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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 foberepresented-onthatcommittee—ntermationat-organizations,governmentat-andon=governm
th ISO, also take part in the work. 1ISO collaborates closely with the International Electrotechnical

liaison wj
Commiss

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part’3.

The main
by the t4
Standard

In other ¢

— an 1$0 Publicly Available Specification (ISO/PAS) represents an agfeement between technical expert
ISO working group and is accepted for publication if it is approved.by more than 50 % of the members
parent committee casting a vote;

— an IO Technical Specification (ISO/TS) represents an_agreement between the members of a te
comimittee and is accepted for publication if it is approvedby 2/3 of the members of the committee cg

vote.

An ISO/PAS or ISO/TS is reviewed every three years-with a view to deciding whether it can be transformed
International Standard.

Attention
patent rig

ISO/TS 14253-2 was prepared bycTechnical Committee ISO/TC 213, Dimensional and geometrical |

specifica

ISO 1425
Inspectio

—  Part

—  Part
in pr

on (IEC) on all matters of electrotechnical standardization.

chnical committees are circulated to the member bodies for voting. Publicatioh as an Intern
requires approval by at least 75 % of the member bodies casting a vote.

hts. 1ISO shall not be held responsible for identifying any or all such patent rights.

ions and verification.

3 consists of the following parts, under the general titte Geometrical product specifications (G
N by measurement-of workpieces and measuring equipment:

1: Decisionsyules for proving conformance or non-conformance with specification

P Guideto the estimation of uncertainty in GPS measurement, in calibration of measuring equipmg
Dduct Verification [Technical Specification]

— Part 3: Procedures for evaluating the integrity of uncertainty in measurement values

Annexes A to D of this Technical Specification are for information only.
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Introduction

:1999(E)

This Technical Specification is a global GPS technical report (see ISO/TR 14638:1995). This global GPS Technical
Report influences chain link 4, 5 and 6 in all chains of standards.

simplif

uncertg

report
meas
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In this
measu

— C4
m
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Theref
"meas

ainty of measurement. If a more accurate estimation of the uncertainty of measurement is needed,
ated procedures of the GUM must be applied.

ed, iterative procedure of the concept and the way to evaluate and determine uncertainty

inty and expanded uncertainty) of measurement, and the recommendations of the format to docu
the uncertainty of measurement information as given in "Guide to the expression of uncg
ement” (GUM). In most cases only very limited resources are necessary 'to estimate unce
ement by this simplified, iterative procedure, but the procedure may lead té6-a slight overestimat

mplified, iterative procedure of the GUM methods is intended for GPS measurements, but may b
reas of industrial (applied) metrology.

ninty of measurement and the concept of handling uncertainty of measurement being of importancs

al functions in a company, this Technical Specification. relates to e.g. management function, de
pment function, manufacture function, quality assurange function, metrology function, etc.

requirement that the uncertainty of measurement is known [e.g. 4.11.1, 4.11.2a) and 4.1
01:1994].

Technical Specification the uncertainty of the result of a process of calibration and a p
rement is handled in the same way:

libration is treated as "measurement of metrological characteristics of a measuring equipm
basurement standard";

pasurement is treated ‘as "'measurement of geometrical characteristics of a workpiece".

Dre, in most cases’ no distinction is made in the text between measurement and calibration.
irement” is ugedvas a synonym for both.

odel, see

blishes a
standard
ment and
rtainty in
rtainty of
on of the
the more

e used in

to all the
bsign and

pchnical Specification is of special importance_in, relation to ISO 9000 quality assurance systems, where

1.2 b) of

ocess of
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TECHNICAL SPECIFICATION ISO/TS 14253-2:1999(E)

Geometrical product specifications (GPS) — Inspection by
measurement of workpieces and measuring equipment —

measurement, in
calibration of measuring equipment and in product verification

1 S¢ope

This Technical Specification gives guidance on the implementation of the conicept of "Guide to the est
uncertainty in measurement” (in short GUM) to be applied in industry {or) the calibration of (meag
standafds and measuring equipment in the field of GPS and the measurement of workpiece GPS-charg
The ajm is to promote full information on how to achieve uncertainty”statements and provide the
interngtional comparison of results of measurements and their uncertainties (relationship between purch

suppligr).
This Technical Specification is intended to support ISO 14253-1."This Technical Specification and 1ISO 14

benefigial to all technical functions in a company in thenterpretation of GPS specifications (i.e. tole
workpiece characteristics and values of maximum permissible errors (MPE) for metrological characts

— simgle results of measurement;
— cdmparison of two or mare,results of measurement;

— cgmparison of results)of measurement — from one or more workpieces or pieces of measurement ¢

imation of
urement)
cteristics.
basis for
aser and

P53-1 are
rances of
bristics of

practical,
the basic
nd giving

quipment

— with given specifications [i.e. maximum permissible errors (MPE) for a metrological characteflistic of a

measurement:ifgstrument or measurement standard, and tolerance limits for a workpiece characteri
for proving €onformance or non-conformance with the specification.

The itgrative¥method is based basically on an upper bound strategy, i.e. overestimation of the uncerta
levels,| but the iterations control the amount of overestimation. Intentional overestimation — and n

stic, etc.],

nty at all
bt under-

estimalion — IS _necessary 0 prevent wrong decisions based on measurement resuis. The a
overestimation shall be controlled by economical evaluation of the situation.

mount of

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.

© 1SO 1999 — All rights reserved
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2 Normative references

The following normative documents contain provisions which, through reference in this text, constitute provisions of
this Technical Specification. For dated references, subsequent amendments to, or revisions of, any of these
publications do not apply. However, parties to agreements based on this Technical Specification are encouraged to
investigate the possibility of applying the most recent editions of the normative documents indicated below. For
undated references, the latest edition of the normative document referred to applies. Members of 1ISO and IEC
maintain registers of currently valid International Standards.

ISO 1:1975, Standard reference temperature for industrial length measurements.

ISO 4288:1996, Geometrical Product Specifications (GPS) — Surface texture: Profile method —(Rules and
procedurges for the assessment of surface texture.

ISO 9001:1994, Quality systems — Model for quality systems in design, development, productio, installation and
servicing

ISO 9004-1:1994, Quality management and quality system elements — Part 1: Guidelines.

ISO 14253-1:1998, Geometrical Product Specification (GPS) — Inspection by measurement of workpieces and
measuring instruments — Part 1: Decision rules for proving conformance or non<egnformance with specifications.

ISO 14293-3:—1), Geometrical Product Specification (GPS) — Inspection-by measurement of workpieces and
measuring instruments — Part 3: Procedures for evaluating the integrity of uncertainty of measurement valugs.

ISO 14660-1:1999, Geometrical Product Specification (GPS) — Gepometric features — Part 1: General terins and
definitionk.

Guide to|the expression of uncertainty in measurement (GUM). BIPM, IEC, IFCC, 1SO, IUPAC, IUPAP,| OIML,
1st editiop, 1995.

Internatidnal Vocabulary of Basic and General Terms in Metrology (VIM). BIPM, IEC, IFCC, ISO, IUPAC, |[UPAP,
OIML, 2nd edition, 1993.

3 Terms and definitions

For the purposes of this Technical ‘Specification, the terms and definitions given in ISO 14253-1, ISO 14660-[L, VIM,
GUM and the following apply.

3.1
black boY model for unegertainty estimation
method of/model for uncertainty estimation in which the output value of a measurement is obtained in the same unit
as the ingut (stimuli), rather than by measurement of other quantities functionally related to the measurand

NOTE 1 In“the black box model — in this Technical Specification — the uncertainty components are assumed addifive, the
influence quantities is transformed to the unit of the measurand and the sensitivity coefficients are equal to 1.

NOTE 2  In many cases a complex method of measurement may be looked upon as one simple black box with stimulus in
and result out from the black box. When a black box is opened, it may turn out to contain several "smaller" black boxes and/or
several transparent boxes.

NOTE 3  The method of uncertainty estimation remains a black box method even if it is necessary to make supplementary
measurements to determine the values of influence quantities in order to make corresponding corrections.

1) To be published.

2 © 1SO 1999 — All rights reserved
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transparent box model for uncertainty estimation
method of/model for uncertainty estimation in which the value of a measurand is obtained by measurement of other

guantit

3.3
measu

ies functionally related to the measurand

ring task

guantification of a measurand according to its definition

3.4

:1999(E)

basic 1
measu
measu
NOTE
a) on
b) on
3.5

overall
compli
NOTE
a) the

b) thsg

3.6

expandled uncertainty (of a measurement)

U
[3.16 0

NOTE
3.7

true un
Ua

uncertginty of measurement-that would be obtained by a perfect uncertainty estimation

NOTE ]

NOTE }

3.8
conver

heasurement task (basiC measurement)
rement task(s) which form the basis for evaluation of more complicated characteristics of a worky
ring equipment
Examples of a basic measurement are:
e of several individual measurements of the deviation from straightness of a feature of a workpiece;
e of the individual measurements of error of indication of a micrometer when measuring.the range of error of in
measurement task
cated measuring task, which is evaluated on the basis of several andymaybe different basic measur
Examples of an overall measuring task are:

measurement of straightness of a feature of a workpiece;

range of error of indication of a micrometer.

f1ISO 14253-1:1998 and 2.3.5 of GUM:1995]

U (capital) always indicates expanded uncertainty of measurement.

certainty

True unceftainties are by nature indeterminate.

Seealso 8.8.

iece or a

dication.

ements

tional true uncertainty — GUM uncertainty

Ue

uncertainty of measurement estimated completely according to the more elaborate procedures of GUM

NOTE 1 The conventional true uncertainty of measurement may differ from an uncertainty of measurement
according to this Technical Specification.

NOTE 2 See also 8.8.

© 1SO 1999 — All rights reserved
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3.9
approxim

Uen

ated uncertainty

uncertainty of measurement estimated by the simplified, iterative method

NOTE 1

The index N indicates that U, is assessed by iteration number N. The designation Uz may be used without in

of the iteration number, when it is without importance to know the number of iterations.

NOTE 2

See also 8.8.

dication

3.10
target un
Ur
uncertain

NOTE 1
service, m

NOTE 2
permissibl
of ISO 90(

NOTE 3
3.11
required
Ur
uncertain

NOTE

3.12
uncertain

Certainty (for a measurement or calibration)

ly determined as the optimum for the measuring task

Target uncertainty is the result of a management decision involving e.g. design, manufacturing, quality asg
arketing, sales and distribution.

Target uncertainty is determined (optimized) taking into account the specification [tolerance or m
b error (MPE)], the process capability, cost, criticality and the requirements of 4,41:1, 4.11.2 of ISO 9001:19
4-1:1994 and 1SO 14253-1.

See also 8.8.

incertainty of measurement

ly required for a given measurement process and task

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

ly management

urance,

aximum
b4, 13.1

process of deriving an adequate measurement procedure from the measuring task and the target uncertginty by

using ung

3.13

uncertain
statemen
of a meaj

NOTE 1
the measu

NOTE 2
and expan

3.14

ertainty budgeting techniques

Ly budget (for a measurement or calibration)

burement

rement object,,measurand, measurement method and conditions) is defined.

The term, "budget" is used for the assignment of numerical values to the uncertainty components, their com
sion, based on the measurement procedure, measurement conditions and assumptions.

t summarizing the estimation of the uncertainty components that contributes to the uncertainty of & result

The uncertainty.efthe result of the measurement is unambiguous only when the measurement procedure (ipcluding

bination

uncertain
XX
source of

3.15

y contritutor

uncertainty of measurement for a measuring process

limit value (variation limit) for an uncertainty contributor

aXX

absolute value of the extreme value(s) of the uncertainty contributor, xx

© 1SO 1999 — All rights

reserved
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3.16

uncertainty component

uXX

standard uncertainty of the uncertainty contributor, xx

NOTE The iteration method uses the designation uy, for all uncertainty components. This is not consistent with the present
version of GUM which sometimes uses the designation s,, for uncertainty components evaluated by A evaluation and the
designation uy, for uncertainty components evaluated by B evaluation.

