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Foreword

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
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ISO
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f[governmental, In_fiaison with 190, also take part In the WOrk. 15O collaborates close
[national Electrotechnical Commission (IEC) on all matters of electrotechnical standardization:

main task of technical committees is to prepare International Standards. Draft Internationa
rnational Standard requires approval by at least 75 % of the member bodies casting a vote.

ntion is drawn to the possibility that some of the elements of this document may be the subje
s. ISO shall not be held responsible for identifying any or all such patent rights.

14253-2 was prepared by Technical Committee 1ISO/TC.213, Dimensional and geometr
Cifications and verification.

first edition of ISO 14253-2 cancels and replaces ASO/TS 14253-2:1999, which has been
sed. It also incorporates the Technical CorrigendumMSO/TS 14253-2:1999/Cor.1:2007.

ection by measurement of workpieces and measuring equipment:
Part 1: Decision rules for proving conformance or non-conformance with specifications

Part 2: Guidance for the estimation of uncertainty in GPS measurement, in calibration of
equipment and in product verification

Part 3: Guidelines for achieving agreements on measurement uncertainty statements

Part 4: Background. en functional limits and specification limits in decision rules [Technical Spg

y with the

rnational Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

Standards

bted by the technical committees are circulated to the member bodies far, voting. Publication as an

ct of patent

cal product

technically

14253 consists of the following parts, under the, general title Geometrical product specificatiops (GPS) —

measuring

cification]
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Introduction

This part of ISO 14253 is a global GPS standard (see ISO/TR 14638:1995). This global GPS standard
influences chain links 4, 5 and 6 in all chains of standards.

The ISO/GPS Masterplan given in ISO/TR 14638 gives an overview of the ISO/GPS system of which this

document i
default dec
unless othe

For more d
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This part o
simplified, i
uncertainty

5 a part. The fundamental rules of ISO/GPS given In IS0 8015 apply 1o this document and
sion rules given in 1ISO 14253-1 apply to specifications made in accordance with this docum
Fwise indicated.

btailed information on the relation of this International Standard to other standards-and to the (
bl, see Annex D.

ISO 14253 has been developed to support ISO 14253-1. This part of 1ISO\14253 establish
ferative procedure of the concept and the way to evaluate and determine uncertainty (stan
and expanded uncertainty) of measurement, and the recommendations-of the format to docun

and report the uncertainty of measurement information as given in the Guide te the expression of uncertd

in measure
measuremse
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Therefore,

ment (GUM). In most cases, only very limited resources are neCessary to estimate uncertain
nt by this simplified, iterative procedure, but the procedure niay lead to a slight overestimatio
nty of measurement. If a more accurate estimation of the uncertainty of measurement is nee
hborated procedures of the GUM need to be applied.

ed, iterative procedure of the GUM methods is intended for GPS measurements, but may be U
bs of industrial (applied) metrology.

inty of measurement and the concept of handling uncertainty of measurement are important t
bl functions within a company. This partxof ISO 14253 is relevant to several technical functi
hnagement, design and development, manufacturing, quality assurance and metrology.
ISO 14253 is of special importance’in relation to ISO 9000 quality assurance systems, e.qg. it
that methods for monitoring_and ‘measurement of the quality management system processes|
e measurement uncertainty’is'a measure of the process suitability.

of I1SO 14253, the (uncertainty of the result of a process of calibration and a proces
nt is handled in the same way:

urement standard”;

ementis treated as a “measurement of the geometrical characteristics of a workpiece”.
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ion is treated-as,a “measurement of the metrological characteristics of a measuring equipment or

n“most cases, no distinction is made in the text between measurement and calibration. The ferm

“measurement” is used as a synonym for both.
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Geometrical product specifications (GPS) — Inspection

by measurement of workpieces and measuring equipment —

Part 2:
Guid fortl cimati : aintvin GRS

in |calibration of measuring equipment and in product
verification

1 |Scope
Thidg
unc
stan
cha
the
pur(

part of ISO 14253 gives guidance on the implementation of the concept of the “Guide to the &
priainty in measurement” (in short GUM) to be applied in industry for the calibration of (me
dards and measuring equipment in the field of GPS<{and the measurement of work
racteristics. The aim is to promote full information on how.to ‘achieve uncertainty statements
basis for international comparison of measurement results and their uncertainties (relations
haser and supplier).

This
in g
vald

part of ISO 14253 is intended to support ISO 14253-1. Both parts are beneficial to all technig
company in the interpretation of GPS specifications [i.e. tolerances of workpiece charact

This
itera
con
stat

part of ISO 14253 introduces the Précedure for Uncertainty MAnagement (PUMA), which is

tive procedure based on the GUM for estimating uncertainty of measurement without changir
cepts of the GUM. It is intended to, be used generally for estimating uncertainty of measuremen
bments of uncertainty for:

single measurement results;

the comparison of two or more measurement results;

rement,

stimation of
asurement)
piece GPS
and provide
ip between

al functions
bristics and

es of maximum permissible errors (MPEs)for metrological characteristics of measuring equipnent].

a practical,
g the basic
t and giving

basurement

the comparison of measurement results — from one or more workpieces or pieces of m
equipment,— with given specifications [i.e. maximum permissible errors (MPEs) for a
characteristic of a measurement instrument or measurement standard, and tolerance

etrological
imits for a

workpiece characteristic, etc.], for proving conformance or non-conformance with the specification.

Thek Ve eV 8 reertainty at all
levels, but the iterations control the amount of overestimation. Intentional overestimation — and not under-
estimation — is necessary to prevent wrong decisions based on measurement results. The amount of
overestimation is controlled by economical evaluation of the situation.

The iterative method is a tool to maximize profit and minimize cost in the metrological activities of a company.
The iterative method/procedure is economically self-adjusting and is also a tool to change/reduce existing
uncertainty in measurement with the aim of reducing cost in metrology (manufacture). The iterative method
makes it possible to compromise between risk, effort and cost in uncertainty estimation and budgeting.
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2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 14253-1:1998, Geometrical Product Specifications (GPS) — Inspection by measurement of workpieces
and measuring equipment — Part 1: Decision rules for proving conformance or non-conformance with

specifications

ISO 14660-1:1999, Geometrical Product Specifications (GPS) — Geometrical features — Part 1: General
terms and definitions

ISO/IEC GUide 98-3:2008, Uncertainty of measurement — Part 3: Guide to the expression of uncertain

measurems

ISO/IEC Gy
terms (VIM

3 Terms and definitions

For the purposes of this document, the terms and definitions givefns in 1SO 14253-1, ISO 1466

ISO/IEC GU

3.1

black box model for uncertainty estimation

model for

directly repfesented by their influence on the quantity value béing attributed to a measurand (in the units o

measurand
NOTE 1 L
NOTE 2 I
stimulus in &
black boxes

NOTE3 1
supplementa|

3.2

transparent box model for-uncertainty estimation

model for u
being attrib

3.3

nt (GUM:1995)

ide 99:2007, International vocabulary of metrology — Basic and general concepts and associ

ide 98-3 and ISO/IEC Guide 99 and the following apply.

ncertainty estimation in which the uncertainties associated with the relevant input quantities

he “quantity value being attributed to a measurand” is typically a measured value.

N many cases, a complex method of ‘measurement may be looked upon as one simple black box

y in

hted

are
the

with

nd result out from the black box. When’a black box is opened, it may turn out to contain several “smaller”

br several transparent boxes, or bath.

he method of uncertainty,~estimation remains a black box method even if it is necessary to n
'y measurements to determine the values of influence quantities in order to make corresponding correctid

hcertainty estimation in which the relationship between the input quantities and the quantity v
ited to a measurand is explicitly expressed with equations or algorithms

measuring

quantificatignof a measurand according to its definition

task

nake
ns.

blue

3.4

overall measurement task
measurement task that quantifies the final measurand

3.5

intermediate measurement task
measurement task obtained by subdividing the overall measurement task into simpler parts

NOTE 1

NOTE 2

The specific subdivisions are arbitrary, as is whether to subdivide at all.

The subdivision of the overall measuring task serves the goal of simplification of the evaluation of uncertainty.
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3.6

target uncertainty

Ur

(for a measurement or calibration) uncertainty determined as the optimum for the measuring task

NOTE 1 Target uncertainty is the result of a management decision involving e.g. design, manufacturing, quality
assurance, service, marketing, sales and distribution.

NOTE 2  Target uncertainty is determined (optimized) taking into account the specification [tolerance or maximum
permissible error (MPE)], the process capability, cost, criticality and the requirements of ISO 9001, ISO 9004 and
ISO 14253-1.

NOTE 3 See also 8.8.

3.7

required uncertainty of measurement

Ur

uncertainty required for a given measurement process and task

NOTE See also 6.2. The required uncertainty may be specified by, for example, a-customer.
3.8

undertainty management
prog¢ess of deriving an adequate measurement procedure from the-measuring task and the targeff uncertainty
by Using uncertainty budgeting techniques

3.9
uncertainty budget
(for|la measurement or calibration) statement summarizing the estimation of the uncertainty compgonents that
confributes to the uncertainty of a result of a measurément

NOTE 1 The uncertainty of the result of the measurement is unambiguous only when the measuremept procedure
(inclpding the measurement object, measurand, measurement method and conditions) is defined.

NOTE 2  The term “budget”’ is used forthe' assignment of numerical values to the uncertainty components and their
compination and expansion, based on the méasurement procedure, measurement conditions and assumptions.

3.1(
uncertainty component
XX
soufce of uncertainty of measurement for a measuring process

3.11
limit value (variation limit) for an uncertainty component
axx
absplute yalue of the extreme value(s) of the uncertainty component, xx

3.12
uncertainty component

uxx

standard uncertainty of the uncertainty component, xx

NOTE The iteration method uses the designation u,, for all uncertainty components.

3.13
influence quantity of a measurement instrument
characteristic of a measuring instrument that affects the result of a measurement performed by the instrument

3.14

influence quantity of a workpiece
characteristic of a workpiece that affects the result of a measurement performed on that workpiece

© 1SO 2011 — All rights reserved 3
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4 Symbols

For the purposes of this document, the generic symbols given in Table 1 apply.

Table 1 — Generic symbols

Symbol/
abbreviated Description
term

a limit value for a distribution

a., limit value for an error or uncertainty component (in the unit of the measurement result, of the measurand)
a* . limit value for an error or uncertainty component (in the unit of the influence quantity)
a linear coefficient of thermal expansion

b coefficient for transformation of a . to u,

C correction (value)

d resolution of a measurement equipment

E Young's modulus

ER error (value of a measurement)

G function of several measurement values [G(X, X5, .... X, ...)]

h hysteresis value

coverage factor

m number of standard deviations in the half of a confidence interval

MR measurement result (value)

n number of ...

N number of iterations

v Poisson's number

P number of total uncorrelated uncertainty components

number of total correlated uncertainty components

Yo correlation coefficient

t safety factor calculated based)on the Student ¢ distribution

TV true value of a measurement

u, u; standard uncertainty-(standard deviation)

s, standard deviation.of a sample

Sz standard deviation of a mean value of a sample

U combinedystandard uncertainty

U, standard deviation of uncertainty component xx — uncertainty component
U expanded uncertainty of measurement

Up troe—uncertainty-of measurement

Ue conventional true uncertainty of measurement

U approximated uncertainty of measurement (number of iteration not stated)
Uey approximated uncertainty of measurement of iteration number ¥

Ur required uncertainty

Usr target uncertainty

Uy uncertainty value (not estimated according to GUM or this part of ISO 14253)
X measurement result (uncorrected)

X; measurement result (in the transparent box model of uncertainty estimation)
Y measurement result (corrected)
4 © 1S0O 2011 — All rights reserved
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Concept of the iterative GUM method for estimation of uncertainty

of measurement

By applying the GUM method completely, a conventional true uncertainty of measurement, U, can be found.

The simplified, iterative method described in this part of ISO 14253 sets out to achieve estimated uncertainties
of measurements, Ug, by overestimating the influencing uncertainty components (Ug > Ug). The process of
overestimating provides “worst-case contributions” at the upper bound from each known or predictable
uncertainty component, thus ensuring results of estimations “on the safe side”, i.e. not underestimating the
uncertainty of measurement. The method is based on the following:

all uncertainty components are identified;
it is decided which of the possible corrections shall be made (see 8.4.6);

the influence on the uncertainty of the measurement result from each component is eva
standard uncertainty u__, called the uncertainty component;

xx?

an iteration process, PUMA (see Clause 6) is undertaken;

the evaluation of each of the uncertainty components (standard uncertainties) u, . can take pla
a Type A evaluation or by a Type B evaluation;

Type B evaluation is preferred — if possible — in the firstdtération in order to get a rough
estimate to establish an overview and to save cost;

the total effect of all components (called the combined-standard uncertainty) is calculated by E

Ue = \/M)g»] +u§2 +M§3 +...+M§n

Equation (1) is only valid for a black box "'model of the uncertainty estimation and when the
u, are all uncorrelated (for more detdils and other equations, see 8.6 and 8.7);

for simplification, the only correlation coefficients between components considered are
p=1,-1,0

If the uncertainty eomponents are not known to be uncorrelated, full correlation is assumed,

or p=-1. Correlated components are added arithmetically before put into the formula abo

and 8.6);

the expanded uncertainty U is calculated by Equation (3):

U=kxXug

uated as a

ce either by

uncertainty

quation (1):

(1)

omponents

()

either p=1
ve (see 8.5

@)

where k = 2; k is the coverage factor (see also 8.8).

The simplified, iterative method normally will consist of at least two iterations of estimating the components of
uncertainty:

a)

b)

the first very rough, quick and cheap iteration has the purpose of identifying the largest components of

uncertainty (see Figure 1);

the following iterations — if any — only deal with making more accurate “upper bound” estimates of the

largest components to lower the estimate of the uncertainty (x, and U) to a possible
magnitude.

