._....“.

F £l

=t

i

VIECTIAREGAT ET

15}

i




ne American Sociefy of

T
M

L
.

)=
BHKE
_“.u.._

echanical Engineers

N

N AT

€5 Lol
—

T
—

oy ﬂul_
T el —
hndbonnl ] Rl

| IL |
Cptn) mmmmunn  fonllom
NP Eanad

= -~
o —

lhndhnan

.
Il

==
| - -

—_—
——

nmmmny el —— e
___“H"m =] M"m""
T ™ e
= === C
— -
e —

el
|
Cand
S
ﬂ.__u.m
n_.__uw

(=
=Tt
=
bk
—
o
==L



Date of lssuance: February 21, 2003

This Standard wiii be revised when the Society approves the issuance of a
new edition. There will be no addenda issued to this edition.

ASME will issue written replies to inquiries concerning interpretation of
technical aspects of this Standard.

ASME is the registered trademark of The American Society of Mechanical Engineers.
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FOREWORD

The ISO Guide to the Expression of Uncertainty in Measurement (GUM) is now the
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the (iLIM as a national standard. (bce ANSINCSL 7540-2) The e'-.*aiuatmn of measurement
uncertainty has heen applhied for some fime at national measurement nstinites but more

recently 1ssues such as measurement traceability and laboratory accreditation are resulting
in its widespread use in calibration laboratories.

Given the polential impact (o business practices. national and international standards
comrmittees are working to publish new standards and technical reports that will facilitate
the miegrauon of the GUM approach and the consideration of measurement unceriaintly. In
support of this effort, ASME B89 Cominittee [or Dimensional Metrology has formed Division
7, Measurcment Unceriainty.

Mcasurcment uncertainty has important economic cunsequl:nccs for calibration and measure-

P N [ Tenor Mhs, ooy S

LTl E.Cﬁ ;ul...a [u CdlloTalon FJLL;, uic lllﬂE“lLL.I,UL. l._r1 I.J.!.i..- l.l.LIl...l...J.Lq.I._LI.J.\j' L':. 'l...ll.'l.,'...,ll mm..u ds
an indication of the quality of thec laboratory, and smaller uncertainty values gencrally are
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uncertainty has an economic llTldel through the usc of decision rules. ASME B89.7.3.
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role of measurement uncertainty when accepting or rejecting products based on a measurement
result and a product qpe::iﬁr;ar_iqn_

With increasing use of measurements from laboratories that are accredited, and subsequent
measurement uncertainty statements. significant economic interests are at stake <o it is not
surprising that metrologists might disagree over the magnitude of the measurement uncertainty
statements. Whilc the sclection of a decision rule 1s a business decision, the evaluation af
Ine measurement uncertainty is a technical activity. This report provides gumdance for
resolving disagreements involving measurement uncertainty statements.

This report was approved by the American Nationai Standards Institute on April 22. 2002.

Comments and suggestivns for improvemnent of this Technical Report are welcomed. They
siould e aadressed tu. ASME, Scuctary, B89 Commiiice, Three Park Avenue, New York,

NY 10016-59%0
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requitement of the Standard. Interpretations can only be rendered in response to a written
request sent to the ht}\.(rﬂt.{_ry Nl the BXY Mamn Commtiee

‘The request for interpretation should be clear and unamhguous. It 18 turther recommended
that the inquirer submit his/her request in the following format:

fnfﬁrprprnnnnr TTPnn rpr'rnru:'r the BRO f-'nm 1[ [ un” render an ip‘[

Subject: Cite the applicable paragraph number(s) and the topic of the inquiry.

Edition: Cite the applicable edition of the Standard for which the interpretation
is being requested.

Question: Phrase the question as a request for an inlerpretation of a specific

requirement suitable for general undersitanding and use, not as a requeslt
for an approval of a proprietary design or situation. The inquirer may
also inciude any plans or drawings which are necessary 1o expiain
ihe queston; however, they shouid not contain proprieary names or
informaltion.

