangular distribution is as

The uncertainty on expansion coefficients can|
mated as defined in ISO 15530-3.

hce in tem-
sumed.

be esti-

IT —20°C| - uy -1
V3

Urp =
where:
T isthe average temperature during the mea

u, isthe uncertainty on the coefficient of exp

[04

I isthe observed value for length measurem|

surement;
hinsion;

ent.

Tigtemperature in the formulae above. It should not be confused with specification interval or targetjvalue, used
els¢where in this document.

In the case that a compensation for temperature difference is not made, a contribution for this differ¢nce should
be included in the €stimation in the formula above.

Thd

=

part is the object to be measured, including object measured by embedded devices in productio

6.2{3.4, {Impact of the deviation of workpiece on the measurement result

In many measurement processes, the surface of the workpiece is in contact with the measuning system
during the measurement. Depending on the surface texture, form deviation and geometrical deviations
from the nominal geometry, the contact between the measuring system and the workpiece results in
an uncertainty component. Depending on the measurand and the repartition of the measuring on the
workpiece, the impact of the form deviation does not have the same level. (If the measurand corresponds
to the maximum value, and only one measure is taken, then the form deviation impacts directly. But if
the workpiece is turned and the maximum observed value is taken, the form deviation is integrated in
the evaluation, and does not impact in measurement uncertainty.)

The component agg; can be found from requirements on the drawing or by experiments suitable to find
the maximum form deviation or similar non-homogeneities.

Add the component Upp; to the model, as shown in Table 10.
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6.2.3.5 Resolution

If the repeatability component using workpieces (ugy() is greater than that of the resolution component,
then the resolution component is included in the repeatability component. If not, then the component

ugg should

be added to the model as shown in Table 1.

6.2.3.6 Temperature influence

6.2.3.6.1

Uncertainty calculation

The uncer
component

“T=\/2

6.2.3.6.2

The stand
measurem
geometrica
well as tim

The transf

AL=A

where

AT is

a is
I is

A known d
error comy

The uncert

6.2.3.6.3

An uncertd

taimty fromr—temperature influence o shoutd—betatcutated—based—omrthe—umcerta
caused by temperature difference and uncertainty from unknown expansion coeffigient

2
iTp +UTA

Uncertainty component caused by temperature differences and expansion

ard reference temperature for geometrical product specifications (GPS) and
bnts is 20 °C (see ISO 1). There can be reference temperatures, for’applications other 4
1 (e.g. electrical influences from temperature) that can be caused by absolute temperatun

brmation from temperature to length is given by thedinear expansion equation:

o1

the relevant temperature difference;
the temperature expansion coefficient of the material;
the effective length undey-cansideration.

eviation in temperaturée-from the reference temperature can be corrected as a system
onent if appropriate.

ainty urp can,for-€xample, be estimated as defined in ISO 14253-2.

Uncertainty on the coefficient of expansion

inty contribution from the variation of the expansion coefficient of the measured workpig

e and spatial temperature gradients resultin linear expansjery, bending, etc., of the measuf
system. Thie measurement setup and the object being measured cau$eé\an uncertainty component u

nty

GPS
han
e as

ng

—e

atic

pCes

is often pre

sent: In this case, the uncertainty ur, is calculated by:

Utp =

[T-20]-u, 1

V3

where u, is the standard uncertainty of the expansion coefficient of the workpieces.

Alternatively, the uncertainty up, can be estimated as defined in ISO 15530-3.

18
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Studies for calculating the uncertainty components
Measuring system

1 General

In order for a study to provide meaningful information, it is a prerequisite that the resolution of the
measuring system be determined and adequate for the actual measurement process.

It should be confirmed that the standard uncertainty from repeatability is not smaller than the standard

unc
of t

Thd
sha

7.1

7.1

Ift

(Mpf), the component ugyy should be determined experimentally: The determination of the u
ugyk comes from the repeatability estimated from measurements on a reference standard or
It should be based on the spread of a minimum of 30 repeated measurements, to estimate thg¢

effe
unc

7.1

Thd
tot
cha

Thd
by ¢

The

In t
refq

7.1
Taki

ertainty from the resolution. Otherwise, the uncertainty from the resolution should be u
ne repeatability (max{ugygr, Upyo URg})-

bed instead

method applied is based on knowledge to the linearity of actual measuring system. If the linearity

1 be regarded as known, the repeatability and bias can be found using one (ormore) star
2 Repeatability and bias based on one reference standard

2.1 General

e uncertainty component uy y is equal to zero or estimated frem the maximum permis

ct of bias and repeatability. In this case, the bias and the variation are used together as tw
ertainty components ug; and ugyg

2.2 Preconditions

reference quantity value of the reference standard or workpiece should have a quantity
he target value. The maximum deviation of the reference standard from target value dep¢
Facteristics of the measuring systein.

alibration).
reference standard ery\workpiece shall be removed and replaced between each measure

he case of physically one-sided specification (“natural limit”), the reference quantity v
rence standard or workpiece should have a quantity value close to the specification valu

2.3 Procedure

e atdeast 30 measurements on the reference standard or calibrated workpiece.

dard(s).

sible error
ncertainty
workpiece.
e combined
ro different

value close
bnds on the

reference quantity value x,,, 8f the reference standard or workpiece should be determined (normally

ment.

alue of the

E.