3.17
influence quantity of a measurement instrument
characteristic of a measuring instrument that affects the result of a measurement performed by the instrument

3.18
influence quantity of a workpiece
characteristic of a workpiece that affects the result of a measurement performed on that workpiece

© 1SO 1999 — All rights reserved 5
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4 Symbols

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

Table 1 — Generic symbols

Symbol Description
a limit value for a distribution
ay limit value for an error or uncertainty contributor (in the unit of the result of measurement, of the measurand)
a*.. limit value for an error or uncertainty contributor (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( Xy, X5, .... X;, ...)]
h hysteresis value
k 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 contributors
r number of total correlated uncertainty contributors
el correlation coefficient
TV true value of a measurement
u, u; standard uncertainty (standard deviation)
S standard deviation of a sample
Sx standard deviation of a mean valué of a sample
Ug combined standard uncertainty
Uy standard deviation of yncertainty contributor xx — uncertainty component
U expanded uncertainty)of measurement
Up true uncertaintyof_measurement
Uc conventional trué uncertainty of measurement
Ue approximated uncertainty of measurement (number of iteration not stated)
Uen approximated uncertainty of measurement of iteration number N
Ug required uncertainty
Ur target uncertainty
Uy, uncertainty value (not estimated according to GUM or this Technical Specification)
X measurement result (uncorrected)
X measurement result (in the transparent box model of uncertainty estimation)
Y measurement result (corrected)

6 © 1SO 1999 — All rights reserved
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5 Concept of the iterative GUM-method for estimation of uncertainty of measurement
Applying the GUM method completely one will find a conventional true uncertainty of measurement, U.

The simplified, iterative method/procedure of this Technical Specification is to achieve estimated uncertainties of
measurements, Ug by overestimating the influencing uncertainty components/contributors (Ug > Uc). The process
of overestimating provides "worst-case-contributions" at the upper bound from each known or predictable
uncertainty contributor, thus ensuring results of estimations "on the safe side", i.e. not underestimating the
uncertainty of measurement. The simplified, iterative method of this Technical Specification is based on the
following:

=4

— alluncertainty contributors are identified;
— it s decided which of the possible corrections shall be made (see 8.4.6);

— the influence on the uncertainty of the result of measurement from each contributor is evaluated as & standard
urfcertainty u,,, called the uncertainty component;

NOTE As a convention in the iterative method the influence of each contributor Must be converted into the|unit of the
measurand — using relevant physical equations/formulae and sensibility coefficients.

— ar] iteration process, PUMA (see clause 6);

— the evaluation of each of the uncertainty components (standard.uncertainties) u,, can take place eith¢r by type
A-evaluation or by type B-evaluation;

— type B-evaluation is preferred — if possible — in the first,iteration in order to get a rough uncertainty estimate
tojestablish an overview and to save cost;

— the total effect of all contributors (called the comibined standard uncertainty) is calculated by the formy

uC:\/u§1+L§2+u§G+...+ LEm Q)

— the formula (1) is only valid for a black box model of the uncertainty estimation and when the compgnents u,,
arg all uncorrelated (for more details and other formulas see 8.6 and 8.7);

a.

— fof simplification the only_correlation coefficients between contributors considered are
pE1,-1,0 (2)

if {he uncertainty’edmponents are not known to be uncorrelated, full correlation is assumed, either p 3 1 or — 1.
Correlated components are added arithmetically before put into the formula above (see 8.5 and 8.6);

— the expanded uncertainty U is calculated by the formula:

Uiy, 3)

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) The first very rough, quick and cheap iteration has the purpose of identifying the largest components of
uncertainty (see Figure 1);

b) 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 (u. and U) to a possible acceptable magnitude.

© 1SO 1999 — All rights reserved 7
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The simplified and iterative method may be used for two purposes:

a) 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) — see 6.2.

b) Uncertainty management for a measuring process. Development of an adequate measuring process i.e.

Ug < Ur—see 6.3.

6 Progedd T 5 n PUMA.

6.1 G

The prerequisite for uncertainty budgeting and management is a clearly identified and defined measSuring tg
the meagqurand to be quantified (a GPS characteristic of a workpiece or a metrological characteristic of
measuring equipment). The uncertainty of measurement is a measure of the quality of the measureq
according to the definitions of a GPS characteristic of the workpiece or a metrological characteristic of th
measuring equipment given in GPS standards.

GPS starjdards define the "conventional true values" (see 1.20 of VIM:1993) of the-Characteristics to be me

sk; i.e.
a GPS
value
e GPS

asured

by chaing of standards and global standards (see ISO/TR 14638). GPS standards in many cases also defjne the

ideal — gr conventional true — principle of measurement (see 2.3 of VIM;1993), method of measurement (3
of VIM:1993), measurement procedure (see 2.5 of VIM:1003) and Standard "reference conditions" (see
VIM:1993).

Deviations from the standardized conventional true values of ¢the" characteristics, etc. (the ideal operat
contributipg to the uncertainty of measurement.

6.2 Ungertainty management for a given measurement process

Managenment of the uncertainty of measurement for’a given measuring task (box 1 of Figure 1) and for an
measurefnent process is illustrated in Figure 1(_The principle of measurement (box 3), measurement

bee 2.4
5.7 of

Dr) are

xisting
ethod

(box 4), measurement procedure (box 5) and«measurement conditions (box 6) are fixed and given or decided in this
case, and cannot be changed. The only task_is to evaluate the consequence on the uncertainty of measurement. A
required Uz may be given or decided.
Using thg iterative GUM method the first iteration is only for orientation, and to look for the dominant uncertainty
contributgrs. The only thing to do,— in the management process in this case — is to refine the estimation] of the
dominant| contributors to come)closer to a true estimate of the uncertainty components thus avoiding a oo big
overestimate — if necessaty:
Given measurement
1 process
R\ ppm— m
| _| Measurement | |
| method |
| | Uncertainty budget /\
2 | 3 5 | ;_____7_____51_____0_____1n_| < 1"
. — - - - Change of Final
| Measuring | || Principleof | | | Measurement _| Assumptions | | Uncertainty | | Uncertainty | | . ‘ ‘
task given measurement procedure | | k”°‘;""ce.d9e modelling components Uen=kxu L;il\é EZZZ‘&'? ril?sﬁg:nyezft
I I b —_— ]
| Measurement | 12
| conditons [ Change:
| 6 | Assumptions and/or
- | modelling and/or
improve knowledge
Figure 1 — Uncertainty management for a result of measurement from a given measurement process
8 © 1SO 1999 — Al rights reserved
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The procedure is as follows:

:1999(E)

a) 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,
Ug; (box 10). For details about uncertainty estimation see 9. All estimates of uncertainties Uy are performed
as upper bound estimates;

b) compare the first estimated uncertainty, Ug4, with the required uncertainty Ug (box A) for the actual measuring
task

1)

2)

c) be

d) ch

Change to a more detailed model of the uncertainty estimationQrocess or a higher resolution of the n

pr

€) ma
ag

f) co
ta

1

2)

g) wh
m
th

6.3

If Ug, is acceptable (i.e. if Ug; < Ug), then the uncertainty budget of the first iteration has prove
given measurement procedure is adequate for the measuring task (box 11);

If Ug, is not acceptable (i.e. if Ugq > Ug) or if there is no required uncertainty, but a lower and
value is desired, the iteration process continues;

ore the new iteration, analyze the relative magnitude of the uncertainty contributors. In many ca
certainty components dominate the combined standard uncertainty and expanded uncertainty;

hnge the assumptions or improve the knowledge about the uncertainty’ components to makg
curate (see 3.5 of VIM:1993) upper bound estimation of the largest (dominant) uncertainty compon

).

bcess (box 12);

ke the second iteration of the uncertainty budget (hoxes 7 to 9) leading to the second, lower
curate (see 3.5 of VIM:1993) upper bound estimate:6f‘the uncertainty of measurement, Ug, (box 1(

mpare the second estimated uncertainty Ug, (Box A) with uncertainty required Uy for the actual n
5
k

the given measurement procedure)is adequate to the measuring task (box 11);

if Ug, is not acceptable (i.&wif Uz, > UR), or if there is no required uncertainty, but a lower and
value is desired, then a-third (and possibly more) iteration(s) is (are) needed. Repeat the analyf
uncertainty contributers-fadditional changes of assumptions, improve in knowledge, changes in n
etc. (box 12)] andconcentrate on the currently largest uncertainty contributors;

en all possibilifies” have been used for making more accurate (lower) upper bound estimats

pasuring uncertainties without coming to an acceptable measuring uncertainty Ugy < Ug, then it |
it it is nolypossible to fulfil the given requirement Ug.

Uneertainty management for design and development of a measurement process/procedur

n that the

more true

5es a few

b a more
ents (box

neasuring

hnd more

):

neasuring

if Ug, is acceptable (i.e. if Ug, < Ug), then the uncertainty budget of the second iteration has proven that

more true
sis of the
nodelling,

s of the
S proven,

e

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, Ut (box 2 in Figure 2). Definition 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)

c)

d)

e)

f)

9)

h)

i)

)

10

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 uncgrtainty,
Ug; [(box 10). For details about uncertainty estimation see clause 9. All estimates of uncertainties Ugy are
perfqrmed as upper bound estimates;

comgare the first estimated uncertainty, Ug4, with the given target uncertainty, U+ (box A);

1) |f Ugq is acceptable (i.e. if Ug; < Uq), then the uncertainty budget of the first iteration has proven that the
measurement procedure is adequate for the measuring task (box 11);

2) |f Ugq << Ug, then the measurement procedure is technically acceptable) but a possibility may exist to
change the method and/or the procedure (box 13) in order to make.the measuring process mofe cost
bffective while increasing the uncertainty. A new iteration is then needed to estimate the rgsulting
measurement uncertainty, Ug, (box 10);

3) |f Ugq is not acceptable (i.e. if Ug; > Uq), the iteration process continues, or it is concluded that no
hdequate measurement procedure is possible;

before the new iteration, analyze the relative magnitude of the uncertainty contributors. In many cases a few
uncegrtainty components pre-dominate the combined standard uncertainty and expanded uncertainty;

if Ugj > Uq, then change the assumptions, the, modelling or increase the knowledge about the uncertainty
components (box 12) to make a more accurate (see 3.5 of VIM:1993) upper bound estimation of the [largest
(donjinant) uncertainty components;

makg the second iteration of the uncertainty budget (boxes 7 to 9) leading to the second, lower angl more
accurate (see 3.5 of VIM:1993) upper bound estimate of the uncertainty of measurement, Ug, (box 10);

comgare the second estimated;uncertainty Ug, with the given target uncertainty, Uy (box A);

1) |f Ug, is acceptahle (i'e. if Uz, < Ug), then the uncertainty budget of the second iteration has proven that
he measurement)procedure is adequate for the measuring task (box 11);

2) |f Ug, is ot acceptable (i.e. if Ug, > Ug) then a third (and possibly more) iteration(s) is (are) needed.
Repeat<the analysis of the uncertainty contributors (additional changes of assumptions, modellipg and
ncrease in knowledge (box 12)) and concentrate on the currently largest uncertainty contributors;

when-attpossititites tas beemusedfor making more accurate (fower) upper bound estinmates of the measuring
uncertainties without coming to an acceptable measuring uncertainty Ugy < Uq, then a change of the
measurement method or the measurement procedure or the conditions of measurement (box 13) is needed to
(possibly) bring down the magnitude of the estimated uncertainty, Ugy. 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, the final possibility is to change the principle of measurement (box 14)
and start the above mentioned procedure again;

© 1SO 1999 — Al rights reserved
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k) if change of the measuring principle and the related iterations described above do not lead to an acceptable

uncertainty of measurement the ultimate possibility is to change the measuring task and/or target uncertainty
(box 15) and start the above mentioned procedure again;

I) if change of measuring task or target uncertainty is not possible, it is demonstrated, that no adequate
measurement procedure exists (box 16).