Requesis that are not 1 ihis format will be rewrnitien in this format by the Commiiice
prior to being answered, which may inadvertently change the intent of the original rcguest.
ASME procedures provide fur reconsideiation of any inierpreiaiion when or 1f addiiional
information that might affect an mlﬂrpn:talmn 15 available. Further, pcrm::ns dggncvcd hy
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DIMENSIONAL MEASUREMENT

ABSTRACT

The primary purpose of this technical report is to
provide guidelines for assessing the reliability of mea-
surement uncertainty statements. Applving these guide-
lines can assist businesses in avoiding disagreements
about measurement uncertainty statements and 1 resolv-
ing such disagreements should they occur. Disagree-
ments over uncertainty statements involving hoth single
measurement systems and multiple measurement Sys-
tems (each having their own uncertainty statement)
are considered. Guidance is provided for examining
uncertainty budgets as the primary method of assessing
their reliability. Addiuonaily, resolution by direct mea-
surement of the measurand is also discussed.

the rcliability of a statcment of mcasurcmcent uncertainty
in qucstion, that is, in judging whether that stated
uncertainty can be trusted to include the values that
could reasonably be attributed to the measured quantity
(measurand) with which that stated uncertainty 1s asso
ciated.

1.2 Applicability

This report is most applicable 1o statements of uncer-
tainty in the resuiis of dimensional measuremenis based
upon the ISO Guide to Expression of Uncertainty in
L ox a FEAAT TR O 5 A 1 it i ] A RTIOIT IMRTfFNiONT
Measuremeni {(GUM). {(Also caiicd ANSI/NCSL

Z540-2.)

1.3 Purpose

This technical report helps parties to avoid potential,
or resolve actual, disagreements over the magnitude of
a stated measurement uncertainty, particularly when
that uncertainty is part of a determination of conformaty
of a manutactured produoct to a dimensional specih-
cahon.

ASME B89.7.3.3-2002

ITV Ne

CERTAINTY STATEMENTS

2 DEFINITIONS'

acceptance zone: the set of values of a characteristic,
for a specified measurement process and decision rule,
that resnlts m product acceptance when a measurement
result is within this zone.”

decision rule: a documented rule, meeting the require-
ments of section 3 of ASME B89.7.3.1. that describes
how measurement uncertainty will be allocated with
regard 10 accepting or rejecting a product according 10
its specification and the resuit of a measurement.

expanded uncertainry: quantity defining an interval
abour the result of a measurement that may be expecied
(0 encompass a large [racton of the distribution of
values thai could reasonably be atinibuied o the measur-

and. See GUM, 2.3.5.
guard band: the magnitude of the offset from the

__l.___:ﬂ‘a-\.l..l_a.-. ‘__..:-I- i -l-Ln. o m mm  am e . --a--l.n.n.i-:na.- A da .

bl:]l..-l..tlll... Luwrll QILLNEL L LI LW lLﬂ..lI.L-L- L JL-L-I.J-U P FLW N
3.4,56,7. 8

boundary.

' Many of these definitions are selected from ASME B89.7.3.1, The
fgures from that document are omilled here Tor breviry.
When claiming product acceptance, it is imporant w statie the

decigion rule; eg, “acceptance using the XX rule”

—

-3

The symbol g is deliberately used for the guard band, instead of
the symbol U employed in ISO 14253-1 since U is reserved [on
the expanded uncenainty which 18 aseaciated with a measurement
resull and hence it is confusing to attach U Lo a specification
limit The evaluation of [7 18 a technical 18sue. while the evaluation
of K 15 a business decision.

The guard band is usually cxpressed as a percentage of the
expanded uncertainty, 1.e.. a 100% guard band has the magnitude
of the expanded uncertainty [

hand o nanmliod s
LALAEELE B ul.l'j.-'l-l-\-l'u LLr

hoth the upper and lower specihcation hmats. (In some exceptional
situations the guard band applied within the specification zone,
21, Could be different al the upper specification limit and at the lower
specification limit. This would reflect a different risk assessment
associated with an upper or lower oul-of-specification condition

denending on whether the charactenictic wag larger or smaller than

T‘l-.lﬂ f";.r*ﬂ.l-l m"ﬂ_.rr t'l*l"ril.“" Faltalal bl o ol '.'L'}'l.l'l.“ " l'l'l.l'l'r’
LWL oiUbU B UGS Vil v aldl G Eliikd

dener
aililowed by the specification zone.) If poth the upper and lower
guard bands are the same size then this is called symmetric two-
sided guard banding.