L 4+l

Bas

P2 | +lo rs 1 1 1o £ 1o 4+ < o ot £ rS
U VI ULIIT dtltudl VvdIiuty,, LIIU IIICASUTI UVITITUIIU UIdo LUiJ’ LIIC Sudlludru uIliteiIl Lauu,_y Ul ICPCCI\.

reference standard and the standard uncertainty of the bias are estimated from:

K
1 _ 2 _
UgyR =S=, |77 - Z(Xi - X4)" and B, :|xg - xm|
i=1
where
K is the number of repeated measurements;

©IS

X:

;Is the single value of the i-th measurement;

X, is the arithmetic mean of all the sample values.
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B; _|§y - Xm|

NN

This formula shall only be used in cases where the systematic and random errors cannot be
distinguished.

If a zero setting of the measuring equipment can cause extra variation, it is recommended to set zero on
the measuring system using the defined standard or workpiece between each attempt.

If more than one standard is used in the experiment to determine the repeatability, the largest mean

deviationwmmmﬂmm&mmmd to
be constanft, the average variance should be used.

7.1.3 Standard uncertainty from the linearity deviation — u;y

7.1.3.1 Applicable methods

The standgrd uncertainty from the linearity deviation can be determined usingeither method 4 or
method B.

7.1.3.2 Method B

Data sheetf, calibration certificates or other documents relating to‘the measuring system clearly show
the maximum linearity deviation in the application area. The same requirements as for MPE apply to
the clarity pnd reliability of the information (see 5.3). The following situations shall be distinguished.

— The lifearity deviation is specified as maximum value @; i.e. it can lie in a range from —a...+a:

L
LIN — :
N3
— The lifjearity deviation is given as standdxd’deviation sy y:

ULIN = fLIN -

— The lifjearity deviation is given.ds expanded uncertainty Up;y with coverage factor k:

_Pun
ULIN = P

7.1.3.3 Method A

The linearity deviation is determined in the "Measuring system experiment” (see 6.2.2.5). In this cpse,
the linearifycdeviation describes the portion of the bias that is variable over the application range, while
the bias de'sert 1 7=12-31 ; fee; i s of
the bias are difficult to separate with acceptable experimental effort.

In the "simple linearity assessment” (see Figure 2) described below, this separation is omitted, which in
some cases can lead to an erroneous estimate of uncertainty. With the simple linearity evaluation,
however, a reduced linearity study is possible to secure the tolerance limits with two standards (one in
the range of each tolerance limit). More standards can be used at any time to increase the quality of the
study. In total, at least 30 measurements should be available, i.e. with 2 standards, at least 15
measurements per standard; with 3 standards, 10 measurements per standard. In this case, linearity is
not explicitly shown and is contained in ug;.

The "linearity evaluation with ANOVA" (see Figure 3) estimates the constant bias ug; and thus replaces
the determination of the bias according to 7.1.2.3. Furthermore, the variable part ujy of the bias and
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the repeatability at the reference part ugyg is estimated by an analysis of variance. In this case, at least

three reference parts/standards shall be measured several times under repeatability conditions, so
that in total at least 30 measured values are available.

The actual values of the standards should be distributed approximately equidistantly over the
application range of the measuring system, whereby the application range exceeds the tolerance range
as far as parts outside the tolerance can be plausibly expected.

For both variants, the calibration uncertainty of the reference parts/standards should be significantly
less than 5 % of the characteristic tolerance. The largest calibration uncertainty of the used reference

par andard HSsed-as—Hry ee-b6-2-2-4)-forthe-determination—- ombined-uneertainty of the
megsuring system. The measurements shall be performed under typical conditionsof*fuse of the
megsuring system.
Siniple linearity assessment
The bias is calculated for each reference part/standard. If the test is designed in such a wpy that the
point of maximum linearity deviation is found in the test with the selectionofreference par{/standard,
thigis included in the maximum bias (see Figure 2). Therefore only up, iStalculated and confsidered, an
addjitional consideration of ujjy is not necessary. For n reference parts/standards the follow]ng applies:
B . = max(Bﬂ...Bin)
1
uBI = ﬁBl max
U =0
Y
0,8
S 4
> \
0,4
i 4 \\ b
0,2
- \ &
0_-...-.-&{5\...-.--..[%
-0,2 \\
B A S~ B; max
-0,4 ~
_016 N<
nd L 4
“0,8
= L 4
-1 N N Y S S S A N A A A |
2 3 4 5 6 7 8 9 10 X
Key

X  value of reference parts
Y bias

Figure 2 — Determination of linearity with maximum bias
Furthermore, the repeatability sgy is calculated for each reference part/standard. The maximum

repeatability is entered as ugygp (see 6.2.2.5) in the calculation of the combined uncertainty of the
measurement system.
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This calculation of the linearity deviation corresponds to a "worst case" assumption for the case that the
linearity deviation follows a kind of characteristic curve and the maximum deviation was determined
in the test. The calculation is not applicable if the linearity deviation corresponds to a predominantly
random variation.

7.1.3.4 Linearity evaluation with ANOVA

A mean bias is calculated over all determined deviations from the actual values of the reference parts/
standards, which is converted to a standard uncertainty analogous to 6.2.2.5 under the assumption of

an a-priori

rectangular distribution.

(

ugy =

It shall be
after a red
examinatid

With the
component
s results

ULIN =

The mean
the repeat:

UEYR

The raw d4
each.

B)

3

hssumed that this mean bias cannot be corrected and can be changed in a rapdom mar
djustment of the measuring system. Correctable portions shall be eliminated before
n [see 5.1 and ISO/IEC Guide 98-3 (GUM)].

help of a "one-way analysis of variance" (see Reference [23]) the) remaining scatte
s are now determined. The variation of the mean bias (rest bias pérreference part/nori
in the variable portion of the bias uy :

.