© 1SO 1999 — All rights reserved 11


https://standardsiso.com/api/?name=9822100e7ab60bc41181008f7a2aefbc

ISO/TS 14253-2:1999(E)

[4

(jeomjod) L
-uiepaoun Jal

olais Auiepsoun jobiey
-sod aunpaoo.d ajqissod N3 10 s} Buinses|
JuswiaINsesw o abueyn SoA e «m ) W
ajenbape oN -obueud
9l Sl
N3 / JuswaINseaW
m_n_mwma Jo 9|diound
0 8buey) \mw> :abueyn
43
poyiaw
aiqissod N3 Jo/pue ainpsdoid
Jo abueyn \mm> ._o\ccmmwco_:vcoo
:abueyn
el
abpajmous| anoidwi
s|qissod N3 J0/pue Bujjepow
Jo abueyd \mo> Jo/pue suonduwinssy
:abueyn
cl
suoppu®d /|
JusWaINSE\|
— 9
— 1
ainpaoo.d _ R _
JuswaInsesw nxy="Npn sjouodwoo {1 Butiepow £ | ofpaimouy “ E:nw_‘woﬁ H JM:MMMMNME
senbepy _ Aurepsoun Aurepsoun suopdwinssy _ juswiainsesy e
L _|ov 8 A 1 S €
yobpnq Ayurensoun
poyaw
juswainsespy [
14

yse) Buunsy

A
e]

PN

l

Procedure for Uncertainty of Measurement MAnagement (PUMA) for a measurement

Figure 2

process/procedure
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7 Sources of errors and uncertainty of measurement

7.1 Types of errors

Differe

nt types of errors regularly shows up in measurement results.

— systematic errors;

— random errors;

— drjft

— oy

All errg

Tt

tliers.

rs are by nature systematic. When we see errors as non-systematic it is because the reason for th

not logked for or because the level of resolution is not sufficient. Systematic errors may be'characterise
and sign (+ or -).
ER=MR-TV
where
ER is the error,
MR is the measurement result;
TV s the true value.
Randopm errors are systematic errors caused by non-controlled random influence quantities. Random erro
characterized by the standard deviation and the type of.distribution. The mean value of the random erro
considgred as a basis for the evaluation of the systendatic error (see Figure 3).
a -~
= -
2 1 //
o -~
o * ~
) //
a -
a - 3
> ~
~
~
~
A
//
- 2 LA
=
== 6
* 1
Time
Key
1  Outlier
2  Dispersion 1
3  Dispersion 2
4  Systematic error 1
5  Systematic error 2
6  True value

Figure 3 — Types of errors in results of measurements
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Drift is caused by a systematic influence of non-controlled influence quantities. Drift is often a time effect or a wear
effect. Drift may be characterized by change per unit time or per amount of use.

Outliers are caused by not repeatable incidents in the measurement. Noise — electrical or mechanical — may
result in outliers. A frequent reason for outliers is human mistakes as reading and writing errors 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 contributors.

The sourges or contributors are not the same in each case, and the sum of the components are not the same.

It is still possible to make a systematic approach. There are always several sources or a combined effeet of the ten
different ¢nes indicated in Figure 4.

In the follpwing, examples and further details about each of the ten contributors are given.

What is gften difficult is that each of the contributors may act individually on the result of-measurement. But in many
cases thgy even interfere with each other and cause additional errors and uncertainty:

Figure 4 and the following non-exhaustive lists (see 7.2 to 7.11) shall be used for-getting ideas in a systemafic way
when mgking uncertainty budgets. In each case the evaluation of the actuéal _error/uncertainty component| needs
knowledde about physics and/or experience in metrology.

In uncerfainty budgets the uncertainty contributors and the uncertainty components may be groupged for
conveniepce.

Physical
constants

Reference
element of
measurement
equipment

Measuring-
procedure

Uncertainty
of the
measured
characteristic

Definition
of the
characteristic

Measurement
equipment

Measurement
setup

Measuring
object

Software
Metrologist and
calculations

Figure 4 —Uncertainty contributors in measurement
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Environment for the measurement
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In most cases — especially in GPS measurements — the temperature is the main uncertainty contributor of the

environment. Other uncertainty contributors may be:

7.3

The m

Temperature: absolute temperature, time
variance, spatial gradient

Vibration/noise

Humidity

Gravity
Electromagnetic interference

Transients in the power supply

Contamination
lllgmination
Ambient pressure
Aif composition

Aif flow

look at{the equipment that way.

7.4

Sthability
Sgale mark quality

Temperature expansion coefficient

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

inferferometer

Measurement equipment

Inferpretation system

Magnification, electrical or meehanical
Error wavelength

Zaro-point stability

Farce stability/absolute force
Hysteresis

Guides/slideways

Probe)system

Reference element of measurement equipment

Pressured air (€.9. air bearings)
Heat radiation

Workpiece

Scale

Instrument thermal equilibriim

basuring equipment is divided into "reference element” and the "rest\of the equipment", and it oftg

CCD:-techniques

Uncertainty of the calibration

Resolution of the main scale (analogue or

Time since last calibration

Wavelength error

Reading system

Linear coefficient for thermal expansion
Temperature stability/sensitivity
Parallaxes

Time since last calibration

Response characteristic

Interpolation system, error wavelength

Interpolation resolution

n pays to

digital)

Geometrical imperfections

Stiffness/rigidity

© 1SO 1999 — All rights reserved
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7.5 Measurement setup (excluding the placement and clamping of the workpiece)

In many cases there is no setup; the measurement equipment can measure "alone".

— Cosine errors and sine errors — Form deviation of tip

— Abbe principle — Stiffness of the probe system

— Temperature sensitivity — Optical aperture

— Stiffness/rigidity — Interaction between workpiece and setup
— Tip radius —  Warming up

7.6 Software and calculations

Observe that even the number of digits or decimals can have an influence!

— Rounding/Quantification — Filtering

— Algofithms — Correction of algorithm/Certification of algorithm
— Imple¢mentation of algorithms — Interpolation/extrapolation

— Numper of significant digits in the computation — Outlier handling

— Sampling

7.7 Madtrologist

The humpn being is not stable; there is a difference from dayto day and often a rather large change durjng the
day.

— Edudgation — Knowledge (precision, appreciation)
— Expsgrience — Honesty
— Trairjing — Dedication

— Phydical disadvantages/ability

7.8 Mdasurement object, workpiece or measuring instrument characteristic

— Surface roughness — Magnetism

— Form deviations — Hygroscopic characteristic of the material
— E-mgdulus (Young's modulus) — Ageing

— Stiffless beyondE-modulus — Cleanliness

— Temperature expansion coefficient — Temperature

— Conductivity — Internal stress

—  Weight — Creep characteristics

— Size — Workpiece distortion due to clamping

— Shape — Orientation

16 © 1SO 1999 — All rights reserved
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7.9 Definition of the GPS characteristic, workpiece or measuring instrument characteristic

— Datum — 1S0O 4288

— Reference system — Chain link 3 and 4 deviations (ISO/TR 146
— Degrees of freedom — Distance

— Toleranced feature — Angle

7.10 Measuring procedure

— Conditioning — Number of operators

— Ndimber of measurements — Strategy

— Order of measurements — Clamping

— Ddration of measurements — Fixturing

— CIoice of principle of measurement — Number of points

— Allgnment — Probing principle-and strategy

— Choice of reference — reference item (standard) — Alignment of ‘prebing system
and value — relative to the measured value — Drift check

:1999(E)

38)

— C:[oice of apparatus

— C

7.11 §

— Ki

8 T
expaf

8.1 |
Estim4

Type 1
evalual

Type £
evalual

— Reversal measurements

oice of metrologist . .
9 —  Multiple redundancy, error separation

Physical constants and conversion factors
owledge of the correct physical values ofiUfor example, material properties (workpiece, N

strument, ambient air, etc.)

pols for the estimation of uncertainty components, standard uncertainty and
ded uncertainty

Fstimation of uncertainty components
tion of uncertainty eomponents can be done in two different ways. Type A evaluation and type B ev

\-evaluation js evaluation of uncertainty components, u,,, using statistical means. Type B eva
lion of uncettainty components, u,,, by any other means than statistical.

-evaluation will in most cases result in more accurate estimates of uncertainty components tha
fion\In many cases Type B evaluation will result in sufficiently accurate estimations of u

compo

hents.

neasuring

aluation.

luation is

h type B-
ncertainty

Therefore, 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 type
A evaluation. See "standard cases" for evaluation of uncertainty components in 8.4.

NOTE

The designation in this Technical Specification for both type A and B evaluated uncertainty components are u,,. This
is a deviation from the present version of GUM where type A evaluated uncertainty components is designated s,, and type B-
evaluated u,,.

© 1SO 1999 — All rights reserved
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8.2 Type A evaluation for uncertainty components

821 G

eneral

Type A evaluation of the uncertainty component, u,,, 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

Regardle

5s of the type of statistical distribution, the following statistical parameters are defined by the equati

;(__j_x ZX_ The mean value of a number, n, of measurement results Xy x is an e
- |

When thé
standard

1 of the true value of the mean x of the distribution.

measurement values. s, is an estimate_of the standard deviation
distribution o .

The standard deviation of¢the mean value sy of the sample is equa

measurements n.

deviation values may be wrong, and possibly too small. For this reason, a "safety" factor h is used.

The safety factor h (calculated based on the-Stiident t-factor)?) can be read from Table 1.

The stanglard deviation of the sample s \(multiplied by the safety factor h as appropriate) is used in the unc

budget a
concerne|

Uxx 5

The stan
budget w

uXX

F Sxnx h (%m: n

5 the value for u
d.

SynX h

Hard deviation‘ef the mean value s is the value used for the standard uncertainty u,, in the unc
nen the measurement result is obtained using the mean of several readings of the component conc

Sx.n X h]

pNS:

stimate

The standard deviation of the distribution)of the sample based on n

of the

to the

standard deviation of thegsample divided by the square root of the number of

e mean value or the standard deviation is*based on very few repeated measurements the estimated

prtainty

. When_the ‘'measurement result is obtained using single readings of the comjponent

©)

prtainty
erned.

(6)

2) See also bibliographic reference [2].
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Table 2 — Safety factors for standard deviations s, of the sample

Number of measurements Safety factor
n h

7,0
2,3
1,7
14

1999(E)

8.3

8.3.1

The e
experig

Experi
Experi

such b
can be

8.3.2

Given
(define
known
design

Uy

Experi
variatic

Type B evaluation for uncertainty components

1,3
1.3
1,2
1,2
1

© 00 N o |00~ W N

N
=
o

General

aluation of standard deviations by any means other tham Statistical is most often limited to
bnces or by simply "guessing" what might be the standard deviation.

bnce shows that human beings do not "understand”.er<@re not able to estimate standard deviations
bnce shows that human beings remember limitvalues for variation (error limit values) or are able t

y using logical arguments and physical laws\n many cases specifications are known as limit va
developed into a systematic method to defive standard deviations from limit values.

Transformation tools for error limits

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

=axb

bnce shows\that in most cases it is sufficient to use only three types of distributions for transformin
n into standard deviation.