© 1SO 2011 — All rights reserved
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The simplified and iterative method may be used for two purposes:

1)

management of the uncertainty of measurement for a result of a given measurement process (can be

used for the results from a known measuring process or for comparison of two or more of such results) —

s, i.e. Ug < U, see 6.3.

see 6.2;
2)

proces
6 Proce
6.1

General

dure for Uncertainty MAnagement — PUMA

uncertainty management for a measuring process. For the development of an adequate measuring

The prerequisite for uncertainty budgeting and management is a clearly identified and defined-measuring tpsk,

i.e. the med

GPS meas

value accof

the GPS m

GPS stand
standards 3
or conventi
(see ISO/IE
“reference (¢

Deviations
contributing

6.2 Unc

to the uncertainty of measurement.

4.11).

surand to be quantified (a GPS characteristic of a workpiece or a metrological €haracteristic
Liring equipment). The uncertainty of measurement is a measure of the quality’of the measlired
ing to the definitions of a GPS characteristic of the workpiece or a metrological characterist
asuring equipment given in GPS standards.

ards define the “conventional true values” of the characteristics 0. be measured by chain
nd global standards (see ISO/TR 14638). GPS standards in many cases also define the ided
bnal true — principle of measurement (see ISO/IEC Guide 9912007, 2.4), method of measurement
C Guide 99:2007, 2.5), measurement procedure (see ISQ/IEC Guide 99:2007, 2.6) and stanglard
onditions” (see ISO/IEC Guide 99:2007,

rom the standardized conventional true values of thecharacteristics, etc. (the ideal operator

of a

c of

5 of
| —

are

rtainty management for a given measurement process

Management of the uncertainty of measurementfor a given measuring task (box 1 of Figure 1) and fo

existing m

[ an

surement process is illustrated in"Figure 1. The principle of measurement (box 3), measurement
method (bokx 4), measurement procedure (box5) and measurement conditions (box 6) are fixed and giveh or

decided in this case, and cannot be changed. The only task is to evaluate the consequence on the uncertginty
of measurement. A required Ug may bé given or decided.
Using the [terative GUM method, jthe first iteration is only for orientation, and to look for the domipant
uncertainty [components. The.oenly thing to do — in the management process in this case — is to refingl the
estimation ¢f the dominant.ecmponents to come closer to a true estimate of the uncertainty components thus
avoiding an|excessive overestimate — if necessary.
Given measurement
1 process
[ ol
| _| Measurement _|
method
! ! 1L hurlg t O\
2 | 3 5 ||____7____?____9____m 11
) . Assumptions, . - Change of Final
Measuring Principle of Measurement | | Uncertainty Uncertainty Ny <
1 task given measurement | || procedure [] | knog{zdge, | modeling [ components [ Yen=kxu l‘;ﬁg Ezzzi’f umlcaesra?'enrge?‘ft
| | _
| Measurement | 12
| conditions _l Change:
6 Assumptions and/or
|_ ________ J modelling and/or
improve knowledge

Figure 1 — Uncertainty management for a measurement result from a given measurement process

© 1S0O 2011 — All rights reserved
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The procedure is as follows.

a)

b)

c)

d)

¢)]

6.3

Make a first iteration based preferably on a black box model of the uncertainty estimation process and set
up a preliminary uncertainty budget (boxes 7 to 9) leading to the first rough estimate of the expanded
uncertainty, Ugq (box 10). For details about uncertainty estimation, see Clause 9. All estimates of
uncertainties Ug,, are performed as upper bound estimates.

Compare the first estimated uncertainty, Ug4, with the required uncertainty Ug (box A) for the actual

measuring task.

1)

If Ug4 is acceptable (i.e. if Uz4 < Ug), then the uncertainty budget of the first iteration has

proven that

process/procedure

the given measurement procedure is adequate for the measuring task (box 11).
2) If Ug, is not acceptable (i.e. if Ug4 > Ug) or if there is no required uncertainty, but)a-lowe
true value is desired, the iteration process continues.

Before the new iteration, analyse the relative magnitude of the uncertainty compohents. In ma
few uncertainty components dominate the combined standard uncertainty and>expanded unce

Change the assumptions or improve the knowledge about the uncertainty components to m
accurate (see ISO/IEC Guide 99:2007, 2.13) upper bound estimation of the largest (dominant
components (box 12).

Change to a more detailed model of the uncertainty estimation process or a higher resol
measuring process (box 12).

r and more

ny cases, a
rtainty.

pke a more
uncertainty

ition of the

Make the second iteration of the uncertainty budget (boxes 7 to 9) leading to the second, lowgr and more

accurate (see ISO/IEC Guide 99:2007, 2.13) upper.bound estimate of the uncertainty of mg
Ug, (box 10).

Compare the second estimated uncertajnty’ Ug, (box A) with uncertainty required Uy fof
measuring task.

1) If Ug, is acceptable (i.e. if Ug; < Ug), then the uncertainty budget of the second iteration
that the given measurement procedure is adequate to the measuring task (box 11).

asurement,

the actual

has proven

2)
true value is desired, then a third (and possibly more) iteration(s) is (are) needed.
analysis of the \uncertainty components [additional changes of assumptions, impro
knowledge, changes in modelling, etc. (box 12)] and concentrate on the currently largest
components;

When all_possibilities have been used for making more accurate (lower) upper bound esti

measuring’ uncertainties without coming to an acceptable measuring uncertainty Ugy < Uy

proven:that it is not possible to fulfil the given requirement Ug.

If Ug, is not acceptable (i.e. if Ug, > Ug), or if there is no required uncertainty, but a low¢

Repeat the

uncertainty

ates of the
, then it is

Uncertainty management in this case is performed to develop an adequate measurement procedure
[measurement of the geometrical characteristics of a workpiece or the metrological characteristics of a
measuring equipment (calibration)]. Uncertainty management is performed on the basis of a defined
measuring task (box 1 in Figure 2) and a given target uncertainty, Uy (box 2). Definitions of the measuring
task and target uncertainty are company policy decisions to be made at a sufficiently high management level.
An adequate measurement procedure is a procedure which results in an estimated uncertainty of
measurement less than or equal to the target uncertainty. If the estimated uncertainty of measurement is
much less than the target uncertainty, the measurement procedure may not be (economically) optimal for
performing the measuring task (i.e. the measurement process is too costly).
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The PUMA, based on a given measuring task (box 1) and a given target uncertainty Uy (box 2), includes the
following (see Figure 2).

a)

b)

f)

k)

Choose the principle of measurement (box 3) on the basis of experience and possible measurement
instruments present in the company.

Set up and document a preliminary method of measurement (box 4), measurement procedure (box 5)
and measurement conditions (box 6) on the basis of experience and known possibilities in the company.

Make a first iteration based preferably on a black box model of the uncertainty estimation process and set
up a preliminary uncertainty budget (boxes 7 to 9) leading to the first rough estimate of the expanded
uncertdinty, Ug; (DOX 10). For detalls about uncertamty estmation, see Clause 9. Al estimated of
uncertainties Ug, are performed as upper bound estimates.

Compdre the first estimated uncertainty, Ug,, with the given target uncertainty, Uy (box A).

1) If Ug4 is acceptable (i.e. if Ugq < Uy), then the uncertainty budget of the first iteration,has proven|that
th¢ measurement procedure is adequate for the measuring task (box 11).

2) If Ugq4 << Ut , then the measurement procedure is technically acceptable, but a possibility may exist
to|change the method or the procedure (box 13), or both, in order to miake the measuring progess
mgre cost effective while increasing the uncertainty. A new iteration iS.then needed to estimate] the
regulting measurement uncertainty, Ug, (box 10).

3) If {gq is not acceptable (i.e. if Ugq > Ut), the iteration process/continues, or it is concluded that no
adequate measurement procedure is possible.

Before|the new iteration, analyse the relative magnitude of the uncertainty components. In many casgs, a
few ungertainty components predominate the combined standard uncertainty and expanded uncertainty.

If Ugqp Uy, then change the assumptions or the\modelling or increase the knowledge about|the
uncertginty components (box 12) to make a more accurate (see ISO/IEC Guide 99:2007, 2.13) upper
bound pstimation of the largest (dominant) uncertainty components.

Make the second iteration of the uncertainty*budget (boxes 7 to 9) leading to the second, lower and more
accuraje (see ISO/IEC Guide 99:2007,°2.13) upper bound estimate of the uncertainty of measurenient,
UE2 (b(l)X 10)

Compdre the second estimated uncertainty Ug, with the given target uncertainty, Uy (box A).

1) If Ug, is acceptable (i:e-if Uz, < Ug), then the uncertainty budget of the second iteration has prgven
that the measurementprocedure is adequate for the measuring task (box 11).

2) If Ug, is not ateeptable (i.e. if Ug, > Ut), then a third (and possibly more) iteration(s) is (are) neefled.
Rgpeat thetanalysis of the uncertainty components [additional changes of assumptions, modejling
and increase in knowledge (box 12)] and concentrate on the currently largest uncertginty
components.

When all possibilities have been used for making more accurate (lower) upper bound estimates of the
measuring uncertainties without coming to an acceptable measuring uncertainty Ug, < U, then it is
necessary to change the measurement method or the measurement procedure or the conditions of
measurement (box 13) to (possibly) bring down the magnitude of the estimated uncertainty, Ug,. The
iteration procedure starts again with a first iteration.

If changes in the measurement method or the measurement procedure or conditions (box 13) do not lead
to an acceptable uncertainty of measurement, it is possible to change the principle of measurement
(box 14) and start the above-mentioned procedure again.

If changing the measuring principle and the related iterations described above still does not lead to an

acceptable uncertainty of measurement, the ultimate possibility is to change the measuring task or target
uncertainty (box 15), or both, and to start the above-mentioned procedure again.
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If changing the measuring task or target uncertainty is not possible, it has been demonstrated that no
adequate measurement procedure exists (box 16).
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Procedure for Uncertainty of Measurement MAnagement (PUMA)

Figure 2

for a measurement process/procedure
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7 Sources of errors and uncertainty of measurement

7.1 Types of errors

Different types of errors regularly show up in measurement results:

— systematic errors;

— random errors;

—  drift;

— outlierd.

All errors a

be charactg

re by nature systematic. When errors are perceived as non-systematic, it is eitherbeCause
reason for the error is not looked for or because the level of resolution is not sufficient. Systematic errors
rized by size and sign (+ or -).

the
may

jom

ER=MR-TV
where
ER ig the error;
MR i§ the measurement result;
TV g the true value.
Random erfors are systematic errors caused by non-controlléd -random influence quantities. Random efrors
may be characterized by the standard deviation and the type of distribution. The mean value of the ran
errors is often considered as a basis for the evaluation ofthe systematic error (see Figure 3).
Yi
-
1 -
* e
//
//
-
//
//
//
//
2
‘l //////////
* 1
=
X
Key
X measured value 1 outlier
Y time 2  dispersion 1
3  dispersion 2
4  systematic error 1
5  systematic error 2
6  true value
Figure 3 — Types of errors in measurement results
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Drift is caused by a systematic influence of non-controlled influence quantities. Drift is often a time effect or a

wea

r effect. Drift may be characterized by change per unit time or per amount of use.

Outliers are caused by non-repeatable incidents in the measurement. Noise — electrical or mechanical —
may result in outliers. A frequent reason for outliers is human error, i.e. mistakes as reading and writing or
wrong handling of measuring equipment. Outliers are impossible to characterize in advance.

Errors or uncertainties in a measuring process will be a mix of known and unknown errors from a number of
sources or error components.

The

sources or components are not the same in each case, and the sum of the components is not

he same.

Itis
ten

In th

What is often difficult is that each of the components may act individually on thevmeasurement r

mar
Figu
wayf
con

Inu

still possible to take a systematic approach. There are always several sources or a combined
Hifferent ones indicated in Figure 4.

e following subclauses, examples and further details about each of the ten components are gi

y cases, they even interfere with each other and cause additional errors and uncertainty.

re 4 and the following non-exhaustive lists (see 7.2 to 7.11) shall betused for getting ideas in &
when making uncertainty budgets. In each case, in order to‘evaluate the actual erron
ponent, it is necessary to have knowledge about physics or expetience in metrology, or both.

ncertainty budgets, the uncertainty components may be grouped for convenience.

ference
element of
measurement
equipment

Uncertainty
of the
measured
characteristic

Physical
constants.

Measuring
procedure

Definition
of the
characteristic

Measurement
equipment

Measurement
setup

Measuring
object

Software
Metrologist and
calculations

ffect of the

en.

psult. But in

systematic
uncertainty

Figure 4 — Uncertainty components in measurement
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7.2 Environment for the measurement

In most cases — especially in GPS measurements — the temperature is the main uncertainty component of

the environment. Other uncertainty components may be:

7.3 Refe

The measu
pays to look

Temperature: absolute temperature, time
variance, spatial gradient

Vibration/noise

Humidity

Gravity
Electromagnetic interference
Transients in the power supply

Pressured air (e.g. air bearings)

Contanhination
IIIuminItion
Ambient pressure
Air conpposition

Air flow

Stabilit
Scale mark quality

Tempefature expansion coefficient

Physical principle: line scale, optical digital scale,
magnetic digital scale, spindle, rack & pinion,

interferometer

7.4 Measurement equipment

The “rest of

12

Interpretation system

Magnification, electrical or' mechanical
Error wavelength

Zero-point stability.

Force gtability/absolute force

Hyster(fsis

the equipment” includes the-following items.

Heat radiation
Workpiece
Scale

Instrument thermal equilibrium

rence element of measurement equipment

ring equipment is divided into “reference element” and the “rest of the equipment”, and it @
at the equipment that way. The “reference element” includes the following items.