A

variation sgpgg about the mean values of the individual standards (rest residuals) result
ibility on the reference part ugyg:

SRES

ta in Figure 3 are taken from ISO 11095:1996, there are 10 standards with 4 measuremg

ner
the

red
hal)

bnts
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0,05
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Key
value of reference part

bias

mean bias over all reference parts

N < X

uncertainty from linearity
individual error

>

& | mean bias of the reference part

8 [Calculation of combined uncertainty

8.1 General

Figure 3 — Determindtion of linearity with ANOVA

Thg combined uncertainty ofthe measuring system and the measurement process shall be cqlculated as
givgn in Table 9. The calctlation can only be carried outin the given way if there is no correlatign between
the|components. Further information about the calculation can be found in ISO/IEC Guide [98-3:2008,

Clafise 5.

Table 9 — Calculation of the uncertainty

(measuring system)

Uncertainty components Symbol Combined measurement uncertainty
C'al bration of the standard or work- Ucal ool 2 222
plece VS vV UAL LIN DI EV NMOS—REST
Deviations from linearity UpiN where
Bias Ug; Ugy =max{ugyg, Urg }
Repeatability on standards UgyR
Resolution URg
Other uncertainty components UMS-REST
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Table 9 (continued)

Uncertainty components Symbol Combined measurement uncertainty
Repeatability on workpiece Ugvo 2 2 2 2 2 2
- Ucal, TULN UL TUEy T UMS-REST T UAV T
Reproducibility of operator Upy _
il : UMP = |2 udiag Ul U2 Ul +Zu2-
Reproducibility of the measuring Ugy GV T ¥STAB " “OB] T T T “REST 1A
system i
] ) where
(Different locations of the measure-
ment process) ugy =max{ugyg, Ugyo, UrE |
Reproduci i]ify overtime Usprp
Interactionfs Uy p;
Inhomogeneity of measurand Upg)
Temperatufe Ur
Other unceftainty components UREST
(measuremlent process)
The combihed standard uncertainty of the measuring system can be estimatedtising the formula ffom
Table 9:
_1,.2 2 2 2 2
UmMs =yUcaL T ULIN T Up + URy + UMS_REST
where
ugy = max{ugyg, Ugg}-
In a similar way, the combined standard uncertaintycof the measurement process can be estimgted
using the fprmula from Table 9:
_ 2 2 2 2 2 2 2 2 2 2 2 2
Ump = | UcaL TULIN T Upl T UEy T UMS-REST T UAV T UGy T USTAB T UoB) TUT TUREST T+ ZulAi
i
where
ugy =Max{ugyg, Ugyo, URE }
If the calcyilated combined1neasurement uncertainty of the measurement process uyp contains|the
reproducilility of multiple measurement systems, it has to be taken care that all components which|are
used for the calculatiqn'of the combined measurement uncertainty of the measurement system u,,q|are
derived frqm the nledsurement system where uyg is the largest. If the separate calculation of u,,[ for
the compdred, fneasuring systems is not possible, the maximum value of each component of|the

measuring

system (Upg, UcaL, Upyr, ULN» ) has to be taken. The same applies to the remaining
mmmﬁmmw ' ifferent

component

effects on the measurement systems. The estimation over all maximum values can cause the estimator

for uyp to

be too large.

If the MPE-values are used instead the experimental method, then calculation of combined uncertainties
for measuring system a measurement process follows Table 10.

24
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Table 10 — Calculation of the uncertainty with maximum permissible error MPE

Uncertainty components Symbol Combined measurement uncertainty
UppE If the MPE-values are used instead the experimental
: - method then
Maximum permissible error of meas-
uring system components 2 2
B P g = tygp = || PEL 4 M2
3 3
Repeatability on workpiece Ugvo If the MPE-values are used instead the experimental
Reproducibility of operator Upy method, then
— - > >
Refjroducibility of the measuring Ugy Mg Mpg,
sysgem UMPE = T+T
(Different locations of the measure- and the uncertainty
meht process) > 5 > 5
Reproducibility over time USTAB Uwpg *Uav T UGy * UstAB
: Uyp =
Int¢ractions Ujpi MP +u(2)B] + u?r +uéEST + Zulei
Inhpmogeneity of measurand Uog) i
Temperature U
OtHer uncertainty components UREST
(mg¢asurement process)

In cpse of using maximum permissible error MPE as the onlydnput for the measurement sysfem, uyg is
calqulated as:

2 2
M M
— PE1 , MPpE2
Ums = uMPE:\/ 3 g T

Corfesponding to that, the combined uncertainty for the measurement process is calculated|as:

_[2 2 2 2 2 2,2 2
Ums = \/uMPE +TUpy tUGy T UsTAB(T Hopy T UT T UREST + ZulAi
i

8.2| Calculation of expanded uncertainty

The expanded Uy;g can-be found from the standard uncertainty uyg by multiplying the uncertainty by
the|coverage factor k:

Uns =k -ty

Thg same method is used to find the expanded Uyp from the standard uncertainty up:

Unp'= k- uymp

Calculation of the expanded uncertainty is based on an approximate 95 % confidence interval; therefore,
the coverage factor k = 2 is used.

NOTE If there is an experiment where the sample size n is smaller than the preferred 30, it is necessary to
use Student’s t distribution instead of the standard normal distribution to estimate the coverage factor:

k=t1_(g2),v-

The number of degrees of freedom v is obtained from the product of the number of workpieces (N), the number
of operators (p), the number of gauges (g) and the number of repeatability measurements (K) minus 1 (N-p-g -

(K-1)).