In Fig

re 5. these three types of dlstrlbutlon are glven W|th the formula for transformmg from limit

previous

directly.

b develop
ues. This

deviation
Alue, a, is
mit value

()

g limits of

value to

standard

deV|at|0n (29) is used as the Ilmlt value for the Gaussian dlstrlbutlon By experience it is known that a human being
remembers the 2s value as the limit value for Gaussian distributed data. The b value for the three types of
distribution in Figure 5 is:

— Gaussian: b=0,5

— rectangular distribution: b=0,6

— U-

distribution: b=0,7

© 1SO 1999 — All rights reserved
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Gauss. distribution: b = 0,5
a
Uyy = > =05xa
-a 0 + 3
Rectangular distribution: b = 0,6
a
Uyy 3 ﬁz0,58x a=06xa
-a 0 + a
U-digtribution: b= 0,7
a
Uyy 3 ﬁzo,nx a=07xa
-a Q + 3
Figure[5 — The three types of distributions used for transforming limits of variation, a, into uncertai
components, u,, (standard uncertajnties)
Type B eyaluation of the uncertainty component needs a reasonable."guess" or knowledge about the limit v
To be sufe it is an overestimation make a high, but not too high*guess of the limit value to determine the 3
Next step is to make an assumption about the distribution. Innany cases the type of distribution is know
obvious. [If not, make a conservative assumption. If the distribution is not known to be Gaussian, then
rectangulpr or U-distribution. If the type of distribution issnot known to be rectangular, then choose U-distr
The U-digtribution is the most conservative assumption\
One way| to make reasonable estimates of standard uncertainties — for influence quantities — withou
statisticall methods is by experience or by using’ physical laws to set up variation limits for a contributor an
transforn] these limit values to standard’) uncertainties by an assumed distribution type for the
error/uncertainty component.
8.4 Common type A and B evaluation examples
8.4.1 GgEneral

In this clause some exaniples of common uncertainty contributors and components will be discussed. Ex

will be gi
arising in

842 E

en on how\to derive the uncertainty component u,,. The examples are not exhaustive for the pr
GPS medasurement and calibration.

Nty

hlue, a.
value.
n or is
choose
bution.

using
d then
actual

hmples
bblems

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

Data from repeated measurements give the possibility of using type A evaluation as well as type B evaluation of the
resulting uncertainty component.

Data can be used to calculate the standard deviation (uncertainty component) using the formulas given in 8.2.2
(A-evaluation).

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

20
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8.4.3 Repeatability

In every 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 sgivenin 8.2.2.

The repeatability based uncertainty component may be less than the uncertainty component derived from the
resolution of the measurement equipment reading. In this case the latter shall be used instead of the repeatability
(see 8.4.4).

8.4.4 |Resolution and rounding

The repolution of a measuring equipment (analogue or digital) or the step in last digit/decimal of a'measyred value
or rourjded measured value, whichever is the largest, is causing an uncertainty component:

d d
=———=—x06=03xd 8
2x43 2 8)

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.

Uy

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

8.4.5 |Maximum permissible error (MPE) of a measuring equipment

When g measuring equipment or measuring standard is knewn to conform to stated MPE values for edch of the
metrolpgical characteristics, these MPE values can be used*to derive the related uncertainty components:

ugd =MPE x b )
where |b is chosen according to the rules given in 8.3.2 and the distribution assumed. When calibration flata exist
for ond measuring equipment or for a largernumber of identical pieces of equipment, it is often possible tp use this

data tqg find the type of distribution or even in rare cases to evaluate the uncertainty component directly — as an A-
evalualion — by the formulas of 8.2.2,

8.4.6 |Corrections

Errors,|ER, where magnitude and sign (+ or —) is known may be compensated for by a correction, C, added to the
measufement result:

CE-ER (10)
Even when a_correction is made, an uncertainty component (uncertainty of the correction) remains. This upcertainty

compopnent, shall be less than the error/correction for the correction to have a positive effect on uncgrtainty of
measuréement.

It is the responsibility of the person who is making the uncertainty budget to decide if a known error shall be
corrected for. The criteria to correct for a known error is based on economy.

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

8.4.7 Hysteresis
Hysteresis, h, in the indication of a measuring equipment may be treated as a symmetrical error/uncertainty around

the mean of the two indications forming the hysteresis. The uncertainty component may be derived as an A-
evaluation if sufficient data is present or as a B-evaluation where the uncertainty component is:
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h
Uyy = E x b (11)
where b is chosen according to the rules given in 8.3.2 and the distribution assumed.

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

Measurements are influenced by a number of influencing quantities (see 2.7 of VIM:1993), which affects the
measuring equipment and/or the object (e.g. component, measuring instrument etc.) being measured. Common
influence gquantities in GPS measurements are e.g. temperature, measuring force and direction of measurement.
The influgnce is expressed in another physical unit than length [e.g. °C, N and ° (angle)] and shall be transformed
by physidal laws (equations) into length.

Influence| quantities are often known as a value or a range and the uncertainty of the before méntioned vplue or
range is Known as a limit value.

8.4.8.1 | Temperature

Standard| reference temperature for GPS and GPS measurements is 20 °C_{(see 1SO 1). Influenceg from
temperatyire, which may be caused by absolute temperature as well as, time and/spatial temperature grgdients,
result in linear expansion, bending, etc., of the measurement equipment, the ‘measurement setup and thel object
being mefpsured. The transformation from temperature to length is given by the\linear expansion equation:

AL AT xar x L (12)

where ATl is the relevant temperature difference, « is temperature-€xpansion coefficient of the material and L is the
effective length under consideration.

In each dase of temperature as an influence quantity several transformation equations from temperature to| length
may be i use together with other geometrical or physical equations to form the full description of the influghce on
the GPS measurement result (length, form, etc.).

8.4.8.2 | Measuring force

Standard|reference condition for GPS is zero measurement force. The effect on errors and uncertainty off length
measuremfent by non-zero force is~€aused by elastic and in some cases also plastic deformation |of the
measurefnent equipment, the measurement setup and the measuring object. Especially the effect on the gontact
geometry between measuring eguipment and measurement object shall be investigated.

The effegt of measuring force may be quantified by experiments or by physical equations (Hertz formulps and

others). The effect is depgending on the force, the direction of the force, geometry and material constants su¢h as E
(Young's|modulus), v (RPoisson's number), etc.

8.4.8.3 Direction of measurement

The diregtion of measurements shall be according to the definition of the geometrical characteristic [of the
measurement object (See ISO/TR 14638]J.

The effect of deviation from the defined directions of measurement can be calculated from basic trigonometric
equations and be subject to the directional effects of the other influencing quantities.

8.4.9 Definition of the measurand

Measurands in GPS measurements are GPS characteristics of workpieces (often given as requirements on
technical drawings) and metrological characteristics for measurement equipment and measurement standards.
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These measurands are defined in GPS standards (see ISO/TR 14638 for an overview). In many cases the
measurement procedure is intentionally or by accident not in conformance with the definition of the characteristic.
In such cases these deviations in measurement procedure will result in errors and uncertainties in the result of
measurement. If the errors are known, correction is possible (see 8.4.6). In practice a measurement procedure will
always result in an uncertainty relative to the definition of the measurand (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", k,-acgording to
GUM:

Uyd, = (13)

v
k
S@me calibration organizations have standardized a default value of k. In these(cases, the "coverage factor" is
ndt stated on the certificate;

— the uncertainty is expressed as a value U, and a stated "confidence level“Je.g. 95 % or 99 %:

U

U = — (14)
m

where mis the number of standard deviations in the confidence interval corresponding to the stated cpnfidence
leyel.

Calibrgtion certificates sometimes only — or in addition < certify, that the equipment fulfil a defined specification (a
set of MPESs) given e.g. in a standard, manufacturer§’data sheet, etc. In this case the nominal MPE value of the
metrolpgical characteristic shall be used and the uncertainty component derived from this MPE value giyen in the
specification according to 8.4.5.

8.4.11| Surface texture, form and other géometrical deviations of a measurement object

The surfaces of a measuring objectisin contact with the measuring equipment during measurement. Depénding on
the surface texture, form deviations and other geometrical deviations from nominal geometry, the contact|geometry
(stylusi|tip) of the measuring equipment will interact with the surface and cause uncertainty components.

These|components maybe-evaluated by experiments (A-evaluation) or B-evaluation or partly by experinjents and
partly by B-evaluation,

8.4.12 | Physical.constants

Physicpl censtants (e.g. temperature expansion coefficients, Young's modulus, Poisson's number, etc.) which is

part off corrections for or transformation from the influence quantity error or evaluated uncertainties are|often not
known acr\llrﬂfr\l\l hit Aara Actim tnd

ata
CTOTTtC Ty oo T ot atT oT

They are therefore introducing additional uncertainty components using the same transformation formulas as used
for influence quantities above. This evaluation can only be done as B-evaluation.

8.5 Black and transparent box model of uncertainty estimation

The uncertainty for the same measurement process can in many cases be evaluated on several levels of detail or
models. The two extreme cases are the black box and transparent box method.

In the black box method the total measurement process is modelled as a black box with unknown content. The
uncertainty budget and the uncertainty components are only describing the total effect on the measurement
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process. In this choice of model it may be very difficult to determine the functional relationship between uncertainty
components and individual error contributors.

To have the full benefit of uncertainty budgeting it may be necessary to open the black box and make a more
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 purpose of the black box model in this technical report and the PUMA method, all iInfluence gupntities
are transformed to the unit of the measurand. Therefore, in the black box model the sensitivity coefficienty of the
individual uncertainty component are equal to 1 (one).

In the trahsparent box model for uncertainty estimation these restrictions of the uncertainty components (gdditive
uncertainty components, input unit the same as output unit and sensitivity coefficient equal to-1) are not valid|.

8.6 Bldck box method of uncertainty estimation — Summing of uncertainty components into
combined standard uncertainty,  ug

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

Y=K+C (15)

where X]is the reading of the measuring instrument and C= 3\C, is the sum of the corresponding gdditive
corrections known from e.g. calibration, temperature correctiondeformation correction, etc.

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

(16)

213
1

p Is the number of uncorrelated uncertainty contributors;
s "the sum" of the strongly correlated (o = 1 and —1) uncertainty contributors, calculated by the equation:

=Yy (17)

1

vhere r-is the number of strongly correlated uncertainty contributors.

In total thiereZare. ptr ||nr‘nrminfy contributors in measurement of Y.

The uncorrelated (o = 0) uncertainty contributors are to be added geometrically (the square root of the sum of
squares).

The strongly correlated uncertainty contributors are to be added arithmetically.

A conservative estimate is to consider all uncertainty contributors which are known not to be fully uncorrelated as
strongly correlated.
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8.7 Transparent box method of uncertainty estimation — Summing of uncertainty components
into combined standard uncertainty,  u.

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) and/or black box

models:

Y=G % %o Koo Kour) (18)

The cdmbined standard uncertainty of measurement IS given by the equation:

2
p
2
ud =, |u +Z(3—Y>< u)(i] (19)
where [u, is the "sum" of the strongly correlated components of measuring uncertainty:
ul= ) —XuU; (20)

where

Ea% is the partial differential coefficient of the function Y with- respect to X;.
i

Uy is the combined standard uncertainty of measurement of the number i measured value (functign), which

is part of the transparent box method of ungértainty estimation for the measurement of V.

Uy; maly be the result (u, — combined standard uncertainty) of either a black box (see 8.6) or another transparent
box method of uncertainty estimation.

The ur]correlated (p = 0) components,of measuring uncertainty shall be added geometrically (the square oot of the
sum ofl squares).

The strongly correlated components of uncertainty shall be added arithmetically (the number of strongly ¢orrelated
compopnents of uncertaintyds-r).

A congervative estimiate is to take as strongly correlated all components which are not known tq be fully
uncorrelated.

The ndmber of-uncorrelated components of uncertainty is p.
In totall there have been p + r components of uncertainty in this transparent box method of uncertainty estimation of

Y, which again — each of them — could be a combination of a number of components of uncertainty of
measurement.

8.8 Evaluation of expanded uncertainty, U, from combined standard uncertainty,  u.
The expanded uncertainty of measurement, U, in GPS measurements is calculated as:
U=U.xKk=UXx2 (21)

Unless otherwise specified, the coverage factor k = 2 in GPS measurements (see 1ISO 14253-1).
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8.9 Nature 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 contributors 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

9 Prag¢tical estimation of uncertainty — Uncertainty budgeting with PUMA

9.1 Gaeneral

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

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

9.2 Pre¢conditions for an uncertainty budget
Setting up an uncertainty budget is only possible when:

— the measuring task is properly defined. The characteristicof the feature of the workpiece or the charagteristic
of the¢ measurement equipment shall be defined and peinted out as the task (box 1 in Figure 2).