CCD technigues

Uncertainty of the calibration

ften

Resolution of the main scale (analogue or digital)

Time since last calibration

Wavelength error

Reading system

Linear coefficient for thermal expansion
Temperature stability/sensitivity
Parallaxes

Time since last calibration

Response characteristic

Guides/slideways
Probe system
Geometrical imperfections

Stiffness/rigidity

Interpolation system, error wavelength
Interpolation resolution

Digitization
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7.5 Measurement set-up (excluding the placement and clamping of the workpiece)

In many cases, there is no set-up; the measurement equipment can measure “alone”.

— Cosine errors and sine errors
— Abbe principle

— Temperature sensitivity

— Stiffness/Rigidity

Form deviation of tip
Stiffness of the probe system
Optical aperture

Interaction between workpiece and set-up

Warming-up

roroTore

7.6| Software and calculations

Obgerve that even the number of digits or decimals can have an influence.

— |Rounding/Quantification

— |Algorithms

— |Implementation of algorithms

— |Number of significant digits in the computation

— |Sampling

7.7 Metrologist

g

Filtering
Correction of alggrithm/Certification of algorithm
Interpolation/Extrapolation

Outlier handling

The| human being is not stable; there is a difference from day to day and often a rather large chainge during

the pday.

— |Education — Knowledge (precision, appreciation)
— |Experience — Honesty

I Training — Dedication

Physical disadvantages/Ability

7.8] Measurement object, workpiece or measuring instrument characteristic
Thelfollowing factors can affect the outcome.

— |Surface roughness — Magnetism

— |Form déviations — Hygroscopic characteristic of the matefial
— |E-modulus (Young's modulus) — Ageing

Stffnacce bhavand £ mnd. .!. o

Claanlinacc
oToamress

Ot TC oo OT y O = T ToTuTosS

— Temperature expansion coefficient — Temperature

— Conductivity — Internal stress

—  Weight — Creep characteristics

— Size — Workpiece distortion due to clamping
— Shape — Orientation
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7.9 Definition of the GPS characteristic, workpiece or measuring instrument characteristic

The following are used in the definition.

— Datum — 1S0O 4288

— Reference system — Chain link 3 and 4 deviations (ISO/TR 14638)
— Degrees of freedom — Distance

— Toleranced feature — Angle

7.10 Measuring procedure

The procedpre is affected by the following.

— Conditipning — Number of operators

— Numbdr of measurements — Strategy

— Order ¢f measurements — Clamping

— Duratign of measurements — Fixturing

— Choice|of principle of measurement — Number of points

— Alignmgnt — Probing principle and strategy
— Choice|of reference — reference item (standard) — Alignment.of probing system

and value — relative to the measured value — Drift cieck

— Choicel|of apparatus
— Reversal measurements

— Choi f metrologist . .
olce|of metrologls —“"Multiple redundancy, error separation

7.11 Physical constants and conversion factors
Knowledge| of the correct physical values “of, for example, material properties (workpiece, measuring

instrument, [ambient air, etc.) is important.

8 Toolg for the estimation of uncertainty components, standard uncertainty
and expanded uncertainty

8.1 Estimation of uncertainty components

Estimation jof uncertainty components can be done in two different ways: Type A evaluation and Type B
evaluation.

Type A evaluation Is evaluation of uncertainty components, u
evaluation of uncertainty components, u

xx?

' USINg statistical means. Type B evaluation is
by any other means than statistical.

Type A evaluation will in most cases result in more accurate estimates of uncertainty components than
Type B evaluation. In many cases, Type B evaluation will result in sufficiently accurate estimations of
uncertainty components.

Therefore, a Type B evaluation shall be chosen in the iterative method, when it is not absolutely necessary to
evaluate uncertainty by using Type A evaluation. In a number of cases, no other possibilities exist than to use
a Type A evaluation. See “standard cases” for evaluation of uncertainty components in 8.4.

NOTE The iteration method uses the designation u,, for all uncertainty components.
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Type A evaluation of the uncertainty component, u
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Type A evaluation for uncertainty components
General

xx’

needs data from repeated measurements. The standard

deviation of the distribution or the standard deviation of the mean value may be calculated using the formulas

in 8.

2.2.

8.2.2 Statistical tools

Reg
equ

When the mean value or the standard deviation-is*based on very few repeated measurements th

stan

The)
(mu
mea

The)
unc
conf

| - —statisticat-distribation fotiow! et o

ations:

The mean value of a number, n, of measurement“results
estimate of the true value of the mean u of the distribution.

measurement values. s, is an estimate of the standard devi
distribution o .

The standard deviation.of the mean value s; of the sample
the standard deviation ‘of the sample divided by the square
number of measurements ».

dard deviation values may be wrong, and:possibly too small. For this reason, a “safety” factor 1

safety factor ¢ is calculated based-en-the Student ¢ distribution. The standard deviation of th
tiplied by the safety factor ¢ as apprepriate) is used in the uncertainty budget as the value for u
surement result is obtained using ‘single readings of the component concerned.

xx =Sxn X1

u
standard deviation -of the mean value sy is the value used for the standard uncertainty
brtainty budget-when the measurement result is obtained using the mean of several read
ponent concerned.

Sx,n

n

Uy TS5 XT [sx’n

ned by the

X, X is an

The standard deviation of the distribution of the sample lpased on »n

ation of the

is equal to
root of the

e estimated
is used.

e sample s,
» When the
(4)

u, in the

ings of the

®)

8.3

8.3.1

Type B evaluation for uncertainty components

General

The evaluation of standard deviations by any means other than statistical is most often limited to previous
experiences or by simply “guessing” what might be the standard deviation.

Experience shows that human beings do not “understand” or are not able to estimate standard deviations
directly.

©1S0O 2011 - All rights reserved
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Experience shows that human beings remember limit values for variation (error limit values) or are able to
develop such by using logical arguments and physical laws. In many cases, specifications are known as limit
values. This can be developed into a systematic method to derive standard deviations from limit values.

8.3.2 Transformation tools for error limits

Given a limit of variation, a. For all (limited) distributions, there is a certain ratio between the standard
deviation (defined by the same formula valid for all distributions, see 8.2.2) and the limit value, a. Then, if the
limit value, a, is known and the type of distribution is known, it is possible to calculate the standard deviation.
The limit value designation is chosen as —a and +a (only symmetrical distributions):

Uy =4
Experience

limits of var

In Figure 5
uncertainty
standard dg

x b

shows that in most cases it is sufficient to use only three types of distribution for_transforn
ation into standard deviation.

these three types of distribution are given with the formula for transforming from limit valu
component u, . (standard uncertainty). The Gaussian distribution is not limited. Two times
viation (2s) is used as the limit value for the Gaussian distribution. By experience, it is known

a human bging remembers the 2s value as the limit value for Gaussian distributéd)data. The 5 value for

(6)

ning

e to
the
that
the

three types|of distribution shown in Figure 5 is:
— Gaussipn distribution: b=0,5
— rectangular distribution: b=0,6
— U-distripution: b=0,7
Gaussipn distribution: » = 0,5
Uy = —f ~0,6xa
4 < -
-a 0 +a
Rectangular distribution: b = 0;6
u. =4 ~0,58xa~0.6%a
XX \/g ’ ’ <% B
-a 0 +a
U-distributiofi>d = 0,7 \ /
uxxzﬁzo,ﬂxazO,?xa - NS -
-a 0 +a

Figure 5 — The three types of distribution used for transforming limits of variation, a,

16

into uncertainty components, u,  (standard uncertainties)
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Type B evaluation of the uncertainty component needs a reasonable “guess” or knowledge about the limit
value, a. To be sure it is an overestimation make a high, but not too high, guess of the limit value to determine
the a value. The next step is to make an assumption about the distribution. In many cases, the type of
distribution is known or is obvious. If not, make a conservative assumption. If the distribution is not known to
be Gaussian, then choose a rectangular or U-distribution. If the type of distribution is not known to be
rectangular, then choose a U-distribution. The U-distribution is the most conservative assumption.

One way to make reasonable estimates of standard uncertainties — for influence quantities — without using
statistical methods is by experience or by using physical laws to set up variation limits for a component and
then transform these limit values to standard uncertainties by an assumed distribution type for the actual
error/uncertainty component.

8.4 Common Type A and B evaluation examples

8.4.1 General

In tmis clause, some examples of common uncertainty components will be discussed. Examples will be given
on how to derive the uncertainty component u . The examples are not exhaustive for the problems arising in
GP$ measurement and calibration.

8.4.2 Experiment or limit value as basis for evaluation of the same uncertainty component

Data from repeated measurements give the possibility of usinga)Type A evaluation as well ap a Type B
evaluation of the resulting uncertainty component.

Datd can be used to calculate the standard deviation (uncertainty component) using the formufas given in
8.2.P (Type A evaluation).

Thel same measured data may also be used in a.Type B evaluation of the same uncertainty component only
usirlg the extreme values in the data-set as limit values (a values) around a mean. The uncertaintylcomponent
is then calculated using the formulas in Figure 5.

8.4.3 Repeatability

In epery uncertainty budget, repeatability is involved at least one time. In most cases, repeatability |can only be
evaluated by an experiment (Type A evaluation). The uncertainty component is derived using the formulas for
s and s¢ givenin 8.2.2.

Thel| repeatability-based\uncertainty component may be less than the uncertainty component deriied from the

resglution of the measurement equipment reading. In this case, the latter shall be used insfead of the
repeatability (see(8.4.4).

8.4.4 Resolution and rounding

Thel resolution of a measuring equipment (analogue or digital) or the step in last digit/decimal of & measured
value_at rounded measured value whichever is the Inrgpqt is r‘mming an ||nr~prfninfy r‘nmlnnnpnt'

d

xx:2><\/§

where d is the resolution or the step in the last digit or decimal. The uncertainty component is equal to the
component from a rectangular distribution with limit value a = 0,5 x d.

u

z%x0,6z0,3><d (7)

When the repeatability uncertainty component is derived from experimental data, the effect from resolution,
etc., is included if the repeatability uncertainty component is greater than the component based on resolution,
etc.

An example is given in Annex C.
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8.4.5 Maximum permissible error (MPE) of a measuring equipment

When a measuring equipment or measuring standard is known to conform to stated MPE values for each of
the metrological characteristics, these MPE values can be used to derive the related uncertainty components:

u,. =MPExb

(8)

where b is chosen according to the rules given in 8.3.2 and the distribution assumed. When calibration data
exist for one measuring equipment or for a larger number of identical pieces of equipment, it is often possible
to use these data to find the type of distribution or even in rare cases to evaluate the uncertainty component

directly — g

s a Type A evaluation — by the equations shown in 8.2 2

8.4.6 Cor

Errors (ER)
added to th

C=-H
Even when

uncertainty
uncertainty

rections

for which a magnitude and sign (+ or —) are known, may be compensated for by.a,correctior
b measurement result:

R

a correction is made, an uncertainty component (uncertainty of the-Correction) remains.
component shall be less than the error/correction for the correction~to have a positive effec
of measurement.

It is the responsibility of the person making the uncertainty budget to decide if a known error shall be corre

for. The crit|

bria to correct for a known error or not are based on economy.

Drift may be treated and dealt with as a known error, which maybe corrected for.

8.4.7 Hys

Hysteresis,
around the
aTypeAe

where b is ¢

8.4.8

Measuremsgq

teresis

h, in the indication of a measuring equipment may be treated as a symmetrical error/uncerts
mean of the two indications forming the hysteresis. The uncertainty component may be derive
aluation if sufficient data are preséntor as a Type B evaluation where the uncertainty compo

L x b

hosen according to.the rules given in 8.3.2 and the distribution assumed.

Inflience quantities (temperature, measuring force, direction of measurement, etc.)

nts aresinfluenced by a number of influence quantities (see ISO/IEC Guide 99:2007, 2.52), w|

affect the npeasuring equipment or the object (e.g. component, measuring instrument, etc.) being measuy

or both. Co
of measure

mmon influence quantities in GPS measurements are temperature, measuring force and direg

1C1

(9)
This

t on

cted

inty
 as
hent

10)

hich
red,
tion

ent—The mfftuence s expresscd ma unitotherthan lengun je.g. U, N ald (aligie)] dnad shd

transformed by physical laws (equations) into length.

| be

Influence quantities are often known as a value or a range and the uncertainty of the before-mentioned value

or range is k

18

nown as a limit value.
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8.4.8.1 Temperature

Standard reference temperature for GPS and GPS measurements is 20 °C (see ISO 1). Influences from
temperature, which may be caused by absolute temperature as well as time and spatial temperature gradients,
result in linear expansion, bending, etc., of the measurement equipment, the measurement set-up and the
object being measured. The transformation from temperature to length is given by the linear expansion

equation:

AL=AT xaxL

(11)

where AT is the relevant temperature difference, « is the temperature expansion coefficient of the material and

L is|the effective length under consideration.

When temperature has an influence, several transformation equations from temperaturento’len
usefl together with other geometrical or physical equations to form the full description of)the influ
GP$ measurement result (length, form, etc.).

8.4.

Stamdard reference condition for GPS is zero measurement force. The_éffect on errors and un

leng
mea
con

The|
othe
(Yo

8.4.

The)
mea

The
equ

8.4.

Mea
tech

The)
mea
cha
unc
am

.2  Measuring force

th measurement by non-zero force is caused by elastic and in somé:cases also plastic deforn
surement equipment, the measurement set-up and the measuring object. Especially the e
act geometry between measuring equipment and measurement\object shall be investigated.

effect of measuring force may be quantified by experiments or by physical equations (Hertz fq
rs). The effect depends on the force, the direction of theiferce, geometry and material constant
ing's modulus), v (Poisson's number), etc.