EXAMPLE1 3 workpieces, 2 operators, 2 gauges and 3 repeated measurements:

© IS0 2021 - All rights reserved 25


https://standardsiso.com/api/?name=a9adeafb601f9edf49580ee7ace69da1

IS0 22514-7:2021(E)

Forv = 3-2:2:(3-1) = 24, one finds tl—(a/z), v=2,06.

EXAMPLE 2

3 workpieces, 2 operators, 2 gauges and 2 repeated measurements:

Forv =3-2:2:(2-1) = 12, one finds t(aj2),v = 2,18.

9 Capability

9.1 Performance ratios

9.1.1 Gelneral

The capabitty of a measurement process can be calculated either as a performance ratio or a capab

index. Calc

To assess
shall be ca
a distincti
measurem

Qus should
The 95 % ¢

The proces
figure, whe

9.1.2 Pe

Qus =
The formu

9.1.3 Pe

Qup =1

The formu

9.2 Capq

The capabi

definition 6£4

It is recommended that Cyg and Cyp exceed 1,33. As mentioned in 8.2 and

p-U
M5 100 (%)

lity
ulating of indices is preferred.

fhe measuring system or the measurement process, the performance 1atio (Qyg or ¢
Iculated based on the measurement uncertainties given in Clause 8. Accetrding to Claus
pn is made between the performance ratios for the measuring(System (Qys) and

ent process (Qyp)-

e 8,
the

not exceed 15 %, and Qyp should not exceed 30 % (by common-practice).
onfidence interval should be calculated for the uncertainty-of the calculated ratios.

s spread (99,73 % interval of the production process)«can be used as an alternative referg
n the measurement process is used as a part of SPG(statistical process control) system.

nce
rformance ratio of the measuring system

U-L

a is based on the specification as.veference.

rformance ratio of the nmieasurement process

p-U
F—MP . 100 (%)
U-L

a is based on’the specification as reference.

bility-indices

\ pral

ity Indices for measuring system Cy;5 and process Cyp can be calculated based on the gen
e 1on M n

9.1, the 95 % confidence

interval (therefore k = 2) should be used to calculate the ratios.

The formulas for calculating the capability indices are designed in such a way that a capability index of
Cus min = CMp min = 1,33 is achieved if the recommended limits of the performance indices (Qps iy < 15 %,

QMP min <3

26

0 %) are observed.
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capability of a measurement process can be expressed as a capability index Cys.

—

C

MS = CMs min * @MS min ° 2

A )

kodyg 3 2kl 2kl

capability of a measurement process can be expressed as a capability index Cyp.

U-L) 4 U-L U-L
MPmin'QMPmin'2(—)=_'0730'u=04-u

—

CMP

=C

~ )

kdyp 3 2k lyyp 2k Uyyp

9.3| Capability of a measurement process with one-sided specifications

In cpse of one-sided specifications, there is either no upper specification limit or, alternative
sperification limit (Figure 4). A tolerance zone cannot be defined, wherefore the standard fd
Cysland Cyp cannot be used. To estimate the capability in such cases, a modifiedformula is
handle one-sided (unilateral) specifications. Therefore, it only can be focuséd, on just one
manufacturing and measurement process distribution.

NO'I
that
spe

The
req

The
poil

Thd
the

1.
2.
3.

Thd
min

Fro

cannot be less than zero due to the definition of the measured quantity), this natural limit is
ification limit and all indices can be calculated according to 9.1 or 9.2.

process variation A (also called process or part variatien PV), the process location )
hired capability index C, (or B, ) are used to plausiblydefine the missing limits.

result from the production process in case of geometrical tolerances is based on an eva
it cloud and therefore is an extreme value distribution model.

re are several ways to estimate the processdispersion A, with the following priority (se
following paragraphs):

process dispersion determined according to SO 22514-1 and 1SO 22514-2;
process dispersion calculated from the experiment described in 6.2.3.2;
process spread and processiocation estimated from historical data of similar processes

process dispersion jis preferably determined according to ISO 22514-1 and ISO 22514
imum sample size of\100.

A=X99 865% 7X07135%

M that, the)one-sided process spread is calculated as:

Ay=%99 865% ~ Xmid

y, no lower
rmulas for
needed to
side of the

E In cases where a characteristic is limited by a so-called natural-limit (e.g. geometrical tolerances

freated as a

K nig and a

uation of a

e details in

|-2 using a

©IS

AL =Xmid —X0,135%
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2
1
Xmia  Uwp  [tUwp U X
Ay | Ay
|
A
X0135% X 99,865 %
Key
X  characteristics value
Y probabjlity distribution value
1 measurfement uncertainty
2 procesq distribution
Figure 4 — Measurement uncertainty in case of one-sided specification
If only fewer parts or smaller sample sizes are available, the experiment described in 6.2.3.2 can be
used instedd to calculate the process variation (PV)’based on at least 10 parts.
The select]on of parts leads to contradictery requirements. In terms of capability, the entire range
of applicaion should be examined, i.e., parts should be selected which cover the entire ared of
applicatior]. However, these specificallyisélected parts are not suitable for calculating the dispergion
of the marjufacturing process. For this purpose, a random sample would have to be taken from|the
manufactulring process.
If there arg too few parts to determine a reliable distribution model, a normal distribution is assumed.
The empirical standard deviation Sp based on these few parts will underestimate the process variation.
An optimiged estimate©fthe standard deviation based on the measured parts can be found using this
formula:
Seff = nd s
eff \ -3 P
where

Sefr 1S the estimated “true” standard deviation;

n

Sp

28

is the number of measurements used to calculate Sps

is the calculated standard deviation.
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From that, the half-sided process variation Ay resp. Ay is calculated as:

/n—l
AU:AL:3.Seff:3. n__3.sp

Alternatively, if there are no reliable data or enough parts available, process spread A and process
location X4 can be estimated from historical data of similar processes. This estimate shall be

documented in a comprehensible way. The substituted limits depend on the required capability index
for the manufacturing process and are estimating adequate tolerance limits where capability
requirements are fulfilled.