An uncertainty budget is set up for one single.-specified measuring result only. One single measuring result
may |be taken as the representative for a group.of measurement results;

— 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 at least known initially as a draft (bgx 4 in
Figure 2);

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

The measurement procedure include the choice of measurement equipment.

The |measurement procedure gives all the details of how the measuring equipment and the workpliece is
handled-during measurement. The uncertainty budget is mirroring the activities and steps in the procedure;

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

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

— determination of a reference point (1 in Figure 6), often a zero point. In many cases the zero point 70of the

measurement equipment is set as an activity in the calibration procedure. Uncertainty is related to the setting
of the reference point or zero point;
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— determination of a measuring point (2 in Figure 6), the reading of the measurement equipment 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 and/or uncertainty 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.

a b
1 2
D
3

Key
1 Reference point
2 Mepsuring point
3 Travel of measuring equipment
a  Ungertainty range of reference point
b un Certainty range of measuring point

Figure 6 — Generic model of the three‘€lements in a measurement
The oVerall measuring task, i.e. the characteristic, te-be quantified (measured) is often evaluated as|a simple
calculgtion based on two or more measured values, 0r basic measurements of the same kind, i.e. when tHe error of
indicatlon of an equipment is characterized by the error range. In such cases the uncertainty budget may [be set up

for the|basic measurement, e.g. one of several calibration values. The uncertainty related to the characterjstic to be
guantifjed is evaluated by calculations based-on the uncertainty value of the basic measurement.

9.3 $tandard procedure for uncertainty budgeting

The following procedure may be helpful for setting up and documenting of an uncertainty budget, first iteration of
the PUMA method:

9.3.1 | Define and doeument the overall measuring task (characteristic to be measured) and the basic
measurement value fbasic measurement result (see 9.2)] for which the uncertainty budget shall be set up.

9.3.2 | Documeént:

— meastrement principle,

— measurement method,
— measurement procedure,
— measurement conditions.

If not fully known, choose and document initial or assumed draft principle, draft method, draft procedure and draft
conditions in accordance with the principle of overestimation of uncertainty components given in clause 5.

9.3.3 Make a graphical presentation of the measurement setup(s). The figure(s) may be of help for
understanding the uncertainty contributors present in the measurement.
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9.3.4 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).

9.3.5 Make an initial investigation and documentation of all possible uncertainty contributors and components.
The result and the documentation may be stated in a table as illustrated in Figure 7.

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 9.3.1 and 9.3.2.

The subdjvision 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 notipossible. The pringiple is
most impprtant for the dominant components in an uncertainty budget.

Desigpation Designation Name Comments (initial)
(low resplution) | (high resolution)
U Uyq Name of xa Initial observations, information, comments and
decisions relatéd to uncertainty component xa
Uypy Name of xb Initial observations, information, comments and
decisions related to uncertainty component xb
Uy Name of xc Initial observations, information, comments and
decisions related to uncertainty component xc
Name of total xx ™ Initial observations, information, comments and
decisions related to uncertainty component total xix
Wy Uya 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 to uncertainty component yb
@) Name of total yy | Initial observations, information, comments and
cp decisions related to uncertainty component total yy
=
U,, %\ Name of zz Initial observations, information, comments and
’20 decisions related to uncertainty component zz

Figure 7 — Initial overview, designation, naming and commenting on the uncertainty components
of an uncertainty budget

The tablg in_Figure 7 has two levels of resolution. These levels are useful in the initial phase and before the first
PUMA iteration, where the modelling of the uncertainty is no yet established. Low resolution often means one
single black box as the model. High resolution gives the possibility of splitting the single black box into several
smaller black boxes.

For each uncertainty component define and document mathematical designations and names (labels) on the two
levels of resolution.

Use the comments column in Figure 7 to sum up information, conditions and even initial decisions related to the
actual uncertainty component. The comments column is a note pad!
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Based on the information present and documented in Figure 7 investigate and establish for the uncertainty
modelling for the actual iteration step.

For 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 case of type A evaluation, state the component value and the number of measurements on which it is

bgsed;
— inf|case of type B evaluation, state the limit value a* (variation limit in the unit of the influencequantity), a, the
agsumed distribution and the resulting uncertainty component value.
9.3.7 | Investigate, search for and document any possible correlation between the cdoeumented upcertainty
compohnents in accordance with clause 5.
9.3.8 | Choose the correct formulas depending on modelling and correlation and/calculate the combined standard
deviatipn, u; (see 8.6 and 8.7).
9.3.9 | Derive the expanded uncertainty, U, where U = 2 x u. (see 8.8).
9.3.10| Make a summary table containing all key information in theyuncertainty budget (see example in Figure 8).
Investipate possible changes which may change the uncertainty.estimate — to be ready for the next iteration — if
necesgary now or later. Especially make an economical evaluation.
Compgnent Evaluation Distribution Number of Varjation Variation Correlation Distribution Uncertainty
narhe type type measurements limit limit coefficient factor comp.
a* a b Uxx
[influence units] [um] [um]
Uy, A 10 0 1,60
Name of xa
N4
Uy B Gaussian ., 1,90 1,90 0 0,5 0,95
Name ¢f xb &
Uy o B Rectangular 3,42 3,42 0 0,6 2,05
Name ¢f xc
Uy, A ..\‘O 15 0 1,20
Name ¢f ya 0
Uyp A 15 0 0,60
Name ¢f yb
Uz, B u 10°C 157 0 0,7 1,10
Name of za
U,y B U 5 °C 51Y) U 0,7 0,42
Name of zb aylay=1,1
Combined standard uncertainty, u, 3,29
Expanded uncertainty (k = 2), U 6,58
Figure 8 —Example of a summary table with all key information of an uncertainty budget
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10 Applications

10.1 General

A normal uncertainty budgeting for a GPS measurement may result in the following equation. The uncertainty
components are grouped depending on their origin:

Ue =\/u,apEX +...+ Lﬁx+...+ 1§X+...+ Léx +... Léx +... (22)

U ={ x k(k=2) (23)

The groups of uncertainty components originate from, for example:

— measgurement equipment (or measurement standard) UmpPEL UMPE2: UMPE3 -
— envippnment U1 Unzs Unzs oo

— perspnnel/staff Ug1, UgorUigg, -

— meagurement set up Uo1.Ug2s Uo3, -

— meagurement object (workpiece or measurement equipment) Ug1, Ugos Ugs, -

— definjtion of the characteristic of the object Up1, Ups Upas -

— meagurement procedure Up1, Upo, Ups, ...

— etc. Ugtc xo =

Experienge is that the different groups of unceffainty components in many cases are not influencing each other
when the|changes in one of the other groups are small. This means, that the equation can be used to evaluate the
influencelfrom one or more of the groups on‘the uncertainty of measurement, absolute as well as relative.

It is possible also to "transform" the)uncertainty budget and the changes in one or more of the groups into
economidal terms and effect, and.thus use the uncertainty budget to evaluate the economical influence| of the
uncertainfy components.

In the following sub-clauses,)applications of uncertainty budgets and the PUMA method are given. The list s non-
exhaustivie.

10.2 Dofumentation and evaluation of the uncertainty value

As demopstrated in many cases through this Technical Specification, the uncertainty budget is able to give an
estimate bf-the ||nr~prminty value for an pyicfing measurement or calibration process

10.3 Design and documentation of the measurement or calibration procedure

10.3.1 Documentation and optimization of measurement and calibration processes

The PUMA method gives the opportunity of documenting and optimizing a measurement or a calibration process by
taking into account technical and/or economical criteria, when optimizing through a number of iterations.
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10.3.2 Development of measurement procedures and instructions

Development of measurement procedures and uncertainty budgets in parallel, the PUMA method gives the
opportunity of analyzing the effect of every sub-procedure based on the effect on the uncertainty. Thus develop
(and optimize) the total measurement procedure and the related instruction.

10.3.3 Development of calibration procedures and instructions
Development of calibration procedures and uncertainty budgets in parallel, the PUMA method gives the opportunity
of analﬁgzing the effect of every sub-procedure based on the effect on the uncertainty. Thus develop (and optimize)
the total calibration procedure and the related instruction.

10.3.4| Qualification or disqualification of secondary measurement methods and equipment

In many cases the ideal measuring method and measurement equipment — according 40 -the definitipn of the
characteristic to be measured (GPS characteristic of a workpiece or metrological characterjstic of a megsurement
equipnpent) — is too expensive and/or slow. Results of analysis of the measuring object for form anfl angular
deviatipns and investigation of the influence on the uncertainty budget gives 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
variatign in roundness (ideal method in accordance with the definition of roundness).

10.3.5| Qualification of measurement equipment and set ups

The influence on the uncertainty of measurement from a.specific measurement equipment (Uypg,) and
measurement set up (ug,) can be seen from the uncertainty budget. All other uncertainty components arg taken as
invariaple. When the resulting combined standard uncertainty fulfils the target uncertainty requirement, the
equipnpent and the set up are qualified for the measurement task.

10.3.6 | Demonstration of best measuring capability, BMC

The Bgst Measuring Capability (BMC) is the least possible uncertainty of measurement achievable in a cdmpany or
a labgratory for a specific measuring task.’ When all uncertainty components in an uncertainty budget are

minimiged, U i, is the BMC for the task.

10.4 DPesign, optimization and documentation of the calibration hierarchy

10.4.1| Design of the calibration hierarchy

The uncertainty budgetresults in an equation which gives a functional relation between two levels in the galibration
hierarghy in a company or in a calibration laboratory (see example in annex A and Figure 9). Use of the PUMA
metho@ — with a. stated "target uncertainty" — on representatively shop floor measurements with the upcertainty
components griginating from the measurement equipment (uypg,) as variables — and all other upcertainty
componentsias fixed values — results in minimum requirements (MPESs) for the metrological characteristics of the
measurement equipment (see Figure 9).

The same procedure used on the calibration measurements of the measurement equipment will result in minimum
requirements for the metrological characteristics of the measurements standards. The procedure can be used at all
levels of the calibration hierarchy and thus design the full hierarchy in a company or a laboratory.

10.4.2 Requirements for and qualification of measurement standards

The influence on the uncertainty of measurement in calibration from a specific measurement standard (uy;pg,) can
be seen from the uncertainty budget. All other uncertainty components are taken as invariable. When the resulting
combined standard uncertainty fulfils the target uncertainty requirement, the measurement standard is qualified for
the calibration task.
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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 (uypg,) as variables the requirements to the calibration certificates can be derived from the
formula:

UT/UC—'V\.tMlx T T ORI T s BB T o T Q) T P T X o P e ! (24)

When the resulting combined standard uncertainty fulfils the target uncertainty requirement the)calipration
certificatq is qualified.

10.4.4 Eyaluation of the use of check standards

Check standards used in the workshop — as an addition to calibration — may be a way-to decrease the uncertainty
of measurement. By substitution of the relevant uncertainty components in the origifial-uncertainty budget,| based
on the calibrated measurement equipment, and adding possible new uncertainty gomponents, the effect of 4 check
standard jon the uncertainty of measurement can be evaluated (see the examplelinannex A).

10.5 Depign and documentation of new measurement equipment

10.5.1 Specification for a new measurement equipment

The uncagrtainty budget for a specific measuring task can besset up with the uncertainty components from the
measurement equipment (Uypgy,) as unknown variables and\all other uncertainty components as invariable. The
requirements for a new measurement equipment, which.does not exist yet in the company, can be derivgd from
formula (24).

10.5.2 Dgsign of special measurement equipment

The uncqrtainty budget for a specific measuring task can be set up with the uncertainty components from the not
yet desighed measurement equipment as unknown variables and all other uncertainty components as invariable.
The design requirements for the new. measurement equipment can be derived from formula (24).

10.6 Repuirements for and qualification of the environment

The influgnce on the uncértainty of measurement from the environment (uy,) can be seen from the uncertainty
budget. All other uncertainty components are invariable. The uncertainty components from the environment are
taken as yariables. Itiis.then possible to derive requirements for the environment from formula (24).