B.3 Direction of measurement
direction of measurements shall be aceérding to the definition of the geometrical characte
surement object (see ISO/TR 14638).

effect of deviation from the defined-directions of measurement can be calculated from basic ti
htions and be subject to the directional effects of the other influencing quantities.

D Definition of the measurand

surands in GPS measurements are GPS characteristics of workpieces (often given as requ
nical drawings).-arnd metrological characteristics for measurement equipment and measuremer

se measurands are defined in GPS standards (see ISO/TR 14638 for an overview). In many
surement, _procedure is intentionally or by accident not in conformance with the defin
racteristic. In such cases, these deviations in measurement procedure will result in
eriainties in the measurement result. If the errors are known, correction is possible (see 8.4.6).

hth may be
ence on the

certainty of
ation of the
fect on the

rmulas and
s such as F

ristic of the

igonometric

rements on
t standards.

cases, the
tion of the
errors and
In practice,

pasurement procedure will always result in an uncertainty relative to the definition of the mea

surand (see

also 8.4.11).

8.4.10 Calibration certificates

Calibration certificates give measured values for metrological characteristics and the related uncertainty of
measurement. When the given calibrated value is used, the uncertainty component u_ is derived as follows.

The uncertainty is expressed as “expanded uncertainty”, U, with a stated “coverage factor”, &, according

to GUM:

u

XX

v
k
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Some calibration organizations have standardized a default value of k. In these cases, the “coverage
factor” is not stated on the certificate.

— The uncertainty is expressed as a value Uy, and a stated “level of confidence”, e.g. 95 % or 99 %:

L (13)

xx
m

where m is the number of standard deviations in the confidence interval corresponding to the stated level
of confidence.

Calibration |certificates sometimes only — or in addition — certify that the equipment fulfils a deflned
specification (a set of MPEs) given e.g. in a standard, manufacturer's data sheet, etc. In this case, the\nonjinal
MPE value|of the metrological characteristic shall be used and the uncertainty component derivéd, from|this
MPE value given in the specification according to 8.4.5.

8.4.11 Surface texture, form and other geometrical deviations of a measuring object

The surfacgs of a measuring object are in contact with the measuring equipmént during measurerient.
Depending jon the surface texture, form deviations and other geometrical deviations from nominal geometry,
the contaci geometry (stylus tip) of the measuring equipment will interactiwith the surface and c3quse
uncertainty components.

These components may be evaluated by experiments (Type A evaluation) or a Type B evaluation or partly by
experiment$ and partly by a Type B evaluation.

8.4.12 Phypsical constants

Physical copstants (e.g. temperature expansion coefficients; Young's modulus, Poisson's number, etc.) which
are part of [corrections for or transformation from the influence quantity error or evaluated uncertainties| are
often not krjown accurately, but are estimated.

They therefpre introduce additional uncertainty scomponents using the same transformation formulas as ysed
for influenc¢ quantities above. This evaluation can only be done as a Type B evaluation.

8.5 Black and transparent box-model of uncertainty estimation

The uncertginty of a measurement-process can be evaluated using different models or different levels of dgtail,
or both. The two extreme cases.are the black box method and the transparent box method.

In the black box method,/the total measurement process is modelled as a black box with unknown confent.
the
5hip

: k s hore
detailed uncertainty budget. This could either be based on several smaller black boxes or the behaviour of all
the details in the measurement process, the transparent box model of uncertainty estimation. The black box
may also be characterized as a low resolution method and the transparent box method as a high resolution
method/model.

In the black box model for uncertainty estimation, the input and output units are the same and the uncertainty
components are assumed to be additive, and the sum of the uncertainty components have the expectation
value zero. For the purposes of the black box model in this part of ISO 14253 and the PUMA method, all
influence quantities are transformed to the unit of the measurand. Therefore, in the black box model, the
sensitivity coefficients of the individual uncertainty component are equal to 1 (one).
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In the transparent box model for uncertainty estimation, these restrictions of the uncertainty components
(additive uncertainty components, input unit the same as output unit and sensitivity coefficient equal to 1) are
not valid.

8.6 Black box method of uncertainty estimation — Summing of uncertainty components
into combined standard uncertainty, u

In the black box method of uncertainty estimation, the result of the measurement is the reading corrected by
an eventually known correction:

A4 A al
T T

whs
cor

The)

whe

In tq

The
squ

The)

A c(
as s

8.7

re X is the reading of the measuring instrument and C=XC; is the sum of the correspond
ections known from e.g. calibration, temperature correction, deformation correction, etc.

combined standard uncertainty of measurement is given by Equation (15):

re
p is the number of uncorrelated uncertainty components;

u, is “the sum” of the strongly correlated (p=1 and"—1) uncertainty components, calcul
equation:

-
u,=2ui
1

where r is the number of strongly-Correlated uncertainty components.
tal, there are p + r uncertainty components in measurement of Y.

uncorrelated (p = 0) uncertainty components are to be added geometrically (the square root o
bres).

strongly correlatédiuncertainty components are to be added arithmetically.

nservative gstimate is to consider all uncertainty components which are known not to be fully
trongly correlated.

Transparent box method of uncertainty estimation — Summing of uncertainty

(14)

ng additive

(15)

hted by the

(16)

F the sum of

ncorrelated

con

nponents into combined standard uncertainty
A4 T

In the transparent box method of uncertainty estimation, the value of the measurand is modelled as a function
of several measured values X;, which themselves could be functions (transparent box models) or black box
models, or both:

Y =G(Xp, Xppory Xy X )

A pyr
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The combined standard uncertainty of measurement is given by the equation:

2
P
2 oY
U~ =, U, + —— X Uy; 18
o = ur 21[ X, XIJ (18)
where u, is the “sum” of the strongly correlated components of measuring uncertainty:
<4
= X . 19
U, Z;aX» Uy ( )
where
oYy . - . . . .
A is the partial differential coefficient of the function Y with respect to X;;
i
uy; ip the combined standard uncertainty of measurement of the number i measured value (functjon),
which is part of the transparent box method of uncertainty estimation forthe’measurement of Y.
uy; may bg the result (v, — combined standard uncertainty) of either a, black box (see 8.6) or andther
transparent|box method of uncertainty estimation.
The uncorr¢lated (p = 0) components of measuring uncertainty shall be added geometrically (the square Jroot
of the sum o¢f squares).
The strongly correlated components of uncertainty shall bexadded arithmetically (the number of stropgly
correlated djomponents of uncertainty is r).
A conservative estimate is to take as strongly correlated all components which are not known to be fully

uncorrelate

The numbe

In total, there have been p +r components of uncertainty in this transparent box method of uncertd

estimation
uncertainty

8.8 Eval
The expand
U=u,

Unless othg

.

[ of uncorrelated components of unicertainty is p.

pbf ¥, which again — each.of them — could be a combination of a number of component
of measurement.

hation of expanded uncertainty, U, from combined standard uncertainty, v
ed uncertainty, of measurement, U, in GPS measurements is calculated as:
xk =ug>2

rivise specified, the coverage factor £ = 2 in GPS measurements (see ISO 14253-1).

inty
5 of

20)

8.9 Natu

re of the uncertainty of measurement parameters u. and U

The uncertainty components and the combined uncertainty of measurement are, as shown, estimated as a
standard uncertainty u,, and u. respectively. In practical industrial GPS measurements, the uncertainty
components are a mix of constant and varying components with time constants covering several orders of
magnitude. The uncertainty of measurement includes all systematic errors, which are not corrected for,
regardless of the reason. It is impossible to correct for all systematic errors.

Therefore, in most cases, u., and U are not stochastic variables. They represent quasi-constant, but not known
errors. U and u,, shall, therefore, not be treated as standard deviations, but as constant (unknown) errors.
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9 Practical estimation of uncertainty — Uncertainty budgeting with PUMA

9.1 General

The use of the PUMA method and how to make uncertainty budgets and related documentation are given as
examples in Annex A.

This clause only gives the sequence in the documentation and procedure of estimating each of the
components of uncertainty to be put in an uncertainty budget.

9.2[ Preconditions for an uncertainty budget
Setling up an uncertainty budget is only possible when:

— |the measuring task is properly defined. The characteristic of the feature ofithe workplece or the
characteristic of the measurement equipment shall be defined and pointed~out as the tagk (box 1 in
Figure 2);

— |the measurement principle is properly defined and known, or at least’known initially as a draft (box 3 in
Figure 2);

— |the measurement method is properly defined and known, or-afileast known initially as a draft (box 4 in
Figure 2);

— |the measurement procedure is properly documented "and known, or at least known initially as a draft
(box 5 in Figure 2).

— The measurement procedure includes the-¢hoice of measurement equipment.

— The measurement procedure gives_ all the details of how the measuring equipment and the
workpiece are handled during measurement. The uncertainty budget is mirroring the agtivities and
steps in the procedure;

— |the measurement conditionstare defined and known, or at least known initially as a draft (box 6 in
Figure 2).

Obgerve that every measurement will include the three elements (1, 2 and 3) illustrated in Figure 6. The
uncertainty budget shall‘reflect the three elements:

— | determinationyof./a reference point (1 in Figure 6), often a zero point. In many cases, the zero|point of the
measurement equipment is set as an activity in the calibration procedure. Uncertainty is reJated to the
setting of the reference point or zero point;

— |determination of a measuring point (2 in Figure 6), the reading of the measurement equigment when
measuring the characteristic of the workpiece or measurement equipment. Uncertainty is related to the
reading itself depending on characteristics of the equipment and the measuring object;

— atravel of the measurement equipment (3 in Figure 6) from the reference point to the measurement point.
The error or uncertainty, or both, of this travel is known from the calibration of the equipment.

Each of the three elements is again and additionally influenced by the error sources given in Clause 7. The
influence from the error/uncertainty sources shall be systematically checked in the uncertainty budget.
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M~o
N~

Key

reference point

2 measuring point
travel of measuring equipment

a Uncertajnty range of reference point.
b Uncertajnty range of measuring point.

Figure 6 — Generic model of the three elements in a measurement

9.3 Stangdard procedure for uncertainty budgeting

9.3.1 The following procedure may be helpful for setting up and documenting an uncertainty budget, [first
iteration of {he PUMA method.

9.3.2 Define and document the overall measuring task (characteristic to be measured) and the bgsic
measuremgnt value [basic measurement result (see 9.2)] for which the uncertainty budget shall be set up.

9.3.3 Dogument the

— measufement principle,

— measufement method,

— measufement procedure, and
— measufement conditions.

If not fully known, choose and’/document the initial or assumed draft principle, draft method, draft procegure
and draft cpnditions in accerdance with the principle of overestimation of uncertainty components given in

Clause 5.

9.3.4 Make a graphical presentation of the measurement set-up(s). The figure(s) may be of helg for
understand|ng‘the uncertainty components present in the measurement.

9.3.5 Document the mathematical relations between measured values and the characteristics of the overall
measuring task.

The mathematical relation is normally not needed when the measuring task can be solved by a black box
method (see 8.6).

The mathematical relation is needed when the measuring task shall be solved by a transparent box method
(see 8.7).

9.3.6 Make an initial investigation and documentation of all possible uncertainty components. The result
and the documentation may be stated in a table as illustrated in Figure 7.
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The investigation is made in a systematic sequence using the three elements given in Figure 6, the potential
error sources given in Clause 7 and the already documented information of 9.3.2 and 9.3.3.

The subdivision of the uncertainty of measurement into uncertainty components should be done in a way that
does not include the same component more than once, but in many practical cases this is not possible. The
principle is most important for the dominant components in an uncertainty budget.

Designation Designation

(low resolution) | (high resolution) Name Comments (initial)
U, U, Name of xa Initial observations, information, comments and decisions
related to uncertainty component xa
Uy, Name of xb Initial observations, information, comments, and|decisions
related to uncertainty component xb
Uy Name of xc Initial observations, information, cgemnients and|decisions
related to uncertainty componentxc
Name of total xx Initial observations, informatioh, comments and|decisions
related to uncertainty component total xx
Uy, Uy Name of ya Initial observations,-information, comments and|decisions
related to uncertainty component ya
Uy Name of yb Initial observations, information, comments and|decisions
related todncertainty component yb
Name of total yy Initial 6bservations, information, comments and|decisions
relatedto uncertainty component total yy
u Name of zz Initial observations, information, comments and|decisions

4
related to uncertainty component zz

The| table in Figure 7 has two levels of resolution. These levels are useful in the initial phase ang
first PUMA iteration, where the modelling of the uncertainty is not yet established. Low resolution g
one| single black box as the model., High resolution gives the possibility of splitting the single blz
several smaller black boxes.

For

twollevels of resolution.

Useg the comments column in Figure 7 to sum up information, conditions and even initial decision

the

9.3.f Based on the information present and documented in Figure 7, investigate and estab
uncertainty modelling for the actual iteration step.

For

-

of an‘uncertainty budget

each uncertainty component, define and document mathematical designations and names (la

bctual uncertainty component. The comments column is a note pad.

igure 7 — Initial overview, designation, naming and commenting on the uncertainty conjponents

before the
ften means
ck box into

bels) on the

s related to

lish for the

each uncertainty component:

decide on the evaluation method, Type A or B evaluation (see 8.2 and 8.3);

document and argue for the evaluation of the uncertainty component value, the background, etc.;

in the case of a Type A evaluation, state the component value and the number of measu
which it is based;

rements on

in the case of a Type B evaluation, state the limit value a* (variation limit in the unit of the influence

quantity), a, the assumed distribution and the resulting uncertainty component value.
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9.3.8

components in accordance with Clause 5.

9.3.9

standard deviation, u. (see 8.6 and 8.7).

9.3.10 Derive the expanded uncertainty, U, where U =2 x u, (see 8.8).

Investigate, search for and document any possible correlation between the documented uncertainty

Choose the correct formulas depending on modelling and correlation and calculate the combined

9.3.11 Make a summary table containing all key information in the uncertainty budget (see example in
Figure 8). Investigate possible changes which may change the uncertainty estimate — to be ready for the next
iteration — if necessary now or later. Especially make an economical evaluation.