Thd estimator for process location X, ;4 is the 50 %-quantile Xg0, in case of an arbitrary d|stribution,
or ¥ in case of non-skewed symmetric distribution (e.g. normal distribution).

The calculation of the substituted limits is depending on upper or lower one-sided limit (s¢e Figure 5
for iipper specification limit).

Y
2
1
Xmld u X

+UMP
Ay
CP'AU

Key

X |characteristics value

Y |probability distribution value

1 |measurementtncertainty

2 |process distribution

Figure 5 — Calculation of measuring system / measurement process capability
in case of one-sided cppl‘ifil‘nfinn

If an upper one-sided specification limit is given, the capability indices and performance ratios are
calculated as:

_ Cp-A

C,.=072-

MS ) A
k-uMS
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If a lower one-sided specification limit is given, the capability indices and performance ratios are
calculated as:

— C ‘A —— C ’A
CM5=072‘p—AL Cyp = 0,4 -2 L
k-uMS k-uMP
P o 1 kg
Qus = Qup =
C,- AL C, A

The resolution RE should be less than 1/10 of the half-sided specification interval (Cp X AU) respectiyely
(Cp xAL) see 5.2).

NOTE In special cases, where there is a specified operating point/nominal value X, {)fof the manufactufing

process, the term Cp XAy, resp. Cp XAy can be substituted in the following way:
— in caselof an upper one-sided specification limit Cp XAy =U-X,om’
— incaselof a lower one-sided specification limit €y XAp, = X, o, = L;

— (see Figure 6 for operating point and upper specification limit).

Y

Xnom U X
+Uypp
Y'Xnom
Key
X characteristics value
Y distribition Pt u]ualullxty vattre
1 measurement uncertainty
2 process distribution

Figure 6 — Calculation of MS/MP capability and performance in case of one-sided specification
with operating point/nominal value
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10 Capability of the measurement process compared to the capability of the
production process

10.1 Relation between observed process capability and measurement capability ratios

The following connection exists between an observed process capability or process performance
(Cp obs, Pp obs)» the actual real process capability or performance (C,, y¢,), Pp rea) @nd the capability ratio

(@um

Det

The

whyd

The

The

EXA
fron
cap

NO']
sub
that

p) of the measurement process:

yal 1 220 f]z

~preal 2 rESKMP
Cpobs

hils of the derivation of this formula are given in Clause B.3.

formula is based on the following assumptions:

measurements of the manufactured characteristic are normally distributed,;

the production process is normally distributed and in a state of statiistical control;

the calculation of the C; index is based on 99,73 % referenke ‘value estimated by
deviations;

the distribution of the observed, empirical standard devjation is:

Stbs = (05 + op) - 2° (V)

o, is the standard deviation of the production process;

oyp Isthe standard deviation of the measurement process;

x2%(v) Is the chi-square distribution with v degrees of freedom.

area of uncertainty regatding the specification limits is symmetrical.

coverage factor used to'calculate the combined uncertainty is 2.

MPLE The formula above, Figure 7 and Tables 11 and 12 below show that a real capability i

1 an actual production process when the measurement capability figure Qyp = 40 % results in
bility index.0f1,33.

E This’example is about theoretical capability indices. The estimated capabilities are randg

b standard

hdex of 2,21
hin observed

m variables

ect to\error and an estimated observed capability index in this situation varies around 1,33 with a variation

depends on the sample size.
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Key

X obserV(de-Value
Y real Cp-value

Figure 7 {— Capability index of the process‘alone as a function of the observed capability index
for a range of capability fractions of the measurement process

Table11 — Observed and real indices

Observied Real C-value for the process with...
C-valye Qup =100 Qup = 20 % Qup =30 % Qump =40 % Qump =50 %
0,67 0,67 0,68 0,70 0,73 0,77
1,00 1,01 1,05 1,12 1,25 1,51
1,33 1,36 1,45 1,66 2,21 18,82
1,67 1,72 1,93 2,53 Na Na
2,00 2,10 2,50 4.59 Na Na
EXAMPLE A capability value C,, = 1,00 is calculated based on measurements from a production process and

the measurement process has a Qy;p = 30 %.

1 1
Cpreal 2\/2——2,25 : Q]%/[p :\/_2_2'25.0’32 =1,1198
pobs 1

10.2 Relation between observed process capability and measurement capability

The relation between the process and measurement capability can also be calculated (see Table 12).
The following connection exists between an observed process capability or process performance
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%gp 035, é’pﬁ)bs), the actual real process capability or performance (Cj, ¢4, Pp reat) and the capability index
mp) of the measurement process:

Cp obs — Cp real L 5
\/ 1+(omp /0p)
Table 12 — Observed and real indices
Observed Real C-value for the process when...