When the resulting combined standard uncertainty fulfils the target uncertainty requirement, the environiment is
qualified for the'measurement task.

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 formula (24).

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

equipment or measurement standard used in the measurement
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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.
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fies and applications, other uncertainty contributors may be significant.

Dpe

hple covers the estimation of uncertainty of measurement and qualification of a measurement prg
urement conditions for a measurement task using the PUMA method.

5k and target uncertainty

pasuring task

suring task consists of calibrating a & 100 mm x 15 mm._setting ring, two point diameter in one
n the symmetry plane. The roundness in the symmetry plane is 0,2 pm.

\rget uncertainty

t uncertainty is 1,5 pum.

nciple, method, procedure and-eondition

Pasurement principle

al contact, comparison with'a known length (reference ring).

basurement method

bl, comparison’of a & 100 mm reference standard and the "unknown" & 100 mm setting ring.

tial mé&asurement procedure

cedure

lefined

setting ring is measured on a horizontal measuring machine.

— Arref

erence ring (& 100 mm) is used.

— The horizontal measuring machine is used as a comparator.

A.3.4 Initial measurement conditions

— Horizontal measuring machine is within manufacturers specification (see Table A.1).

— Digital step in the read out display: 0,1 um.
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— Temperature in the laboratory is 20 °C + 1 °C.

— The temperature variation of the measuring machine over time is registered to 0,25 °C.
— 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 operator is trained and familiar with the use of the measuring machine.

A.4 Graphical illustration of measurement setup

See Figure A.1.

a  Syimmetry plane

Figure A.1 — leasurement setup

A.5 LUist and discussion of the uncertainty contributors

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

Designation | Designation Name
. ) Comments
Low res. High res. Uncertainty component
Urs Reference standard (ring) The uncertainty is stated for the & 100 mm diameter on the (accredited)
calibration certificate as U = 0,8 um.
Uee Error of indication of the The measuring machine is calibrated and is documented within the
measuring machine specifications (MPE values). The scale error is within: 0,6 m + 4,5 pm/m for
a floating zero.
Upp Alignment of measuring Since the reference ring and the ring to be calibrated are contacted-thg
anvils same way (as long as their diameters are within a reasonable rahge); the
parallelism error can be neglected.
u u Resolution d 0,1um
RR RA = = ~0,029 um
Ra 2% \/§ 2% \/5 H
Uze Repeatability A repeatability study has been conducted. The standard ;Zet\ll% )_esut of
deviation is found to be 0,7 um. (this corresponds to T URR
0.5 um for measuring the master ring and 0;5)um for
measuring the gage ring, when squared\together).
Urp Temperature difference The temperature difference betweén-the master ring and the ring beinp
between the two rings calibrated is assumed to followé@ U-shaped distribution. It is assumed [that
the two measurements are solclose together in time that the measuring
machine does not change témperature.
Ura Difference in temperature The temperature is assumed to follow a U-shaped distribution. It is assumed
expansion coefficients that the two measurements are so close together in time that the meaguring
machine does net-change temperature.
Uzo Roundness of setting ring The roundnriess is measured as 0,2 um. The ring has an elliptical shape
error.

A.6 First iteration

A.6.1 First iteration — Documentation and-calculation of the uncertainty components

urs — Re¢ference standard (ring)

Given in calibration certificat

According to the calibration certificate (Certificate no. XPQ-23315-97) the expanded uncertainty of the @
diameter of the reference ring iS 0)8 pm (coverage factor k = 2):

Urs T

Ugc — Efror of indication of the horizontal measuring machine

The MPH
distance

U _08um
k 2

=0,8umx5=0,4 um

Type B evaluation

value' of the error of indication curve (based on floating zero) is 0,6 um + 4,5 um/m. The measu

A1%

ertified

rement

Therefore:

%c =

0,6 um

(difference in diameter) between the reference ring and the ring calibrated is very small (<<

mm).

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

Ugc =0,6 umx 0,6 = 0,36 pm

Upp — Alignment of measuring anvils

36

Type B evaluation

© 1SO 1999 — All rights

reserved


https://standardsiso.com/api/?name=9822100e7ab60bc41181008f7a2aefbc

ISO/TS 14253-2

:1999(E)

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.

Upa zOpm

URr —

Repeatability/resolution Type A evaluation

A repeatability study has been conducted on the difference of ring diameters. The standard deviation 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 gauge ring, when

squared together.)

This giyves an uncertainty component of:

Sk = Q?T“m -012 um
Urp —|Temperature difference between the two rings Type B evaluation
The temperature difference between the two rings is not seen to be greater than 1°C. The temperature gxpansion
coefficlent for the two rings is assumed equal = 1,1 um/(100 mm x °C). This,means:

alpb=11— " s 1°Cx100mm=11lum

(100 mm x °C)

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

Ufp =011umx 0,7 =0,77 um
ur, —|Difference in temperature expansion coefficients Type B evaluat{on
The dgviation from 20 °C is maximum 1 °C. The. difference in temperature expansion coefficients is assuined to be
less than 10 %. Therefore:

alp=11— "M% 1°C %100 MM x10% = 011pum

(100 mm x °C)

A U-digtribution is assumed (b =0;7):

Ufa =011um x 0,7 ~ 008 um
uro —Roundness 6fthe setting ring Type B evalugtion
The fogrm erreris elliptical and the out of roundness is 0,2 um. The diameter is defined and measured in one
specified direction in the ring. Therefore the roundness has no significant effect.

URp =0m
A.6.2 First iteration — Correlation between uncertainty components

It is estimated that no correlation occurs between the uncertainty components.

A.6.3

First iteration — Combined and expanded uncertainty

When no correlation between the uncertainty components, the combined standard uncertainty is:
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Uc=\/Li%s+LEc+L§A+H%R+ L%D"' L%D"' i%o

The values from A.1.6.1:

U = \/(0,402 +0362 +02 +0122 +0,772 + 0082 +02) um?

U =0,95um
Expandeg-dreertaiaty:
U=y, x k=0,95umx k=190 um
A.6.4 Stmmary of uncertainty budget — First iteration
See Tablg A.2.
Table A.2 — Summary of uncertainty budget (first iteration)
Component name Evaluation | Distri- Number of | Variation | Variation.) | Correlation [ Distribution Uncer-
type bution measure- limit limit coefficient factor tainty
type ments b comp.
a* a
[influedce [um] Uyx
uits] [um]
Ugs Reference standard (ring) Cert. S\\) 0 0,5 0,40
2,
Uec  Errgr of indication of the B Rect. \\g 0,6 um 0,6 0 0,6 0,36
measuring machine Q}$
Ups Alignment of measuring anvils B Rect. A\ 0 um 0 0 0,6 0
u Repeatability/resolution A X 6 0 0,12
RR N
Urp Temperature difference B u 1°C 1,1 0 0,7 0,77
between the two rings
u;, Diffgrence in temperature B U 1°C 0,11 0 0,7 0,08
expansior] coefficients
Ugo Royndness of setting ring B 0 um 0 0 0
Combinedl standard uncertainty,.t, 0,95
Expanded uncertainty (k =2)3U 1,90
A.6.5 Fifst iteration — Discussion of the uncertainty budget
The critefiomUg, < Uy is not met. There is one dominant uncertainty component, uyp, caused by the tempprature

difference of 1 °C. It is not possible to make a smaller estimate uyp by the existing information. The only solution is
to change the measurement conditions. The temperature acclimatization shall be better, that means more time for
the acclimatization and probably a more efficient heat protection from body parts of the operator during handling
and measurement.

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 expanded
uncertainty.

38
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The measurement procedure is qualified by the first iteration, but the measurement conditions need improvement.

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

A.7 Second iteration

The tgmperature—conditions—are—changed—from—1°C1to0;5Cintheformulasforug—and—urr{sqe A.6.1).
Documentation and calculation of the uncertainty components shall be changed accordingly.
Table A.3 — Summary of uncertainty budget (second iteration)
Component name Evaluation | Distri- Number of | Variation | Variation | Correlatiomy“{Distri-bution || Uncer-
type bution measure- limit limit coefficient factor tainty
type ments b comp.
a* a
[influence [um] Uy
units] [um]
Uzs [Reference standard (ring) Cert. %\J 0 0,5 0,40
<\
U [rror of indication of the B Rect. 0,6 um 0,6 0 0,6 0,36
measyring machine
Upn Alignment of measuring anvils B Rect. Q. um 0 0 0,6 0
Uzr [Repeatability/resolution A 6 N 0 0,12
" N>
Urp Femperature difference B U $ 0,5°C 0,55 0 0,7 0,39
betwegn the two rings .
9 t\‘®
ur, bifference in temperature B U N 0,5°C 0,06 0 0,7 0,04
expangion coefficients
Uzo [Roundness of setting ring B .\\ ) 0 pum 0 0 0
)
Combined standard uncertainty, u, 0,67
Expanded uncertainty (k = 2), U 1,35
NOTE| The change in uncertainty-egmponents is indicated by thick lines.
A.8 Conclusion onthe second iteration
In the |second iterdtion, the temperature difference is limited to 0,5 °C. Table A.3 gives the documentgation, the
target pncertainty criterion is met:
Ugp 1385 um < Ug =15 um
By the second iteration, the measurement conditions are qualified.

A.9 Comments — Summary of example

By the example it is demonstrated that it is possible to qualify a measurement procedure and a set of measurement
conditions using the PUMA method to fulfil a given target uncertainty criterion:

Ugn <Ut

© 1SO 1999 — All rights reserved

39


https://standardsiso.com/api/?name=9822100e7ab60bc41181008f7a2aefbc

ISO/TS 14253-2:1999(E)

After the first iteration, where the target uncertainty criterion is not met, it is — in this case — obvious what to do.
There is only one dominant uncertainty component. The temperature conditions shall be better to meet the target
uncertainty criterion. It is demonstrated how the individual uncertainty contributor influence the combined standard
uncertainty and expanded uncertainty after the first iteration. Depending on the relative size of the uncertainty
components a strategy for a decreasing of the uncertainty can be made.
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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 is constructed to illustrate the PUMA onl
|t Onl ‘--3‘- e -‘ GOH 5-5 -S‘--' Ta he—i HSH-ated caSesS 2 5"“ a-ge
uncertginties and applications, other uncertainty contributors may be significant.

B.1 S

This ekample illustrates how the PUMA method may be used in industry to optimizeland plan in
metrolpgical (calibration) hierarchy. The example include:

— measurement of local diameter with external micrometer;

— C4
— C4q
— us§

Furthe
metrol
levels

n M
pr

I Cq
ex

| C4
fo

Use of
budget

At levq
permis
indicat

cope

libration of an external micrometer;

libration requirements for measurement standards for calibratien 'of an external micrometer;

e of check standard as a supplement to calibration.

more, it includes the estimation of uncertainty of #méasurement and evaluation of the require
pgical characteristics at the lover three levels of the-traceability hierarchy shown in Figure B.1. Th

Are:

pasurement of the local (two-point) diameter of a cylinder using an external micrometer. The meg
bcedure is evaluated by the PUMA methiod and a given target uncertainty Ut (see clause B.2).

llibration of the metrological characteristics (which influence the uncertainty of measuremen
ample I) of an external micrometer (see clauses B.3, B.4 and B.5).

libration requirements (MPE values) for the metrological characteristics of the calibration standard
calibration of the external micrometer (see clause B.6).

a check standard-as a supplement to calibration of the external micrometer is evaluated by the u
as a variant of the measurement of two point diameter (see clause B.7).

[ 1ll, theuncertainty of measurement for the two-point diameter measurement is evaluated. The
sible cerrors (MPEs) of the metrological characteristics of the external micrometer [MPE,,
on)\MPE,c (flatness of measuring anvils), and MPE,p (parallelism of measuring anvils)] are

Y.