Variation Variation Distribution | Uncertainty
limit limit factor comp.
Component || Evaluation | Distribution Number of Correlation
name type type measurements a* u coefficient "
influence m b )r%C
units H H
[P

Vo A 10 0 N 1,60
Name of xa
Uy B Gaussian 1,90 1,90 0 0,5 0,95
Name of xb
KJX” B Rectangular 3,42 3,42 0 0,6 2,05

ame of xc

N
uy \
Name of ya A 15 K& 0 1.20
7

Uy
Name of yb A 15 \.\Q 0 0.60
Nza B u 10°C 1,57 0 0,7 1,10
Name of za
Uy 15°C
Name of zb B u el — 1.1 0,60 0 07 0,42
Combined stgndard uncertainty, u, 3,29
Expanded ungertainty (k= 2), U 6,58

Figu

10 Appli

cations

10.1 General

A normal u
component

ug = Ui

UMPEx +...+M|\2/|x +...+Z/l§x +...+M%x +"'+uEX +...

U=u,

26

I

are grouped depending on their origin:

re 8 — Example of a,summary table with all key information of an uncertainty budget

ceftainty budgeting for a GPS measurement may result in the following equation. The uncertd

inty

><k(k=2)

2

(21)

(22)
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groups of uncertainty components originate from, for example:

measurement equipment (or measurement standard) UMPE1» UMPE2s UMPE3: -+

environment Upm1, Up2s Upss -
personnel/staff g1, Ugp, Uz, -
measurement set-up Uoqs UQ2s UQ3s -+

measurement object (workpiece or measurement equipment) Us4, Uso, UEa, ...

Exp
whg
the

It ig
eco
unc

In the following subclauses, applications of uncertainty budgets and the PUMA method are giver

non

10.]

As (
the

10.

10.3

The)
by t

10.3

Thr
pro

definition of the characteristic of the object Upq, Upos Up3s -
measurement procedure Upq, Upo, Upg, .5
etc. Ugtexr

erience is that the different groups of uncertainty components in many cases do not influence

n the changes in one of the other groups are small. This means that the-equation can be used

nfluence from one or more of the groups on the uncertainty of measurement, absolute as well
possible to “transform” the uncertainty budget and the changes in one or more of the

nomical terms and effect, and thus use the uncertainty budgét'to evaluate the economical influ
brtainty components.

Ltexhaustive.

P Documentation and evaluation of the uncertainty value

emonstrated in many cases in this partlof ISO 14253, the uncertainty budget is able to give an
Lincertainty value for an existing measufement or calibration process.

8 Design and documentation of the measurement or calibration procedure

.1 Documentation and optimization of measurement and calibration processes

PUMA method gives’the opportunity to document and optimize a measurement or a calibrat
bking into accounttechnical or economical criteria, or both, when optimizing through a number

.2 Development of measurement procedures and instructions

bugh ‘parallel development of measurement procedures and uncertainty budgets, the PU
ides the opportunity to analyse the effect of every sub-procedure based on the effect on the

each other
to evaluate
hs relative.

groups into
ence of the

. The list is

estimate of

on process
of iterations.

MA method
uncertainty.

Thu

CHEZCN S total mmaaciie ralatad ina

ation
O CTOTT

- mant-oracadiira-—on H $
oaTr e asSurcTmeT T prott U ana e Toratc TSt

10.3.3 Development of calibration procedures and instructions

Through parallel development of calibration procedures and uncertainty budgets, the PUMA method provides
the opportunity to analyse the effect of every sub-procedure based on the effect on the uncertainty. Thus, the
total calibration procedure and the related instruction are developed and optimized.
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10.3.4 Qualification or disqualification of secondary measurement methods and equipment

In many cases, the ideal measuring method and measurement equipment — according to the definition of the
characteristic to be measured (GPS characteristic of a workpiece or metrological characteristic of
measurement equipment) — is too expensive or too slow, or both. Results of analysis of the measuring object
for form and angular deviations and investigation of the influence on the uncertainty budget give the possibility
of qualifying or disqualifying secondary measurement methods and equipment and cut costs, e.g. investigate
if a three-point measurement (secondary method) in a V-block may be a valid substitute for measurement of
roundness by variation in roundness (ideal method in accordance with the definition of roundness).

10.3.5 Qua

The influen
measuremg
taken as

requiremen

10.3.6 Demonstration of best measuring capability, BMC

The best n
company o
budget are

10.4 Desi

10.4.1 Desjign of the calibration hierarchy

The uncert

lification of . | set-

ce on the uncertainty of measurement from a specific measurement equipment, uypgy.,
nt set-up, ug,, can be seen from the uncertainty budget. All other uncertainty components
nvariable. When the resulting combined standard uncertainty fulfils the targét ,uncerts
, the equipment and the set-up are qualified for the measurement task.

neasuring capability (BMC) is the least possible uncertainty of measurement achievable
[ a laboratory for a specific measuring task. When all uncertainty_components in an uncertz
minimized, ug i, is the BMC for the task.

gn, optimization and documentation of the calibration hierarchy

hinty budget results in an equation which givesta functional relation between two levels in

and
are
inty

n a
inty

the

calibration lpierarchy in a company or in a calibration laberatory (see the example in Annex A and Figur¢ 9).

Use of the
with the un
other uncer
characterist

The same
minimum r¢q
can be useg
laboratory.

10.4.2 Requirements for,and qualification of measurement standards

The influen
can be see
resulting co
is qualified

PUMA method — with a stated “target uncertainty” — on representative shop-floor measureme
certainty components originating from the measurement equipment, uy,pg,, as variables — an

ics of the measurement equipment (see Figure 9).
procedure used on the calibration measurements of the measurement equipment will resu

quirements for the metrological characteristics of the measurements standards. The proce
d at all levels of the ealibration hierarchy and thus design the full hierarchy in a company

Le on thelucertainty of measurement in calibration from a specific measurement standard, u);

nts,
d all

ainty components as fixed values —fesults in minimum requirements (MPEs) for the metrological

It in
Hure
br a

PEx’
the

n from_the uncertainty budget. All other uncertainty components are taken as invariable. When
mbifned standard uncertainty fulfils the target uncertainty requirement, the measurement stan
orthe calibration task.

Tard
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10.4.3 Requirements for and qualification of external calibration certificates

The metrological characteristics of the reference standards in a company or laboratory result in uncertainty
components in the uncertainty budgets for calibration of the next lower level of the calibration hierarchy. The
reference standards are acting as “measurement equipment”’; the equipment at the next lower level is acting
as measurement object. Taking all other uncertainty components as invariable and the uncertainty
components from the reference standard, u),pg,, as variables, the requirements to the calibration certificates

can be derived from the formula:

N L S U N R (23)
Wh«lan the resulting combined standard uncertainty fulfils the target uncertainty requirement/\theg calibration
certficate is qualified.

10.4.4 Evaluation of the use of check standards

Chgck standards used in the workshop — in addition to calibration — may, 'be a way to dgcrease the
uncertainty of measurement. By substitution of the relevant uncertainty components in the originall uncertainty
budpet, based on the calibrated measurement equipment, and adding possible new uncertainty components,
the |effect of a check standard on the uncertainty of measurement can ‘be evaluated (see the [example in
Annex A).

10.9 Design and documentation of new measurement‘equipment

10.3.1 Specification for new measurement equipment

Thel uncertainty budget for a specific measuring task.can be set up with the uncertainty components from the
megsurement equipment, uy,pg,, a8s unknown varigbles and all other uncertainty components ag invariable.
Thel requirements for new measurement equipment, which does not exist yet in the company, car| be derived

from Equation (23).

10.5

The)
not
inva

10.
The)

bud
are

.2 Design of special measureméntequipment

uncertainty budget for a specific measuring task can be set up with the uncertainty compone
yet designed measurement_equipment as unknown variables and all other uncertainty com
riable. The design requirements for the new measurement equipment can be derived from Equ

5 Requirements.for and qualification of the environment

influence onthe uncertainty of measurement from the environment, )., can be seen from the
pet. All other uncertainty components are invariable. The uncertainty components from the ¢
faken as-variables. It is then possible to derive requirements for the environment from Equation

Wh

n_the resulting combined standard uncertainty fulfils the target uncertainty requirement, the ¢

nts from the
ponents as
ation (23).

uncertainty
nvironment
(23).

nvironment

H o 1L n) e L
IS qUaiTredTor tTe measuremnert [asK.

10.7 Requirements for and qualification of measurement personnel

The influence on the uncertainty of measurement from the personnel, ug,, can be seen from the uncertainty
budget. All other uncertainty components are invariable. The uncertainty components from the personnel are
taken as variables. It is then possible to derive requirements for the personnel from Equation (23).

When the resulting combined standard uncertainty fulfils the target uncertainty requirement, the personnel is
qualified for the measurement task.
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Figure 9 — Relationship between the uncertainty budget and the calibration level for the measurement

the measurement

in

t or measurement standard used

equipmen
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Annex A
(informative)

Example of uncertainty budgets — Calibration of a setting ring

WARNING — It shall be recognized that the following example is constructed to illustrate the PUMA
only. It only includes uncertainty components significant in the illustrated cases. For different target

uncertainties-and-apptications;otheruncertainty components-maybe-significant:

A1
This
proq

A.2

A.2

The)
defi

A.2

A ta

A.3

A3

Meq

A3

Differential, comparison of a & 100 mm reference standard and the “unknown” & 100 mm setting |

A3

Overview

example covers the estimation of uncertainty of measurement and qualification of a m
edure and measurement conditions for a measurement task using the PUMA method.

Task and target uncertainty

1 Measuring task

measuring task consists of calibrating a & 100 mm x5 mm setting ring, two-point diam
ned direction in the symmetry plane. The roundness in.the symmetry plane is 0,2 ym.

2 Target uncertainty

rget uncertainty (see 3.6) of 1,5 ym was chaosen.

Principle, method, procedure and condition

1 Measurement principle

hanical contact — Comparison with a known length (reference ring).

2 Measurement'method

3 Initial measurement procedure

pasurement

pter in one

ng.

Th

fu”uvvillg pluucu‘mc appiica.
The setting ring is measured on a horizontal measuring machine.
A reference ring (& 100 mm) is used.

The horizontal measuring machine is used as a comparator.
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A.3.4 Initial measurement conditions

The followin

g conditions apply.

— The horizontal measuring machine is within manufacturer's specification (see Table A.1).

— The dig

ital step in the readout display is 0,1 ym.

— The temperature in the laboratory is 20 °C + 1 °C.

— Thete

pnerature variation of the measurina machine over time is reaistered. to Q0 25 °C
= J J 7

— The temperature difference between setting ring and reference ring is less than 1 °C.

— The measuring machine and the rings are made of steel.

— The opgrator is trained and familiar with the use of the measuring machine.

A.4 Grap

hical illustration of measurement set-up

See Figure |A.1.

a  Symme

A.5 List

See Table A

AL SRS

ry plane.

Figure A.1 — Measurement set-up

and discussion of the uncertainty components

\. 1.
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Table A.1 — Overview and comments table for uncertainty components in diameter measurements

Designation | Designation
Name
. Comments
Lowl ngh. Uncertainty component
resolution resolution
Reference standard (ring) The uncertainty is stated for the & 100 mm diameter on the (accredited)
“Rs 9 calibration certificate as U = 0,8 um.
Error of indication The measuring machine is calibrated and is documented within the
Ugc of the measurina machine specifications (MPE values). The scale error is within: 0,6 ym + 4,5 ym/m
9 for a floating zero.
Alignment of measurin Stncethe Teference g —andthe Ting o be cattbrated—are pontacted the
Upp ansils 9 same way (as long as their diameters are within a reasonaljle range), the
parallelism error can be neglected.
URa i d 0,1um
Upp = ———=———~0,029um
Ugr Resolution RA 223 223 M
The largest of
Ugg A repeatability study has been conducted,”The limit of | the two is
Repeatabilit variation is found to be 0,7 pm. (This**corresponds to efual to upp.
P y 0,5 ym for measuring the master, ring and 0,5 uym for
measuring the gauge ring, when.squared together.)
The temperature differencebetween the master ring and the ring being
" Temperature difference calibrated is assumed to féllow a U-shaped distribution. It is fassumed that
™ between the two rings the two measurementS are so close together in time that the measuring
machine does not change temperature.
Difference in temperature The temperature is assumed to follow a U-shaped distribution. It is
Urp expansion coefficri)ents assumed that.the two measurements are so close together i time that the
P measuring.machine does not change temperature.
oo Roundness of setting ring Z:]rirroundness is measured as 0,2 ym. The ring has an efliptical shape
A.q First iteration
A.6l1 First iteration — Documentation and calculation of the uncertainty components
urg|— Reference standard (ring) Given in calibration certificate
Accprding to the calibration certificate (Certificate no. XPQ-23315-97), the expanded uncertainty of the
certlfied diameter of the reference ring is 0,8 um (coverage factor k = 2):
U 08pm
ugs =—=—22M _0 8umx0,5=0,4 um
k 2
ugc|— Error of indication of the horizontal measuring machine Type B|evaluation
The| MPE value of the error of indication curve (based on floating zero) is 0,6 um + 4,5 jum/m. The

measurement distance (difference in diameter) between the reference ring and the ring calibrated is very
small (<< 1 mm). Therefore:

agc =0,6 ym

For safety reasons, a rectangular distribution (b = 0,6) is assumed. This results in an uncertainty component

of:

ugc =0,6 um= 0,6 = 0,36 ym

©1S0O 2011 — All rights reserved
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upp — Alignment of measuring anvils

Type B evalua

tion

Since the reference ring and the setting ring to be calibrated are contacted the same way (as long as their
diameters are within a reasonable range), the parallelism error can be neglected.

urr — Repeatability/resolution

Type A evalua

tion

A repeatability study has been conducted on the difference of ring diameters. The limit of variation is found to

be 0,7 um. (This corresponds to 0,5 um for measuring the master ring and 0,5 um for measuring the ga

uge

ring, when s

Assuming t

URR =1

utp — Temperature difference between the two rings

The tempe
expansion

atp =

A U-distriby

urp =1
The maxim
to be less tli

aTp =

A U-distriby

UTA =

uro — Roundness of the setting ring

quared together.)
ne variation corresponds to 6 standard deviations, this gives an uncertainty component of:

)—'76“'“ ~0,12pm

Type B evalu

oefficient for the two rings is assumed equal to o= 1,1 um/(100 mm-k °C). This means:

Mm

———x1°Cx100 mm =11um
(100 mmx°C)

tion is assumed (b =0,7):
,Aumx0,7=0,77 um
rence in temperature expansion coefficients Type B evalua

Um deviation from 20 °C is 1 °C. The difference in temperature expansion coefficients is assu
an 10 %. Therefore:

1,1 um
100 mmx °C)

x1°Cx100mmx10% =0,11um
tion is assumed-(4=0,7):

D,11um x 0,7='0,08 um

Type B evalua

The form e

roris elliptical and the out of roundness is 0.2 ym. The diameter is defined and measured in

1
ature difference between the two rings is not seen to be greater. than 1 °C. The temper

ion

ure

tion

med

tion

one

specified direction in the ring. Therefore the roundness has no significant effect.