C-value Cyp=2 Cyp = 1,66 Cyp=133 Cyp=1 Cyp=0,5
0,67 0,67 0,67 0,68 0,68 0,73
1,00 1,01 1,02 1,03 1,04 1,25
1,33 1,36 1,37 1,39 1,43 2,21
1,67 1,72 1,74 1,78 1,87 59
2,00 2,09 2,13 2,19 2,33 n/a

11|0ngoing review of the measurement process stability

11.1 Ongoing review of the stability

The short-term as well as the long-term stability shall be taken into account when the capability of the
megsurement process is calculated. However, a change in‘bias caused by drift, unintentiofjal damage
or few additional uncertainty components, which were not known by the time of calculdtion of the
cappbility, can change the bias in the measurement pfocess over time. A control chart should be used to
detérmine those possible significant changes in the measurement process.

The following sequence is recommended.
Step 1:

Seldct an appropriate reference standard or calibrated workpiece with a known value fpr the test
chafacteristic.

Step 2:

Carfy out regular measurement of the reference standard (workpiece).

Step 3:

the measuréd values on a control chart. Calculate the action limits in accordance with known

for out-of-contre o—out-of-control signal isdetectec sasswmed-tha e-mdasurement
process has not changed significantly. If an out-of-control signal is detected, the measurement process
is assumed to have changed and shall be reviewed. With this approach, the measurement process is
continuously monitored, and significant changes can be detected.

It is important to determine the qualification interval to be taken into account by the calibration of the
measuring system.
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12 Capability of attribute measurement processes

12.1 General

Because of the nature of attribute measurements, it is only possible to obtain an outcome that is either
conforming to the specification or not. To establish the capability of the measurement process, a large
number of measurements are required.

A suitable approach for calculating the capability of an attribute measurement process shall take
into account that the probablhty of a partlcular test result is dependent on the characterlstlc type.
For exampte; : ctts s—that
lie outside([the uncertainty limits. For information about the spec1f1cat10n 11m1ts see Flgure 8~0n|the
other hand, the probability is approximately 50 % if the measurement results lie in the middle”of|the
uncertainty range (“Decision by pure chance”). The uncertainty zone should, as a rule of thtumb,|not
exceed 20 9o of the specification zone.

L | U
I 11 1}1 11 s\\:‘ I
: —
UMP UMP UMP UMP

Key
[ values gutside the specific limits

I1  values ground the specification limits
[II  values Inside the specification limits

Figure 8 — Uncertainty zone (marked II)

In principl¢, the proposed approach makesa distinction between calculation of measurement capabllity
(cross-tab method), without or with reference values (signal detection approach). If reference values
are availalle, a two-step approach is preposed.

In practise| there is no generally aceepted test method, but a number of different methods for assessing
operators' jability to obtain consistent results. This document specifies one of several methods for|the
study of test methods withputreference parts and one with reference parts.

12.2 Capability calculations without using reference values

When a cdlculation“of measurement capability shall be done without using reference values, ¢nly
a test of whetheror not there are significant differences between operators can be made. Howgver,
an assessnpent of whether or not the test has led to the correct result cannot be taken. This fact shall
always be constdered if o Teference vatues are present.

The choice of test parts can have a decisive influence on the outcome of this test method, but it cannot
be taken into account in this case. At least a proportion (e.g. 40 %) of the test parts should be in the
uncertainty zone (zone Il in Figure 8).

The following standard experiment is proposed.

At least 40 different test parts should be tested 3 times by 2 different operators, called A and B. Each of
the 120 different measurement results on the 40 parts, which the operator A or operator B has achieved,
is assigned to one of the following three classes.

Class 1: all three test results on the same part gave the result “good”.
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Class 2: the three test results on the same part gave different results.

Class 3: all three test results on the same part gave the result “bad”.

An example of a test result is summarized in Table 13.

Table 13 — Test result from an attribute measurement process

Operator B
Frequency
Class 1 Class 2 Class 3
n::
U Resutt=++" DifferemtTesults Resojt - - -"
Class 1
7 3 1
Result "+++"
Class 2
Operator A 10 4 7
Different results
Class 3
2 1 5
Result "- - -"

The
sigr

sympmetrical with respect to main diagonal.

Thd
wit

Tes
int
Thd
hyzp
X

cald

two operators in Table 13 can now be tested using a Bowker=Test of symmetry. If th
ificant differences between operators, the resulting frequencies in Table 13 are

hypothesis Hy: nj;=n;; (i,j =1, .., 3with i #) says that the'frequencies n;;and nj; which lie sy
 respect to the main diagonal are identical.

(n—n3)* _(10-3)% L2s1? (=77
10+3 2+1 1+7

 statistic X2 = 2 =8,603 is compared to the

. ni-+n
i>ju

j

Ji

he ;(2 -distribution with 3 degrees of freedom.

null hypothesis test states thatchanges from one category to another are random in

ere are no
bufficiently

mmetrical

|-« fractile

ature. The

othesis on symmetry is rejected on the level if the test value is greater than the 1- a frqctile in the

distribution with 3 degrées of freedom. In this case, the hypothesis is rejected b
ulated value 8,603 is (greater than the value 7,815 which is the 95 % fractile of 4

bcause the
he x° (3)

h operator
inations of

ests.

distribution.

In drinciple, this method is also to be used with more than two operators. In such cases, eag
makes three tests‘on the measured object and subsequently, all combinations of two comb
opefrators shotild'be tested individually.

NOTE Frthis case, the significance level is changed for the overall statements by these multiple
12.3 €apability calculations using reference values

12.3.1 Calculation of the uncertainty range

This method is based on signal detections and therefore requires workpieces with known reference
values. To address the area of risk around the specification limits, about 25 % of the workpieces should
be at or close to the lower specification limit and 25 % of the workpieces at the upper specification limit.