Hetail the

ments for
ese three

surement

[ in sub-

s needed

ncertainty

maximum
(error of
taken as

unkno

vivariables. From the function:

Ut =Uyp = f(MPEy, , MPEy;z, MPE;p, other uncertainty contributors)

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, flatness 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

standa

rds as unknown variables.
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Figure B.1 — Calibration hierarchy for measurement of local diameter and calibration of external

micrometers

The result of uncertainty budgeting on the three levels is:

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

measurement on the workshop floor;

© 1SO 1999 — Al rights reserved

42


https://standardsiso.com/api/?name=9822100e7ab60bc41181008f7a2aefbc

ISO/TS 14253-2:1999(E)

— 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

B.2.1.1

The m
shafts,

B.2.1.2

The tal

B.2.2

B.2.2.1

Measu

B.2.2.2

The m
measu

B.2.2.3

—TH

Task and target uncertainty

Measuring task

pasuring task consists of measuring the local diameter (two-point diameter) on a seriés of fine tufned steel

with nominal dimensions & 25 mm x 150 mm.
Target uncertainty

get uncertainty is 8 pm.

Principle, method and conditions
Measurement principle

rement of length — Comparison with a known length.
Measurement method

easurements are performed with an analogue external micrometer with flat (& 6 mm) measuri
ring range 0 to 25 mm with a vernier scale interval of 1 um.

Initial measurement procedure

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

— Only one measurement of the diameter is allowed.

— Th

— Th

—TH

e shaft is cleaned-with a cloth before measurement.
e friction/ratchet drive shall be used during measurements.

e spifidle clamp shall not be used.

g anvils,

B.2.2.4

| 4 (Y
illlllal e ASUIITICTIt CUTTUTLUTTS

— It is demonstrated that the temperature in the shafts and in the micrometer is varying during 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 are using the machine tool and the micrometer for the production of the shafts.

— The cylindricity of the shafts is found to be better than 1,5 um.
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— The type of form error is not known, except that the conicity is small.

B.2.3 Graphical illustration of the measurement setup

@ 0510 15 20 7
' —————] —

—

0-25mm

See Figure B.2.

Figure B.2 — Measurement setup for measurement of local J 25 mim, diameter

B.2.4 Likt and discussion of the uncertainty contributors

The two-point diameter measurement is modelled as a black box uncertainty' estimation process. No corrgctions
are used ] All error contributions are included in the uncertainty of measurément.

In Table[B.1 all the uncertainty contributors are mentioned and\named, which is assumed to influence the
uncertainty of the actual diameter measurements.
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Table B.1 — Overview and comments table for uncertainty components in measurement of local diameter
(two-point diameter)

Designation | Designation Name Comments

Low High Uncertainty component

resolution resolution
U Micrometer — Error of indication Requirement for error of indication MPE,, of the micrometer is an
unknown variable. Initially it is set to 6 um — and symmetrical
positioning of the error of indication curve by zero adjustment after
calibration.
|

U,LF Micrometer — Flatness of measuring | Requirement for out of flatness for the two measuringyanyils My is
anvils an unknown variable. Initially it is set to 1 pm.

Udp Micrometer — Parallelism of Requirement for out of parallelism between the two measufing anvils
measuring anvils Myp is an unknown variable. Initially it is set’to 2 um.

Upix Effect of spindle clamping, These effects are in this case not active: The spindle clgmp is not
orientation of the micrometer and used. The orientation and time of handling have no significant effect
time of handling on a 0 to 25 mm micrometer.

u u i d lpm

AR RA Resolution Una = __tHm 029 um
2 X \/5 2 X ﬁ
Uze Repeatability It is demonstrated (by ‘experiments, that the three
. The lafgest of

operators have\the same repeatability. The exper- the twa = U
iment includes/more than 15 measurements for RR
each operator on "perfect” @ 25 mm plug gauges.
The effeet of the flexibility of the micrometer is
included in the repeatability.

Udp Variation of zero point between three_ [\Fhe three operators are using the micrometer in a differenf way. The
operators zero point is not the same as set by the calibration| "person".

Experiment (more than 15 measurements for each operator on
"perfect” @ 25 mm plug gauges).

Uip Temperature differencé Maximum difference, between shafts and micrometer, sgen during

observation period is 10 °C.

Uin Temperature Maximum deviation from standard reference temperature((20 °C) is

15 °C.
Ude Workpieceform error Cylindricity measured is 1,5 pm. The major part of the cylindricity is

out of roundness. The effect on diameter is two times the dylindricity,
3 um.

B.2.5 |First iteration

B.2.5.1 Firstiteration — Documentation and calculation of the uncertainty components

unn —IMierometer — FError of indication Type B evaludtion

ML >t

MPE,,_for the metrological characteristic error of indication of an external micrometer is 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 error of indication is of the same absolute value.
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The definitive value of MPE,,, is not fixed yet. It is one of the tasks of the uncertainty budget. As an initial setting of
MPE,,., 6 pm is chosen. Because of the zero setting procedure mentioned the error limit value is:

_Gum _

3um
5 u

avL

A rectangular distribution is assumed (overestimation principle, because Gaussian distribution cannot be proved on
the given basis) (b = 0,6):

UmL =3um><0,6=l8um

Uye — M|crometer — flatness of measuring anvils Type B evaluation

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

The definfitive value of MPE,,c is not fixed yet. It is one of the tasks of the uncertainty budget.’ As an initial setting of
MPEy, 1 um is chosen.

MPE,e ip influencing the uncertainty budget twice, once for each of the two.measuring anvils. A Ggussian
distributign is assumed (b = 0,5):

UvE F 1},l.m x05=0,5 um
Uyp — Mjcrometer — parallelism of measuring anvils Type B evaluatior

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

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

ayp [F 2 um
Uup F 2 pum X 0,5 =1Hm
urr — Repeatability/Resolution Type A evaluatipn

All three pperators have the.same repeatability. It is tested in an experiment, where & 25 mm plug gauges have

been usefd as "workpieces Hence the form error from the real workpieces is not included in the repeatability study.

All operafors have perfoeymed 15 measurements. The common standard deviation is
UgRr 12 um

The resolution Uncertainty component, Uga, is included in ugg, in this case (Ugp < Ugg)-

unp — Variation of zero point between three operators Type A evaluation

From the same experiments used for repeatability the differences in zero-point between the three operators and the
calibration personnel are investigated:

Unp = 1},l.m

Urp — Temperature difference Type B evaluation
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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:
arp = ATxax D=10°Cx11— "M L o5mm=28um
(100mmx °C)
A U-distribution is assumed (b = 0,7):
U = 2,8 umx 0,7 =1,96 um
Upp —|Temperature Type B evajuation
The olyserved 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

coeffic

ay

A U-di
U

Uwe

The cy
variatig

ents of thermal expansion (amicrometer 8Nd Gyorkpiece) IS @ssumed. The limit valuetis:

A =01x ATyg X o X D=0,1><15OC><11WX 25mm=0,4pum

tribution is assumed (b = 0,7):

A =04 umx 0,7 =0,28 um

Workpiece form error Type B evaly

lindricity is measured on a sample of shafts and“found to be 1,5 um. Cylindricity is a measu
n of radius. The effect on the diameter is assumed to be two times the cylindricity deviation,

informition exists to make it smaller. The limit value.is:

ay

A rects
U
B.2.5.9

Itis es

B.2.5.3

When

g=3um
ngular distribution is assumed (b =0,6):
g=18um
First iteration — Correlation between uncertainty components

imated: no correlation between the uncertainty components.

First iteration — Combined and expanded uncertainty

ho correlation between the uncertainty components, the combined standard uncertainty is:

wo linear

ation

e for the
while no

Uc

=\/UML4 +UET + WET + WP + RR T+ WP~ + YD~ + AT+ WE®

The values from B.2.5.1:

Uc

Uc

u

:\/(182 +0,5%2 +0,5%2 +10° +1,2° +10% +1,96° + 0,28 +l82)pm2

=379 um

=U. x k=379 umx 2 =758 um
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B.2.5.4 Summary of uncertainty budget — First iteration

See Table B.2

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

Component name Evaluation | Distri- Number of Variation | Variation | Correlation | Distribution | Uncer-
type bution measure- limit limit coefficient factor tainty
type ments b comp.
a* a
[influence [um] Uy
units] [um]
u,, Micfometer — error indication B Rect. 3,0 um 3,0 0 0,6 1,800
Uyr Micfometer — flatness 1 B Gaussian 1,0 um 1,0 0 0,5 0,50®)
Uyr Micfometer — flatness 2 B Gaussian 1,00 pm 1,0 0 0,5 0,50®)
Uyp Micfometer — parallelism B Gaussian 2,0 um 2,0 0 0,5 1,00®
Ugr  Rerfeatability A 15 e 0 1,20@
NE
uye Varfation of O-point A 15 \% 0 1,00@
(4
ur, Tenmperature difference B u 10 °C 2,8 0 0,7 1,96M
Ur, Temperature B u 15 °G 0,4 0 0,7 0,28®)
/e 511
uye Wotkpiece form error B Rect. 8,0 um 3,0 0 0,6 1,800
Combinedl standard uncertainty, u, 3,79
Expanded 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
Itis documented: Uy gt iteration = /-6 W< target uncertainty Ut = 8 um.
In Table B.2 there are three large, [marked (1)], three mid size [marked (2)] and three small [marked (3)] uncértainty
componepts in the uncertainty-of-measurement.
The uncefrtainty components are squared in the formula for combined standard uncertainty. It is therefore difficult to
see and [understand_their influence on u.. Using instead the variances u? gives another and sometimes more

understapdable picture of the influence of the individual uncertainty components (see Table B.3).
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Table B.3 — Influence of the individual uncertainty components on

ISO/TS 14253-2:1999(E)

U, and u.? (25 mm two-point diameter

measurement)
Component name Uncertainty | Uncert. comp. u,,2 Percentage Percentage Uncertainty
u of u fu
source xx . c or u. source
[um] [um?] [%] [%]
Uy, Micrometer — error indication Measuring 1,80 3,24 23 33 Measuring
. equipment equipment
Uye Micrometer — flatness 1 0,50 0,25 2
Uy, Micrometer — flatness 2 0,50 0,25 2
Uyp I\,Iicrometer—parallelism 1,00 1,00 7
Ugr Repeatability Operator 1,20 1,44 10 17 Operator
Uyp Variation of O-point 1,00 1,00 7
Urp Tpmperature difference Environment 1,96 3,84 27 27 Environment
Ur, Tpmperature 0,28 0,08 0
Uye VYorkpiece form error Workpiece 1,80 3,24 23 23 Workpiece
Combiped standard uncertainty u, 3,79 14,34 100 100 Total
From Table B.3, the following can be seen:

he external micrometer was without errors at all, U would be reduced from 7,6 um to 6,2 um;

It is obvious in this case, that the uncertainty components linked to the measuring process are the |dominant

ult U = 7,6 um, and if the rules of 1ISO 14253-1 shall comply, then the diameter tolerance of the \orkpiece
b reduced 2 x 7,6 um = 15,2 um- during the production of shafts. This reduction at & 25 mm is equal to the

Il only be 10 % of the workpiece tolerance, then the workpiece tolerance shall be IT10 (84 um). By smaller
tolerances, U will be more than 10 % of the tolerance. By IT8 (33 um), U will be 45 % of the tolerance, pnd there

If the target uncertainty'shall be 6 um instead of 8 um then the uncertainty of measurement from the first iferation is
too large (Ug, =46 m). The needed reduction is at least 1,6 pm. This is equal to a reduction of 38 % for L2,

It will pe necessary to look at the most dominant uncertainty component, the temperature difference| between
ce. and measuring equipment. It will be hanging the procedure and/or measyuring the
1 1 1 A

tempetattres-duringproductiontoreduceth 9 04 9 o-na

An intensive training of the three operators will result in a reduction of the repeatability uzg 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 cause 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. Which of these to be selected can
only be evaluated on the basis of minimizing the costs of a reduction. 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 it is possible to measure several
diameters without influence from the operator.