URO zOum

A.6.2 First iteration — Correlation between uncertainty components

It is estimated that no correlation occurs between the uncertainty components.
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A.6.3 First iteration — Combined and expanded uncertainty

When no correlation exists between the uncertainty components, the combined standard uncertainty is:

2 2 2 2 2 2 2
Ug = \/“RS +Ugc tupp tURR tUTD HUTA TURO

The values from A.6.1:

ug = \/(0,402 +0,362 +0%+0,12% +0,772 40,087 + 02 um?

ue =0,95um
Expgnded uncertainty:
U=usxk=095umxk =190pum
A.6l4 Summary of uncertainty budget — First iteration
Seg Table A.2.
Table A.2 — Summary of uncertainty budget (first iteration)
Uncer-
Variation | Variation Distributjon | tainty
Distri- Number limit limit factor compo-
Evaluation . of Correlation nent
Component name bution L.
type measure- coefficient
type *
ments a 4 u
influence m b FT;
units H H
ugs| Reference standard (ring) Cert. \»\C\)b 0 0,5 0,40
ugc| Error of indication of the B Rect. 0,6 um 0,6 0 0,6 0,36
measuring machine
upp | Alignment of measuring B Rect. 0 um 0 0 0,6 0
anvils
ugr| Repeatability/resolution A 6 0 0,12
urp | Temperature differerice B U 1°C 1,1 0 0,7 0,77
between the two rings
ura | Difference indtemperature B U 1°C 0,11 0 0,7 0,08
expansion-coéfficients
ugo| Roundness of setting ring B 0 um 0 0 0
Conpbinedistandard uncertainty, u, 0,95
Expandedunceramty (x = 2), U 1,90

A.6.5 First iteration — Discussion of the uncertainty budget

The criterion Ugq < Ut is not met. There is one dominant uncertainty component, utp, caused by the
temperature difference of 1 °C. It is not possible to make a smaller estimate up from the existing information.
The only solution is to change the measurement conditions. The temperature acclimatization shall be better,
which means more time for the acclimatization and probably a more efficient heat protection from body parts
of the operator during handling and measurement.
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Change (decrease) of other uncertainty components — other than the temperature related uncertainty
components — in the uncertainty budget will have nearly no effect on the combined standard deviation and

the expand

ed uncertainty.

A.6.6 Conclusion on the first iteration

The measurement procedure is qualified by the first iteration, but the measurement conditions need

improveme

The maxim

A.7 Secq

The tempe

A.8 Conc

In the seco
target unce

Ugo =1

By the seca

A.9 Comments — Summary of example

Through thi

measuremsg

Ugy <

After the fir

do. There is
target uncs
combined s
size of the

36

nt.

um temperature difference between the two rings shall not exceed 0,5 °C.

nd iteration

tlusion on the second iteration

nd iteration, the temperature difference is limited to 0,5 °C. Table A{3 gives the documentation
tainty criterion is met:

35um < Ut =1,5um

nd iteration, the measurement conditions are qualified}

nt conditions using the PUMA method-to fulfil a given target uncertainty criterion:

Ur

only one dominant uncertainty component. The temperature conditions shall be better to mee
rtainty criterion. It\is’ demonstrated how the individual uncertainty component influences
tandard uncertainty and expanded uncertainty after the first iteration. Depending on the relg
ncertainty camponents, a strategy for a decreasing of the uncertainty can be made.

ature conditions are changed from 1 °C to 0,5 °C in the formulas for urp and a4 (see A.§.
Documentation and calculation of the uncertainty components shall be changed accordingly.

the

5 example, it is demonstrated that it is'possible to qualify a measurement procedure and a s¢t of

5t iteration, where the target uncertainty criterion is not met, it is — in this case — obvious what to

the
the
tive
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Table A.3 — Summary of uncertainty budget (second iteration)

Distri- | Uncer
Variation | Variation bution tainty
| Distri- | Number limit limit ) compo-
Evaluatio . of Correlation |  factor nent
Component name bution _
n type measure- coefficient
type ments a*
. a u
influence m b %
units H M
uggs Reference standard (ring) Cert. 0 0,5 0,40
ugc _Error of_indicatiot_w of the B Reek 06 06 o 06 0,36
measuring machine
upp | Alignment of measuring anvils B Rect. 0 um 0 0 0,6 0
ugr| Repeatability/resolution A 6 0 l/ 0,12
urp | Temperature dlffe_rence B U 05°C 0.55 0 07 0,39
between the two rings
Urp D|fferepce in terpperature B U 05°C 0,06 0 07 0,04
expansion coefficients
ugo| Roundness of setting ring B 0 um (0] 0 0
Conpbined standard uncertainty, ug 0,67
Exppnded uncertainty (k= 2), U 1,35
NOTE The change in uncertainty components is indicated by thick lines.
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Annex B
(informative)

Example of uncertainty budgets — Design of a calibration hierarchy

WARNING — It shall be recognized that the following example has been constructed to illustrate the
PUMA only. It only includes uncertainty components significant in the illustrated cases. For different

target uncertainties—and-applications;other-tuncertainty components-maybe-significant:

B.1 Ovenview

This examg
metrologica

measu

calibrat

use of

Furthermor
metrologica
three levels
Il measu
measu

calibra
examp

| calibra
needeq

Use of a @
uncertainty

At level Il
maximum [
(error of ing

calibrafion requirements for measurement standards for calibration of an external micrometer;

le illustrates how the PUMA method may be used in industry to optimize and“plan in detail
| (calibration) hierarchy. The example includes:

ement of local diameter with external micrometer;

ion of an external micrometer;

check standard as a supplement to calibration.

b, it includes the estimation of uncertainty of meastitement and evaluation of the requirement
| characteristics at the lower three levels of the;traceability hierarchy shown in Figure B.1. Th
are:

rement of the local (two-point) diameter of a cylinder using an external micrometer.

rfement procedure is evaluated by the.RPUMA method and a given target uncertainty Uy (see B.2

ion of the metrological charagteristics (which influence the uncertainty of measurement in
e 1) of an external micrometer(see B.3, B.4 and B.5);

ion requirements (MPE, values) for the metrological characteristics of the calibration stand
for calibration of the-external micrometer (see B.6).

heck standard“as a supplement to calibration of the external micrometer is evaluated by
budget as avariant of the measurement of two-point diameter (see B.7).

the uncertainty of measurement for the two-point diameter measurement is evaluated.
ermissible errors (MPEs) of the metrological characteristics of the external micrometer [MP

the

5 for
ese

The
);

sub-
ards

the

The

EmL
are

taken as un

ication), MPEr (flatness of measuring anvils), and MPE;p (parallelism of measuring anvils)]

RowmT varrabtes: FromnT the furnction:

Ut = Uyp =/ (MPEy, , MPE,, MPE,,p, other uncertainty components)

the MPE values for the three metrological characteristics (MPE,, , MPE,,r, and MPE,;p) of the external
micrometer can be derived. At level Il, the uncertainty of measurement in calibration of the three metrological
characteristics (error of indication, flathess of measuring anvils and parallelism of measuring anvils) is
estimated. At level |, the MPE values for the metrological characteristics of the three measurement standards
are derived with the same technique used for the MPEs of the micrometer, but now taking the MPE values of
the three measurement standards as unknown variables.
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Figure B.1 — Calibration hierarchy for measurement of local diameter

and calibration of external micrometers
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The result of uncertainty budgeting on the three levels is the following:

— the MPE values for the external micrometer are optimized and directly derived from the need for

uncerta

inty of measurement on the workshop floor;

— the MPE values for the measurement standards (gauge blocks, optical flat and optical parallels) are
optimized to calibration of the above external micrometer. These MPE values are the minimum
requirements to calibration certificates;

— the improvement of the uncertainty of measurement using a check standard as a supplement to
calibration can be quantified

B.2 Measurement of local diameter

B.2.1 Task and target uncertainty

B.2.1.1 Measuring task

The measufing task consists of measuring the local diameter (two-point diameter) on a series of fine tufned

steel shafts

with nominal dimensions & 25 mm x 150 mm.

B.2.1.2 Target uncertainty

A target un
B.2.2 Prin

B.2.21 M

Measurems

B.222 M

ertainty (see 3.6) of 8 um was chosen.
ciple, method and conditions

easurement principle

nt of length — Comparison with a known length.

easurement method

The measufements are performed withan analogue external micrometer with flat (& 6 mm) measuring anpvils,

measuring
B.2.2.3 In
The followin

— The dig

ange 0 mm to 25 mm with a vernier scale interval of 1 ym.

itial measurement procedure

g procedure.applies.

meter.is measured while the shaft is still clamped in the chuck of the machine tool.

— Only ope‘measurement of the diameter is allowed.

— The shaft is cleaned with a cloth before measurement.

— The friction/ratchet drive shall be used during measurements.

— The spindle clamp shall not be used.
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B.2.2.4 Initial measurement conditions

The

following conditions apply.

It is demonstrated that the temperature in the shafts and in the micrometer varies over time. The

maximum deviation from standard reference temperature 20 °C is 15 °C.

Maximum temperature difference between the shafts and the micrometer is 10 °C.

Three different operators use the machine tool and the micrometer for the production of the shafts.

B.2

See

B.2

The)

corrections are used. All error contributions are included in the uncertainty of measurement.

In T
unc

The cylindricity of the shafts is found to be better than 1,5 um. The major part of the cylindri
roundness.

3 Graphical illustration of the measurement set-up

Figure B.2.

@ ¢ 51 15 202
————— —

0-25mm

Figure B.2 — Measurement set-up\for measurement of local & 25 mm diameter

4 List and discussion of the uncertainty components

two-point diameter measurement is modelled as a black box uncertainty estimation p

able B.1, all the uncertainty components are mentioned and named, which are assumed to i
briainty of the actual-diameter measurements.

ity is out of

rocess. No

fluence the

©1SO 2011 — All rights reserved
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Table B.1 — Overview and comments table for uncertainty components
in measurement of local diameter (two-point diameter)

Designation | Designation N
ame
. Comments
Low_ ngh_ Uncertainty component
resolution resolution
Requirement for error of indication MPE,,,_of the micrometer is an
. N unknown variable. Initially it is set to 6 ym — and symmetrical
UnL Micrometer — Error of indication L Lo .
positioning of the error of indication curve by zero adjustment after
calibration.
u Micrometer —Flatness | Requirement for out of flatness for the two measuring anvils My is
MF of measuring anvils an unknown variable. Initially it is set to 1 pm.
u Micrometer — Parallelism Requirement for out of parallelism between the two measuring
MP of measuring anvils anvils Myp is an unknown variable. Initially it is set to‘2|um.
Effect of spindle clamping, These effects are in this case not active. The spindle’clamp is pot
Upx orientation of the micrometer used. The orientation and time of handling have no significant
and time of handling effect on a 0 mm to 25 mm micrometer.
d 1um
u u Resoluti Ugp = ———==——=0,29 ym
RR RA esolution RA 2><\/§ o \/g
It is demonstrated by experiments that the three | e largest gf
operators have the same repeatability. The the two is equal
experiment includes morethan {0 1.
URe Repeatability 15 measurements for,each operator on “perfect” RR
@ 25 mm plug gauges. The effect of the
flexibility of the micrometer is included in the
repeatability.
The threg(operators use the micrometer in a different way. The
u Variation of zero point between zero paint’is not the same as set by the calibration “person”.
NP three operators Experiment (more than 15 measurements for each operator on|
“perfect” @ 25 mm plug gauges).
. Maximum difference between shafts and micrometer seen duripg
Up Temperature difference . N o
observation period is 10 °C.
Maximum deviation from standard reference temperature (20 °C)
Upp Temperature . o
is 15 °C.
Cylindricity measured is 1,5 pm. The major part of the cylindric|ty
Uywe Workpiece form érror is out of roundness. The effect on diameter is two times the
cylindricity, 3 pm.
B.2.5 First iteration
B.2.5.1 Frst iteration — Documentation and calculation of the uncertainty components
up. — Mictometer— Error of indication Type B evaluation
MPE,,, for the~metrelogical-characteristic-orror-of-indication-ef-an-external-micrometeris-usually-defined as

the maximum range of the error of indication curve, and not related to the zero error of indication. Position of
the error of indication curve to zero error is another (independent) metrological characteristic.