The purpose of this method is to determine the uncertainty range, in which an operator is unable
to make an unambiguous decision. Figure 9 illustrates the test results of an attribute measurement
process obtained from a set of reference values.
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Part No. 1 Part Descr. MSA Third Edition
Char. No. 1 Char. Descr. Attribute Study
n Ref. 1 XAl XA2 XA3 XB1 XB2 XB3 XC1 XC2 XC3
25 | 0,599581 - - — — — — — — — ©
48 | 0,587893 - - - — — — — — — ©
3 0,576459 - - - - - — —_ - — ©
5 0,570360 - - - — — — — — — ©
Last test with 42 | 0,566575 - - - - - —_ —_ —_ — ©
agreement 4 0,566152 — — — — — — — — — ©
30056457 T =TT = TT= = TS T ST = T =8
12 | 0,559918 - - - — - — — + — e
26 | 0,547204 - + - - - — —_ - + I
22| 0545604  — — + - + — + + - &
First testwith 6 | 0,544951 + + - + + - + - - @
agreement agam ___306_ | U,043077 _ ¥+  _+ . =+ —F — ¥ = F
13 1 0,542704 + + + + + + + + + %
18 | 0,531939 + + + + + + + + + Q€
23 |0,529065 + + + + + + + + G g
29 | 0,523754 + + + + + + + + + g
28 | 0,521642 + + + + + + + + + &
19 | 0,520469 + + + + + + + + + g
17 | 0,519694 + + + + + + + F + &
15 | 0,517377 + + + + + + + + + g
10 | 0,515573 + + + + + + + + + @
24 | 0,514192 + + + + + + + + + g
41 | 0,513779 + + + + + + + + + @
2| 0,509015 + + + + + + ¥ + + &
32| 0,505850 + + + + + + + + + g
31 | 0,503091 + + + + + ¥ + + + (@
27 ]0,502436 + + + + + + + + + g
8 | 0,502295 + + + + + 4 + + + @
2010501132+ 4+ o+ o+ 4+ + 4+  + 4+ @
35 | 0,496696 + + + + + + + + + g
46 | 0,493441 + + + + + + + + + &€
11 | 0,483803 + + + + + + + + + g
38 | 0,488184 + + + + + + + + + &
33 | 0487613 + + + + + + + + + g
47 | 0,486379 + + + + + + + + + Q€
18 | 0,484167 + + + + + + + + + g
49 | 0,483803 + + + + + + + + + @
20 | 0477236 + + + + + + + + +
Last test vith 1 0,476901 + + + + + + + + + g
agreement 44 |0,470832 + _+ o+ 4 _+ + +. + . + g
7 | 0/465454 + + + + + + + - + g
43| 0,462410 + - + + + + + + - g
14 | 0,454518 + + - + + + + - - g
21| 0452310  + + — + - + - + - &
First test yvith 34 | .0,449696 R ~N\J - + = - ..|._ - +. ) + . %_
agreement again 50 | 0,446697 - = — - i il - — — S
9 0,437817 - - — — — — — — — al
39 | 0,427687 - —_ - - — —_ —_ - — cl
45 | 0,412453 - - - — — — — — — al
37 | 0,409238 - —_ - - — —_ —_ - - al
Figune 9 — Testresult of an attribute measurement process (example from AIAG MSA)
12.3.2 Symbels

In Figure 9, the reference measurement values are introduced in the form of a code. A plus sign means
that the operator has indicated the result from the test piece as approved. A minus sign means that the
operator has indicated the result from the test piece as not approved.

A good smiley means that all three operators have indicated the result from the test piece as approved
or rejected in all three tests, and that this assessment is consistent with the reference value.

A bad smiley indicates a case where at least one of the operators has come to a test result which is not
consistent with the reference value.
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12.3.3 Working steps for determining the uncertainty range
Step 1:

Sort the table according to the measured reference size. In Figure 9, a sorting in descending order is
made from the highest reference value descending to the lowest reference value.

Step 2:

Seldct the last reference value for which all operators have assessed all the resulty as being
unsptisfactory (not approved). This is the transition from symbol “~” to symbol “+”.

0,566 152 -
0,561 457 +

Step 3:

Selgct the first reference value for which all operators the first time assessed all results being approved.
Thif is the transition from symbol “-” to the symbol “+”.

0,543 077 -
0,542 704 +

Step 4:

Selgct the last reference value for which all operators last time assessed all the resulfs as being

“w,n

approved. This is the transition from the “+” symbol to the symbol “~”.

0,470 832 +
0,465454 -

Step 5:

Selgct the first reference valtierfor which every operator has again first assessed all the| results as
unsptisfactory (not approvéd). This is the transition from symbol “X” to the symbol “~”.

0,449 696 +
0,446 697 -

Step 6:

as ynsatisfied (not approved) to the first reference value, for which all operators have the result as

Calgulate-the dy;, interval from the last reference value, for which all operators have assesseif the result
appicoved.

dygr= 0,566 152 - 0,542 704 = 0,023 448

Step 7:

Calculate the d| ; interval from the last reference value, for which all operators have assessed the result
as approved to the first reference value, and for which all operators have the result as unsatisfied (not
approved).

dyp =0,470 832 - 0,446 697 = 0,024 135

Step 8:
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Calculate the average “d” of the two intervals:

d = (dyg +d_p)/2 = (0,023 448 + 0,024 135)/2 = 0,023 791 5

Step 9:
Calculate the uncertainty range:

Uyeir = d/2 = (0,023 791 5)/2, and

Quer = U Ui/ (U- L= Z-[(U,023 79T 5J/2]/0,T = U,24 where U - L = U, I mm

Thus, Qi F 24 %.
Y

0,6 -

U+ Uyp
U

U-Uwp

L+Upyp
L

L_UMP

»'4 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

Key
X  referente number
Y referenfe values from the-dftribute study (mm)

Figure 10 — Value chart

Figure 10 phows another way of representing the measurement capability of all test results, all|the
reference yalues and the uncertainty range. Some practitioners prefer this display.