This could bring down the expanded uncertainty from U = 7,6 um to 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 sufficient to the¢ given
target ungertainty and the actual measuring task. The requirements for the micrometer should. then be confirmed
as:

— Errof curve (max. — min.) MPE,, = 6 um (bilateral specification)
— Flatness of measuring anvils: MPEy;z = 1 um (unilateral specification)
— Parallelism between anvils: MPEy;p = 2 um (unilateral-specification)

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

B.2.6 S¢cond iteration
No second iteration is needed in this case. A small\decrease of the U value from the first iteration wquld be

possible but no big reduction is possible — as demanstrated — without major changes of the measurement nethod
and procg¢dure.

B.3 Calibration of error of indication’ of an external micrometer

B.3.1 Requirements

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

B.3.2 Task and target uncertainty

B.3.2.1 |Oveérall 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 0 mm —
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. Try also the smallest (O mm) as a check.

B.3.2.2 Basic measuring task

To measure the error of indication in 11 positions in the measuring range (0 mm to 25 mm), zero, 2,5, 5, .... 22,5
and 25 mm
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B.3.2.3

ISO/TS 14253-2:

Target uncertainty for the basic measurements

The target uncertainty for the basic measurements is 1 um.

B.3.3

B.3.3.1

Principle, method, procedure and conditions

Measurement principle

Measurement of length — Comparison with a known length.

B.3.3.9

The cal

B.3.3.3

—TH

measuring anvils.

— One (calibration) measurement per gauge block. Error of indication:

B.3.3.4

—TH

— Th

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

— Th

B.3.4

See Figure B.3.

Measurement method

ibration is performed using 10 special gauge blocks with a 2,5 mm module (L = 2,5; 5; ...422,5; 25

Initial measurement procedure

e reading of the external micrometer is compared with the length of a gauge-block positioned be

Error = Micrometer reading — Gauge block length

Initial measurement conditions
e calibration personnel is experienced.

e room temperature is not controlled.

e temperature variation over one houfis less than 0,5 °C.

Graphical illustration of measurement setup

15

Manufac- 051
twrer ———
name

F48410

1999(E)

mm)

ween the

Figure B.3 — Measurement setup
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B.3.5 List and discussion of the uncertainty contributors

See 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

Designation Detailed Name Comments
Low resolution designation Uncertainty component
U Gauge block length — MPE Requirements for gauge block MPEg is an~unknown
variable. Initially gauge block grade 2 (ISO 3650).is)chosen.
- 1
Ukr Ura Resolution U = d __ 1wm —0.29 um
2x4/3 2x4/3 The lafgest of
the twb = uo
Uze Repeatability An experiment with at least 15 measure-
ments on the same 25 mm dauge block is
performed.
Urp Temperature difference Maximum difference ,ebserved between the gauge|blocks
and the micrometer-is\1°C.
Ura Temperature Maximum deviation from standard reference temperature
20°Cis 8 °C.
B.3.6 Fifstiteration
B.3.6.1 |[First iteration — Documentation and calculation of the“uncertainty components
ug; — Gauge block length Type B evaluation
The definjitive value of MPEg, has not been fixed yet! It is one of the tasks of the uncertainty budget. Initially| gauge
blocks of|grade 2 are chosen and as MPEg, the;tolerance limit values are taken from ISO 3650. The limit value for
a 25 mm |gauge block is:
ag 30,6 um
Based or] experience from calibration certificates for gauge blocks of the actual make a rectangular distribition is
assumed|(b = 0,6):
Ug, 0,6 x 0,6 um 0,36 um
urr — Repeatability/resolution Type B evaluatipn
A repeatgbility experiment has been made. 15 measurements on a 25 mm gauge block with the actual micrgmeter.
The stanglard deviation of the experiment is ugg = 0,19 um. Therefore the resolution uncertainty component, g,
shall be choseTas Ugg (Uga = UReS-
Ugr = 0,29 um
Urp — 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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arp = ATxax D=1°Cx11— M, 25mm=028um
100mmx°C

A U-distribution is assumed (b =0,7)
Urp = 0,28 um x 0,7 = 0,20 pum
upp — Temperature Type B evaluation

. fformation
he sign of this deviation, therefore £ 8 °C is assumed. A 10 % maximum difference between the)iwo linear
tempetature expansion coefficients (ayicrometer @Nd Agauge biock) IS @ssumed. The limit value is:

o um
affp =01x AT,p xax D=01x8°Cx11l—MM—
A 20 . 100mmx°C

x25mm=0,2 um
A U-digtribution is assumed (b = 0,7)

Uy = 0,2 um x 0,7 = 0,14 um
B.3.6.4 First iteration — Correlation between uncertainty components

It is esfimated that no correlation occurs between the uncertainty components.

B.3.6.3 Firstiteration — Combined and expanded uncertainty,

No ungertainty components are correlated. The combined‘standard deviation is:

2 2 2 2
Uc=\/USL +RR™ + Up” + 4a” =0,5um

The values from B.3.6.1:

Ugl = \/USL2 +RR% + Urp” + Y% =05 um

The expanded uncertainty for the 25'mm measuring point is (coverage factor k = 2):
Ugls mm = 0,5 um x 2 = 10pem

The expanded uncertainty for the zero-measuring point is:

Uglmm = 0,44mx 2=0,8 um

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)

Component name Evaluation | Distri- Number of | Variation | Variation | Correlation |Distribution [ Uncer-

type bution measure- limit limit coefficient factor tainty

type ments b comp.

a* a

[um] [influence Uy

units] [um]

Ug,  Gauge block — MPEg B Rect. 0,6 pm 0,6 0 0,6 0,36
Uzr Resplution B Rect. 0,5 um 0,5 0 0,6 0,29
Urp Temperature difference B U 1°C 0,20 0 0% 0,20
Ur, Tenpperature B U 8°C 0,14 0 0,7 0,14
Combinedl standard uncertainty, u, 0,50
Expanded 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. Thete is no need to reduce the uncertainty
of measupement uc and U in a second iteration. U < 1 pm cannot be usedbecause of the resolution 1 pm. Qbserve
that the {emperature requirement during calibration is 20 °C + 8 °G.) This temperature range has no sighificant
effect on|the uncertainty in this case — short distances! For the:larger micrometers this temperature rarjge will
result in dominant uncertainty components.

A conseryative estimate is to use U =1,0 um for all measuring points between 0 mm and 25 mm. The mgximum
allowed difference in error of indication during calibration-isitherefore (see ISO 14253-1):

4um [MPEy - (2xU)=6pm—(2x1,0 um}£4 um |

B.3.6.6 [Conclusion on the first iteration

The target uncertainty criterion is mefiby the initial assumptions and settings. This fact qualifies grade 2|gauge
blocks ag measurement standardsand’ qualify the temperature condition of the room: 20 °C + 8 °C.

B.3.7 Sécond iteration

No secor(d iteration is needed.

B.4 Calibration of flathess of the measuring anvils

B.4.1 Taskiand-targetuncertainty
. . COT GO TOr AT 3\/\. T TOOCTTCOT II-]

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

The target uncertainty is 0,15 um.
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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

ISO/TS 14253-2:1999(E)

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

numberefaterferencetnesis-evalaatet:
B.4.2.3 Measurement procedure

— 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 deviation from flatness is taken as number of lines times half the wavelength of the monochror

uged.

B.4.2.4 Measurement conditions
— No temperature conditions.

— THhe optical flat shall be acclimatized for at least 1 h.

B.4.3 |Graphical illustration of measurement setup

See Figure B.4.

natic light

ﬁ[ do =T )

0-25mm

a) Measurement of flatness on the measuring anvils

b) Image to be evaluated

Figure B.4 — Measurement setup

B.4.4 |List and discussion of the uncertainty contributors

See TablerB-6-

The calibration of flathess 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

Designation
Low resolution

Designation
High resolution

Uncertainty component

Name

Comments

Usk

Flatness — MPE

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

RR

Resolution

The resolution is estimated 0,5 x line distance:
d=0,15 pm.

B.4.5 Fifst iteration

B.4.5.1 |[Firstiteration — Documentation and calculation of the uncertainty components

ugg — Flatness of optical flat

Type B evaluatio

The defirjitive value of MPEg is not fixed yet. It is one of the tasks of the uncertainty~budget. Initially MPEg} is set

to 0,05 pm for a & 8 mm area in the middle of the surface. The limit value:

age ¥ 0,05 um

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

Uge ¥ 0,05 um x 0,6 = 0,03 pm

Urr — R¢solution

Type B evaluation

The wavglength of the light used is assumed to be 0,6 gtm. The height difference between the lines of Figurg B.4 b)

is half a Wavelength = 0,3 um. The resolution is assumed to be:

d = 0,5 x line distance = 0,15 pum

The unceftainty component ugg (see 8.4.4):

URRr =EXO,6=

B.4.5.2 |[First iteration — Correlation between uncertainty components

It is estimated that ne-correlation occurs between the uncertainty components.

B.4.5.3 |[Firstiteration — Combined and expanded uncertainty

d 015 um

% 0,6 £.0,05 um

/ 2 2
Uc =VUsF T TRR

The values from B.4.5.1:

uch@032+opsﬂpm2=0ﬁ6um

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

U=006pumx2=

56

0,12 um
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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 flathess of measuring anvils

:1999(E)

Component name Eva- Distri- Number of Variation | Variation | Correlation | Distribution | Uncer-
luation bution measure- limit limit coefficient factor tainty
type type ments b comp.
a* a
[influence [um] Uy
units] [um]
U flatness of optical flat B Rect. 0,05 um 0,05 0 0,6 0,03
Uzr [Resolution of interference B Rect. 0,075 pm 0,075 0 0,6 0,05
image
Combined standard uncertainty, u, 0,06
Expanded uncertainty (k = 2), U 0,12
B.4.5.3 First iteration — Discussion of the uncertainty budget
It is ohvious that the dominant uncertainty component is the resolutionor the reading of the pattern. The flatness
deviatipn of the optical flat is not very important compared with thé influence of the resolution. U is in th¢ order of
12 % df the flatness requirement for the measuring anvils of the micrometer MPEy,- = 1 pm.
B.4.5.4 Conclusion on the first iteration
The tayget uncertainty requirement is met. The maximum permissible measured deviation from perfeqdt flathess
during |calibration is:
MPEyr —U =1,00 pm - 0,15 pm = 0,851m (rule from ISO 14253-1 — unilateral tolerance)

For tra

B.4.6

No seq

B.5 C

B.5.1

hsformation of the MPEg & 8 mm requirement to & 30 mm; see clause B.6.

Second iteration

ond iteration is needed.

falibrationtef parallelism of the measuring anvils

Task\and target uncertainty

B.5.1.

Vieasuring 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

The target uncertainty is 0,30 pum.
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B.5.2 Principle, method, procedure and condition

B.5.2.1
Light inte
B.5.2.2
— Ano
— The
B.5.2.3

— Ano
gene

— The
right

— The

— The
light

B.5.2.4
— No tg

— The

B.53 G

See Figu

Measurement principle
rference — Comparison with two parallel surfaces.
Measurement method

ptical parallel is placed between the two measuring anvils and adjusted parallel to one of the anvils.

humber of interference lines on the other anvil is evaluated.

Measurement procedure

ptical parallel is wrung to the surface of one of the measuring anvils and adjusted‘to be paralle
ral direction of the surface of the anvil [symmetrical interference image — see Figure”B.5 b)].

micrometer is "measuring” the optical parallel [see Figure B.5 a)] to bringthe-measurement forcq
level.

humber of interference lines is observed on the image on the other anvil [see Figure B.5 c)].

deviation from parallelism is taken as number of lines timeschalf the wavelength of the monoch
used.

Measurement conditions
mperature conditions.
bptical parallel shall be acclimatized for at least 1 h.

raphical illustration of measurementsetup

e B.5.

Ho =] i

0 - 25 mm

Measurement of parallelism between b) Images on the anvils c) Images on the anvi
the measuring anvils

Figure B.5 — Measurement setup

B.5.4 List and discussion of the uncertainty contributors

to the

to the

omatic

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.
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