In this case, it is assumed that the error of indication curve is positioned — during the calibration procedure —
so that the largest negative and positive errors of indication are of the same absolute value.

The definitive value of MPE,, is not yet fixed. It is one of the tasks of the uncertainty budget. As an initial
setting of MPE,,, , 6 um is chosen. Because of the zero setting procedure mentioned the error limit value is:

6 um
amL :%Z?ﬂ.lm
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A rectangular distribution is assumed (overestimation principle, because Gaussian distribution cannot be
proved on the given basis) (b = 0,6):

upyL =3umx0,6 =18 pum
upr — Micrometer — flatness of measuring anvils Type B evaluation

The flatness deviation is active in diameter measurements on shafts, while the calibration of the error of
indication curve is performed on gauge blocks with plane and parallel surfaces.

Thedefinitive value of l\/IDI:IV“_ is—not yni‘ fixed 1t is one of the tasks of the ||nr*nr+ninfy b |r1gn’r s an initial
setting of MPEy;r, 1 um is chosen.

MPIE\ e influences the uncertainty budget twice, once for each of the two measuring anvils. A Gaussian
distribution is assumed (b = 0,5):

UMF = 1 um x0,5=0,5 um
upp|— Micrometer — parallelism of measuring anvils Type B|evaluation

The| parallelism deviation is active in diameter measurements on shafts, while the calibration of the error of
indi¢ation curve is performed on gauge blocks with plane and parallel surfaces.

Thel definitive value of MPE,p is not yet fixed. It is one of the'tasks of the uncertainty budget. As an initial
setting of MPEy;p, 2 um is chosen. A Gaussian distribution is assumed (b = 0,5):

amp = 2 um

uyp =2umMx0,5=1um
urr|— Repeatability/resolution Type Ajevaluation
All three operators have the same repeatability. It is tested in an experiment, where & 25 mm plug gauges
have been used as “workpieces”. Hence the form error from the real workpieces is not incliided in the
repegatability study. All operators_have performed 15 measurements. The common standard deviatipn is:

URR = 1,2 Mm

Thelresolution uncertainty component, ug,, is included in ugg, in this case (ugp < ugg).

unp|— Variation*of'zero point between three operators Type Alevaluation

From the sameé experiments used for repeatability the differences in zero point between the three operators
and|theccalibration personnel are investigated:

NP — 1 m
utp — Temperature difference Type B evaluation

The temperature difference between micrometer and workpieces is observed to maximum 10 °C. There is no
information about which of them has the highest temperature. Therefore + 10 °C is assumed. The linear
coefficient of thermal expansion, «, is assumed to be 1,1 um/(100 mm x °C) for the micrometer and the
workpieces. The limit value is:

um

_ATxaxD=10°Cx11—HT
4T = AL e 100 mm x °C)

x 25 mm=2,8um
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A U-distribution is assumed (b = 0,7):

utp =2,8 ymx0,7 =1,96 um
utp — Temperature Type B evaluation
The observed maximum deviation from standard reference temperature (20 °C) is 15 °C. There is no
information about the sign of this deviation, therefore +15 °C is assumed. A 10 % maximum difference

between the two linear coefficients of thermal expansion (micrometer @A Ayorkpiece) 1S @ssumed. The limit
value is:

ata =P Ax ATyy xax D = 0,1x15 °C x 1,1 szs mm = 0,4 um
A U-distribytion is assumed (b = 0,7):
utp =0,4umx0,7=0,28 um
uye — Workpiece form error Type B evaluation

The cylindricity is measured on a sample of shafts and found to be 1,5 um. Cylindricity is a measure for the
variation of|radius. The effect on the diameter is assumed to be two times.the cylindricity deviation, whil¢ no
information [exists to make it smaller. The limit value is:

awe =8 um
A rectangulgr distribution is assumed (b = 0,6):
uwe = 1,8 um
B.2.5.2 Fjrst iteration — Correlation between uncertainty components

It is estimatped that no correlation occurs betweeh the uncertainty components.

B.2.5.3 Fjrst iteration — Combinedand expanded uncertainty

When thergis not any correlation pétween the uncertainty components, the combined standard uncertainty is:

2 2 2 2 2 2 2 2 2
“c:\/ ML tUMF tTHUpME tUmMp TURR TUNP TUTD tuTa HUWE

Inserting th¢ values from B.2.5.1 gives:

Ug = \/ 1,8240,52 + 0,52 +1,02 +1,2% +1,0% + 1,962 + 0,282 +1,82) um?

ug =3,79 um

U=ucxk=379umx2=7,58 ym
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B.2.5.4 Summary of uncertainty budget — First iteration

See

Table B.2.
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Table B.2 — Summary of uncertainty budget (first iteration) — Measurement of two-point diameter

Uncer-
Variation | Variation Distribution | tainty
Distri- Number limit limit factor compo-
Evaluation . of Correlation nent
Component name bution L.
type measure- coefficient
type *
ments a - u
influence m b %
units H M
| Micrometer — error B Rect. 3,0 pm 3,0 0 0,6 1,801
indication
upe| Micrometer — flatness 1 B Gaussian 1,0 ym 1,0 0 0,5 0,503
upe| Micrometer — flatness 2 B Gaussian 1,0 ym 1,0 0 0,5 0,50(3)
upp| Micrometer — parallelism B Gaussian 2,0 ym 2,0 0 0,5 1,00@
umg| Repeatability A 15 . \% 0 1,202)
upp| Variation of 0 point A 15 » O\ 0 1,002
urp | Temperature difference B u 10°€ 2,8 0 0,7 1,96
urp | Temperature B U 15¢C 0.4 0 0.7 0,280
a1/a2 =11
UyE Workpiece form error B Rect. ,\Q 3,0 um 3,0 0 0,6 1,80
Conpbined standard uncertainty, ug 3,79
Exppnded uncertainty (k= 2), U 7,58
NOTE For an explanation of the indications (1), (2).and (3) concerning the uncertainty components, see B.2.5.5.
B.2)5.5 First iteration — Discussion of the uncertainty budget
It hgs been documented that Ug,giiteration = 7.6 M. This value is less than the target uncertainty (U = 8 um).
In Tlable B.2, there are three-large [marked (1)], three mid-size [marked (2)] and three small [marked (3)]
uncertainty components,inithe uncertainty of measurement.
Thel uncertainty compenents are squared in the formula for combined standard uncertainty. It js therefore
difficult to see and-dnderstand their influence on u.. If the variances (12) are used instead, apother, and
sonjetimes more~understandable, picture of the influence of the individual uncertainty compgnents (see
Tabje B.3) emerges.

©1S0O 2011 - All rights reserved

45


https://standardsiso.com/api/?name=ae96107807503b704fa96c88eaa5e9c9

ISO 14253-2:2011(E)

Table B.3 — Influence of the individual uncertainty components on u_ and u?
(25 mm two-point diameter measurement)

Uncertainty Variance Percentage of | Percentage of
. component i
Uncertainty Uncertainty
Component name 2 2 2
source i, Uy, ug ug source
pm pm? % %
uy. Micrometer — error indication Measuring 1,80 3,24 23 33 Measuring
- equipment equipment
uye  Micrometer — flatness 1 0,50 0,25 2
Uy Micromgter=—"ftatrress2 0750 0,25 2
Unp Micromgter — parallelism 1,00 1,00 7
ugg Repeatgbility Operator 1,20 1,44 10 17 Operatdr
uyp Variation of 0 point 1,00 1,00 7
urp Tempergture difference Environment 1,96 3,84 27 27 Environmgnt
ur, Tempergture 0,28 0,08 0
uye Workpigee form error Workpiece 1,80 3,24 23 23 Workpie¢e
Combined stgndard uncertainty 3,79 14,34 100 100 Total

From Table)

if the e

if the o

It is obviou
component

The result i
reduced to
size of the t

If U is only
tolerances,

B.3, the following can be seen:
xternal micrometer did not have any errors, U would be reduced from 7,6 uym to 6,2 ym;
berator, environment and workpiece were perfect,.then U would be reduced from 7,6 um to 4,4

5 in this case that the uncertainty components-linked to the measuring process are the domi
5 — not the measuring equipment.

5 U =7,6 um, and if the rules of ISO-14253-1 apply, then the diameter tolerance of the workpie
P x 7,6 ym = 15,2 uym during the production of shafts. This reduction at & 25 mm is equal to the
plerance IT6 (13 ym).

10 % of the workpiece~telerance, then the workpiece tolerance is IT10 (84 pm). At sm
U will be more than40.% of the tolerance. At tolerance IT8 (33 um), U will be 45 % of]

tolerance, gnd there will be only10-% of the tolerance left for the production of shafts.

If the targe
first iteratio
of 38 % for

It is necess
workpiece 3

uncertainty is¢aken to be 6 ym instead of 8 ym, then the uncertainty of measurement from
h is too large(Ug4 = 7,6 um). The needed reduction is at least 1,6 um. This is equal to a redug
2

ary todook at the most dominant uncertainty component, i.e. the temperature difference betw
nd-measuring equipment. It is possible to reduce this 27 % component (27 % of ucz) to nearly

pm.

hant

e is
full

bller
the

the
tion

een
D by

changing t

pu | H 4l 4 4 ol H pu | 'H otk
PIrottuurc Ul IIICGDUIIIIB uic ieimpciraiurc UUIIIIE PIrouucuvurt, Uur vulrl.

Intensive training of the three operators will result in a reduction of the repeatability ugg and the variation
between their 0-points (uyp). This will give up to 15 % of the necessary 38 % reduction.

The uncertainty component originating from the form errors of the workpiece is impossible to reduce when
doing only one single measurement of the workpiece. If the number of measurements were increased, then
this component could be reduced. Doing four measurements and using the mean value will result in a
reduction of 20 % of the necessary 38 %. But the effect will be an increase in measuring time. And time is
often money.
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In this case, there are many ways of reducing the uncertainty of measurement. The choice amongst these can
only be made on the basis of a cost analysis. The costs shall always be the guide of how to reduce the
uncertainty of measurement.

In this case, a reduction of the components from the micrometer will not be a realistic possibility. The only
“‘equipment solution” is to choose other equipment with smaller (possible) MPE values. This might be an
economically sound solution if the measurement time is also reduced, and if it is possible to measure several
diameters without influence from the operator.

This could bring down the expanded uncertainty from U=7,6 ymto U= 2,6 um.

B.2/5.6 Conclusion on the first iteration

As illustrated in the example above, the initial setting of the three micrometer MPE values is suffigient for the
given target uncertainty and the actual measuring task. The requirements for the micrometer shquld then be
confirmed as:

— |Error curve (max. — min.): MPE,,_= 6 um (bilateral specification)
— |Flatness of measuring anvils: MPEe = 1 um (unilaterabspecification)
— |Parallelism between anvils: MPEp = 2 um (unilateral specification)

The| micrometer shall comply with these requirements, but with the uncertainties present during the calibration
megsurements, i.e. Ug, Ugr and Ugp, reduced according to 1SO 14253-1 (see B.3, B.4, B.5 and Figure B.1).
It is|necessary to know these three uncertainties when calibrating the micrometer.

B.2l6 Second iteration
No second iteration is needed in this case. A small decrease of the U value from the first iteratign would be

possible but no big reduction is possible — as’demonstrated — without major changes of the mgeasurement
method and procedure.

B.3 Calibration of error ofiindication of an external micrometer

B.3|1 Requirements

The| requirements (MPEs) for the measurement standards (gauge blocks) have not yet been gstablished.
Thege requirements.shall be fixed as one of the tasks of the uncertainty budget.

B.3[2 Taskiand target uncertainty

B.3|21. “ Overall task

The overall task is to measure the range of the error of indication curve. In the error of indication curve, there
are 11 basic measurements — 11 measurements with a different uncertainty of measurement in the range
from Omm to 25 mm. To avoid unnecessary uncertainty budgeting work, look for the largest of the
11 uncertainties (25 mm) and see if it is possible to “live” with this uncertainty in the 10 other cases. Also try
the smallest (0 mm) uncertainty as a check.

B.3.2.2 Basic measuring task

The basic task is to measure the error of indication in 11 positions within the measuring range (0 mm to
25 mm), zero; 2,5 mm; 5 mm; .... 22,5 mm and 25 mm.
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B.3.2.3 Target uncertainty for the basic measurements

A target uncertainty (see 3.6) of 1 ym was chosen.

B.3.3 Prin

ciple, method, procedure and conditions

B.3.3.1 Measurement principle

Measureme

nt of length — Comparison with a known length.

B.3.3.2 Measurement method

The calibration is performed using 10 special gauge blocks with a 2,5 mm module (L =2,5; 5;%.; 42,5;
25 mm).
B.3.3.3 Initial measurement procedure

The followir

g procedure applies.

— The reading of the external micrometer is compared with the length of a gauge block positioned between
the mepsuring anvils.

— One (cglibration) measurement per gauge block. Error of indication?

Erfor = Micrometer reading — Gauge block length

B.3.3.4 In

The followir

— Theca

itial measurement conditions
g conditions apply.

ibration personnel is experienced.

— The ropm temperature is not controlled.

— A variafion over the year in the room)is observed to 20 °C + 8 °C.

— The temperature variation over one hour is less than 0,5 °C.

B.3.4 Graphical illustration of measurement set-up

See Figure B.3.
15
0510
[T O 28
F48410
0 -25 mm
Figure B.3 — Measurement set-up
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.5 List and discussion of the uncertainty components

Table B.4.