NOTE The effort for this method is considerable as, in this example, in addition to the 50 reference
measurements, at least 450 other test measurements can be made and documented.

For the selection of workpieces, it shall be presumed that the uncertainty region is covered (see
Figure 10).

12.4 Ongoing review

Because of the fact that the measuring system can change, e.g. caused by wear, it is necessary to
periodically conduct a review of the system.

For ongoing monitoring of the measurement process, at least one operator should measure at least
three workpieces all with defined reference values. The workpieces should be selected in a way that
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the reference values are located outside the uncertainty ranges so that a clear result can be expected
(all tests are consistent with the reference value; see Figure 11, e.g. a workpiece in zone I (lower), a
workpiece in zone III, and a workpiece in zone I (upper).

L U

|
|
[ II I}I I1 [
|
|

Key]
I [values outside the specific limits

I [values around the specification limits
III [values inside the specification limits

Figure 11 — Uncertainty range
The testis accepted if all three test results are consistent with the reference value. If this is npt the case,

themeasuring system should not be used until it has been corrected or changed.

The size of the uncertainty range can either be determined‘experimentally (see Clause 11),/or derived
fromn the actual defined requirements for an appropriate measurement process (Q).

UMP max = QMP max '(U - L)/Z

Take into account that the extended uncertainty’is usually given to be the 95 % level. In this test, it is
notfcalculated.

Uselbinomial distribution to calculate theconfidence interval.
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Annex A
(informative)

Examples

A.1 Exa nle of linearitv studv with at least three standards
. mp y-stHay-With-dttedsttiree-staiadras

TCUTIIIITcartvc

A.1.1 Geperal

The raw data of this example has been taken from ISO 11095. The example describes,an‘experinjent
carried out on an imaging system (an optical microscope with a measuring device)” The data|are
measured Values and true values of intervals in the range of 0,5 um to 12 pum. It is agstimned accordinlg to
the calibrafion certificate that the calibration uncertainty uc,; is 0,005 pm.

Table A.1 — Values from repeated measurements on reference materials

Values y,; from K = 4 repeatability measurements
Conventjonal true values x, on N= 10 refereffcematerials
of the 10 reference materials
Yn1 Yn2 Yn3 Yna
6,19 6,31 6,27 6,31 6,28
9,17 9,27 9,21 9,34 9,23
1,99 2,21 2519 2,22 2,20
7,77 8,00 7,81 7,95 7,84
4,00 4,27 4,15 4,15 4,15
10,77 10,93 10,73 10,92 10,89
4,78 4,95 4,87 5,00 5,00
2,99 3524 3,17 3,21 3,21
6,98 7,14 7,07 7,18 7,20
9,98 10,23 10,02 10,07 10,17

Data in Table A.1 are plottedinFigure A.1.
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11

10

XX

Key

2}
L LN L L L NLIL UL LN [ I

reference value (um)
measured value (um)

10

Figure A.1 — Plotof measured and true values

11
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A.1.2 Calculation of means and residuals

See Table A.2 for the calculations.

Table A.2 — Calculation of residuals

True values x, of the 10 | Mean values B Residuals

reference materials Vn n en e €3 ens
6,19 6,292 5 0,1025 0,017 5 -0,022 5 0,0175 |-0,0125
9,17 9,262 5 0,0925 10,0075 -0,052 5 0,0775 ]-0,0325
1,99 2,2050 0,2150 [0,0050 -0,0150 0,0150 |-0,005%.
7,77 79000 0,1300 |0,1000 -0,0900 0,0500 |-0,0600
4,00 4,180 0 0,1800 10,0900 -0,0300 -0,0300 40,0300
10,77 10,867 5 0,0975 (0,062 5 -0,137 5 0,052 51+]0,022 5
4,78 49550 0,1750 |-0,0050 -0,0850 0,045.0 (0,0450
2,99 3,207 5 0,2175 10,0325 -0,037 5 0,0025 (0,0025
6,98 7,147 5 0,1675 |-0,007 5 -0,077 5 0,0325 ]0,0525
9,98 10,1225 0,1425 0,107 5 -0,102 5 -0,0525 0,047 5

Data in Tahle A.2 are plotted in Figure A.2.

Y
0,3
0,25 F
- ;; r'S ° \ ¢ ¢
0;2 — m A \2 ¢
— L 3 ¢
C . _
0,15 === - "l—" 1 = - = -t K 3 -3 B;
K ! T
0’1 - Y § ¢ LS 4
0,05 = P 3
0 E
-0,05F .
1 T Y O T T Y Y N
2 3 4 5 6 7 8 9 10 1 X
Key
X value pf reference part
Y bias
1 mean bigsoverattreference parts
2 uncertainty from linearity

- individual error

mean bias of the reference part

Figure A.2 — Plot of deviations and conventional true values

A.1.3 ANOVA table:
Given values:

N =10 Number of standards (Factor A)
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