Table B.4 — Overview and comments table for uncertainty components — Calibration of error

of indication of a micrometer in the 25 mm measuring point

Low resolution

Designation Detailed Name

- . Comments
designation

Uncertainty component

Requirements for gauge block MPEg, is an unknown

ug Gauge block length — MPEg variable. Initially gauge block grade 2 (1ISO,36p0) is
chosen.
d Tum
u u Resolution URA == = 5= = 0.29um
RR RA 2x\3 2x\3 The largest
of the two is
An experiment with at least 15’measure- equal to ugg.
Upg Repeatability ments on the same 25,mnt gauge block is
performed.
. Maximum differénce observed between the gauge blocks
u Temperature difference . e
™ and the micrometer is 1 °C.
" Temperature Maximum deviation from standard reference temperature
TA P 20 °G1s,8 °C.
B.3|6 First iteration
B.3)6.1 First iteration — Documentation and calculation of the uncertainty components
ug {— Gauge block length Type B|evaluation
The| definitive value of MPEg has not yet-been fixed. It is one of the tasks of the uncertainty budget. Initially,
gaupe blocks of grade 2 are chosen and,as MPEg , the tolerance limit values are taken from ISQ 3650. The

limit

Bas
dist

URR]

A re
micl

value for a 25 mm gauge block is:
ag| = 0,6 pum

ed on experience from ‘calibration certificates for gauge blocks of the actual make, a
ibution is assumed, (= 0,6):

ug, = 0,6 x 0,66ym =0,36 um
— Repeatability/resolution Type B

peatability experiment has been made taking 15 measurements on a 25 mm gauge block wit
ometer. The standard deviation of the experiment is ugg = 0,19 um. Therefore, the resolution

rectangular

evaluation

n the actual
uncertainty

co

uUtp

ponet |t, TRA ischoseras TRR (MRA MRE).
MRR = 0,29 um

— Temperature difference Type B

evaluation

The temperature difference between micrometer and gauge blocks is observed to maximum 1 °C. There is no
information about which have the highest temperature. Therefore, +1 °C is assumed. The linear coefficient of
thermal expansion, «, is assumed to be 1,1 um/(100 mm x °C) for the micrometer and the gauge block. The
limit value is:
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atp =ATxaxD=1°Cx11

A U-distribu

um

——————x25mm=0,28 ym
100 mmx°C

tion is assumed (b =0,7):

utp = 0,28 ym x 0,7 = 0,20 ym

uTA — Tem

perature

Type B evaluation

The observed maximum difference from standard reference temperature (20 °C) is 8 °C. There is no

information rebeut—the—sign—et—this—deviation—therefore=+=8—GC—is—assumed—~A—10-%—maximum—difference
between the two linear temperature expansion coefficients (ciyicrometer 8N Agauge block) 1 @ssumed. The Jimit
value is:

arp = DAX AT, xaxD =0,1x8 °Cx 11 —H "« 25 mm =0,2 ym

TAZ 20 ’ " 100 mmx°C ’

A U-distribytion is assumed (b = 0,7):

utp =032 pm x 0,7 = 0,14 ym
B.3.6.2 F|rst iteration — Correlation between uncertainty components
It is estimatped that no correlation occurs between the uncertainty components.
B.3.6.3 Fjrst iteration — Combined and expanded uncertainty
No uncertainty components are correlated. The combined standard deviation is:

ue =42

The values

2 2 2
SLTURR tUTD TUTA

from B.3.6.1:

]

The expand

U25mn

The expand

UO mm

0,362 +0,292 +0,20° +0,142)um2 =0,5um

=0,5umx2=10um

ed unceftainty for the zero-measuring point is:

=04umx2=0,8 um

ed uncertainty for the-25 mm measuring point is (coverage factor k =

2):

B.3.6.4 Summary of uncertainty budget — First iteration

See Table B.5.
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Table B.5 — Summary of uncertainty budget (first iteration) — Measurement of error

of indication (25 mm measuring point)

Uncer-
Variation | Variation Distribution | tainty
. Distri- Number limit limit ] factor compo-
Component name Evaluation bution of Corre_la_tlon nent
p
type t measure- coefficient
ype ments a* a b U
influence um um
units
ug ~ Gauge block — MPEg B Rect. 0,6 ym 0,6 0 0,6 0,36
ugr| Resolution B Rect. 0,5 um 0,5 0 06 0,29
urp | Temperature difference B U 1°C 0,20 0 0,7 0,20
Urp Temperature B ] 8°C 0,14 0 0,7 0,14
Conpbined standard uncertainty, ug 0,50
Exppnded uncertainty (k= 2), U 1,00
B.3)6.5 First iteration — Discussion of the uncertainty budget
The| dominant uncertainty components are gauge blocks and resOlution. There is no need to|reduce the
uncertainty of measurement u, and U in a second iteration. U/ x'1 um cannot be used becguse of the
resqlution 1 um. Observe that the temperature requirement during calibration is 20 °C {8 °C. This
temperature range has no significant effect on the uncertainty in this case — short distances| For larger
micrometers, this temperature range will result in dominant uncertainty components.
A cpnservative estimate is to use U=1,0 ym for all*measuring points between 0 mm and 245 mm. The
max)imum allowed difference in error of indication.during calibration is therefore (see ISO 14253-1)
4umie.[MPEy —(2xU)=6pum—(2x10um)=4um|
B.3)6.6 Conclusion on the first iteration
Theltarget uncertainty criterion is\met by the initial assumptions and settings. This fact qualifies grgde 2 gauge
blogks as measurement standards and qualifies the temperature condition of the room: 20 °C + 8 °[C.
B.3]l7 Second iteration
No second iteration’is needed.
B.4 Calibration of flatness of the measuring anvils
B.4 1t Taskamdtargetuncertainty
B.4.1.1 Measuring task
The measuring task consists of measuring the flatness on two & 6 mm measuring anvils of an external
micrometer.
B.4.1.2 Target uncertainty

Ata

rget uncertainty (see 3.6) of 0,15 ym was chosen.
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B.4.2 Principle, method, procedure and condition

B.4.2.1 Measurement principle

Light interference — Comparison with a flat surface.

B.4.2.2 Measurement method

An optical flat is placed on top of the measuring anvil surface parallel to the general direction of the surface.
The number of interference lines is evaluated.

B.4.2.3 Nleasurement procedure

The following procedure applies.

— An optical flat is wrung to the surface of the measuring anvil.

— The number of interference lines is observed on the nearly symmetrical image [see Figure B.4 b)].

— The dgviation from flatness is taken as number of lines times half the wavelength of the monochronpatic
light used.

B.4.2.4 Measurement conditions
The following conditions apply.
— There @re not any temperature conditions.

— The opfical flat shall be acclimatized for at least 1 h:

B.4.3 Graphical illustration of measurementset-up

See Figure B .4.

: _.__E]@ tinesy 1]

a)- Measurement of flatness b) Image to be evaluated

—on-the-meastring-anviis

Figure B.4 — Measurement set-up

B.4.4 List and discussion of the uncertainty components
See Table B.6.
The calibration of flatness of the measuring anvils has only two significant uncertainty components. Flatness

of the optical flat and the resolution of reading the interference image pattern. The optical flat is used in a way
such that the pattern is symmetrical [see Figure B.4 b)].
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Table B.6 — Overview and comments table for uncertainty components for calibration

of flatness of measuring anvils

Low resolution High resolution Uncertainty component

Designation Designation Name
Comments

Ugp Flatness — MPEg.

The optical flat is @ 31 mm — the flatness is given for this
whole area. The area used is only & 6 mm to & 8 mm.

Ugr Resolution The resolution is estimated 0,5 x line distance:

d=0,15um

B.4

B.4

Usk

The)

set

URR]

The

Figy

The

B.4
Itis

B.4

5—Firstiteration
5.1 First iteration — Documentation and calculation of the uncertainty components
— Flatness of optical flat Type B

definitive value of MPEg is not yet fixed. It is one of the tasks of the uncertainty budget. Initial
0 0,05 ym for a @ 8 mm area in the middle of the surface. The limit value:

agg = 0,05 Mm

ctangular distribution is assumed (b = 0,6):

uge = 0,056 um x 0,6 = 0,03 um

— Resolution Type B

wavelength of the light used is assumed to.be 0,6 um. The height difference between
re B.4 b) is half a wavelength, i.e. 0,3 yum. The'fésolution is assumed to be:

d =0,5 x line distance = 0,15 um
uncertainty component ugy (see 84:4) is:

d prme,6:0,05pm

URR ZEXO,GZ

5.2 First iteration.—"Correlation between uncertainty components

estimated that hio) correlation occurs between the uncertainty components.

5.3 Firstjiteration — Combined and expanded uncertainty

[ 2 2
Ug-=4UsF T URR

The

The

values from B.4.5.1:

ug = \/(0,032 +o,052) um?2 = 0,06 um

expanded uncertainty (coverage factor k£ = 2) is:

U=006umx2=0,12um

©1S0O 2011 — All rights reserved
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B.4.5.4 Summary of uncertainty budget — First iteration

See Table B.7.
Table B.7 — Summary of uncertainty budget (first iteration) —
Calibration of flatness of measuring anvils
Uncer-
Variation | Variation Distribution | tainty
Eval- Distri- Number limit limit Correlation factor com-
Component name uation | bution | of measure- coofficiont ponent
type type ments a* u b X
influence um um
units
uge  Flatnesq of optical flat B Rect. 0,05 um 0,05 0 0,6 0,p3
UrR Resolutl bn of interference B Rect. 0,075 um 0,075 0 0.6 0.p5
image
Combined stapdard uncertainty, u, 0,p6
Expanded undertainty (k = 2), U 0,12

B.4.5.5 Fjrst iteration — Discussion of the uncertainty budget
It is obvious that the dominant uncertainty component is the resolution or the reading of the pattern. [The

flatness deyiation of the optical flat is not very important compared‘with the influence of the resolution. U |s in
the order of| 12 % of the flatness requirement for the measuring anvils of the micrometer MPEy;z = 1 ym.

B.4.5.6 Cnclusion on the first iteration

The target|uncertainty requirement is met. The maximum permissible measured deviation from peffect
flatness durfing calibration is:

MPEy¢ — U= 1,00 ym - 0,12 ym = 0,88 jam (rule from ISO 14253-1 as it applies to a unilateral tolerarjce)

For transformation of the MPEgg & 8 mmtequirement to & 30 mm, see B.6.

B.4.6 Second iteration

No second [teration is needed:

B.5 Calibration of parallelism of the measuring anvils

B.5.1 Taskd@nd target uncertainty

B.5.1.1 Measuring task

The measuring task consists of measuring the parallelism between two & 6 mm measuring anvils of an
external micrometer.

B.5.1.2 Target uncertainty

A target uncertainty (see 3.6) of 0,30 um was chosen.
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B.5.

ISO 14253

.2 Principle, method, procedure and condition

2.1 Measurement principle

Light interference — Comparison with two parallel surfaces.

B.5.

The

B.5

The)

B.5

The)

B.5

See

2.2 Measurement method

following method applies.

The number of interference lines on the other anvil is evaluated.

2.3 Measurement procedure

following procedure applies.

general direction of the surface of the anvil [symmetrical interference image — see Figure B.5

The micrometer is “measuring” the optical parallel [see Figure~B.5 a)] to bring the measurem
the right level.

The number of interference lines is observed on the image on the other anvil [see Figure B.5 g

The deviation from parallelism is taken as \number of lines times half the wavelen
monochromatic light used.

2.4 Measurement conditions
following conditions apply.
There are not any temperaturé:conditions.

The optical parallel shall'be acclimatized for at least 1 h.

3 Graphical illustration of measurement set-up

Figure B.5.

-2:2011(E)

An optlcal paraIIeI ISP aced between the two measuring anvils and adjusted paralle o one of the anvils.

An optical parallel is wrung to the surface of one of the measuring anvils,and adjusted to be parallel to the

b)].

ent force to

.

gth of the

—_

et AN\ 2

a) Measurement of parallelism between b) Images on the anvils c) Images on the anvils

the measuring anvils

Figure B.5 — Measurement set-up
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B.5.4 List and discussion of the uncertainty components

There are three significant uncertainty components in the calibration of the parallelism between the measuring
anvils (see Table B.8):

a) the parallelism of the optical parallel;

b) the alignment of the optical parallel to the first measuring anvil;

c) the resolution of reading the interference image pattern on the second measuring anvil.

Tabie B.8 — Overview and comment table for uncertainty components for the calibration
of the parallelism between the measuring anvils

Designatign Detailed Name Comments
g designation Uncertainty component
Parallelism of optical parallel — Diameter of the optical parallel is @31 mm. The area uged
“sp MPEg, isonly @ 6 mmto &8 mm.
Uop Alignment to the first anvil It is assumed that the maximum alignment error is 0,5 ljne.
UrRr Resolution The resolution is estimated to 1 line.

The two ungertainty components from the flatness of the two surfaces ofv/the optical parallel have no influgnce

because of the order of the flatness deviation compared to other components uqp = 0,03 ym.

B.5.5 First iteration

B.5.51 F

ugp — Pargllelism of optical parallel

The definiti
MPEgp is s

agp =(
A rectangul

usp =

1 um
ar distribution is assamed (b = 0,6):

.1 um x 0,6 =.0,06 um

ugp — Alighment to‘the first anvil

The wavele

A maximum

rst iteration — Documentation and calculation of the uncertainty components

hgth of the light used is assumed to be 0,6 pym.

Type B evaluation

e value of MPEgp has not yet beenfixed. It is one of the tasks of the uncertainty budget. Inifially
bt to 0,05 uym for a & 8 mm area in the middle of the surface. The limit value:

Type B evaluation

app = 0,15 ym

A rectangular distribution is assumed (b = 0,6):

ugp = 0,15 ym x 0,6 = 0,09 ym

URR — Res
The wavele

The resolut

56

olution on the second anvil

ngth of the light used is assumed to be 0,6 uym.

ion is assumed to be one line = 0,3 pm.

Type B evaluation
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