A puard band 15 sometiunes distinguwished as de upper o lower
enard hand, associated with the upper or lawer specification limit
Subscripls are sometimes ailached Lo the guard band notation, g,

to provide clarity, e.g.. gy, and g,. See ASME B89.7.3.1, Fig. 1.
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measurand: particular quantity subject to measure-
See VIM 2.67

ment,

N-T don

:I‘l.I
ITs L L kLT el el e 'ln..nl J. L =]

specification zone is at least N times larger than the
uncertainty interval for the measurement result,'”

1F :I"Il':.l"
LAFiE T %E

i a e1rinat ﬂﬂr"r.r- 1 I.|"I.I'JF'|‘
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the sect of values of a characteristic,

WS oL ﬁ.r'l -"l.r:...-'nr'- e bl ---In
11L !..I' 'UI.-L.JJ I'.J.-I-I-l-l- Ll AWSEL B LRy

rejection one:

11

prc‘{ﬁr:armu zone (of an instrument or workptece): the

R ...._.-u.,-. | T . T T

bl.-l Ul \-‘dlul:a 0L d Cildl ﬂ'u el D LAY- lH..-LWL-L-lI., dlia Iinciudin b
L 13,14

the specification limits.'?

siringent accepiance;

ANCC ZUNC 1s feduced froim
) =~ 15, 16

a guard band(s).

stringeni rejection. 1he situation when the rejection

zone 1is increased beyond the specificauon zone by a
L] - N 1‘1

guard band.”

uncertmnty interval (nof a measurement): the set of
values of a characteristic about the result of a measure-
ment that may be expected to encompass a large fraction
of the distribution of values that could reasonably be

atributed to the measurand,'® '

' The guard band, g, is always a positive quantity; its location, e.g.,
inside or outside the specification zone, 18 determined by the type
of accepLance or rejection desired. See ASME BE9.7.3.1, Section 4.
While these guidelines emphasize (he use ol guard bands, an
pauivalent methodology i 1o pee ganming limite as in ASMFE

B§9.7.2-1999.

The specification of a measurand may require statcments about
sinch quantities as time, temperature, and pressure

""" A common example is the 4:1 ratio.

When claiming product rejection, it i$ important to state the
decision rule; ¢.g., “rcjection using the XX rule.”

].2 M il wl tlaa =l e mba = e [y T
LG WIO O il ﬂh.“.-'-.-ll.l.'-ﬂuuu Py e I.-J @ FU:HH.I.'I"- BT OCT,

'3 In the case of workpieces, the width of the specification zonc is

identical to the tolerance,

Specihcabhon zone 15 equivalent to “tolerance interval” or “tolerance
zone” defined in [SO 3534 2

'
'Ql-ﬂﬂﬂ-.nﬂ" LT el sl b a R ats i'lﬂ.r“ fi:llﬁ
R S A eyt B e e e o el B e el i

binary decision rule.

The stringent acceplance zone is analogous (0 the conformance
zone descnibed in ISO 14253-1,

Relaxed acceptance and stringent rejection occur logether in a
binary decision ruie.

EE
i=

The widlh of the uncenainty interval is typically twice the expanded
unecertainty

7 The uncertainty interval for the mean of repeated measurements

may decrease with increasing numbers of measurements,

GUIDELINES FOR ASSESSING THE RELIABILITY OF

DIMENSIONAL MEASUREMENT UNCERTAINTY STATEMENTS

b2

3 THE NATURE OF DISAGREEMENTS IN

UNCEHTAINTY STATEMENIS

3.1 Generai

In an ideal situation, customers and suppliers will
address the issue of measurement unceriainty whnen
they discuss the product specifications. Agreeing on
the measurement pian, the corresponding magnitude of
the measurement uncertainty, and the decision rule (if
applicabie), wili avoid [uiure disagrcemenis regarding
the acceptance/rejection of a product. However, 1t 15
recognized ihai iwo experis can produce iwuo differeit
uncerlainly statements often varying as much as 25%
duc 0 differing assumpions and daia (as described ii
section 5). Resolving these differences at the contract
siage is poieniially lcss contentious than doing so after
an argument develops over the accepiance or rcjection

of the product.

3.2 Disagreements Invaolving Single
Measurement Systems

In many situations there is only a singie measurement
sysiem; €.2., a customer agrees to accept the supplier's
measurement resuits provided that the suppiier uses
stringent acceprance with a 100% guard band (1.e., the
guard band ecquals the expanded unceriainiy). In ds
example, a disagreement may anse il the cuslomer
H:LI': LllL bLID[JlIt.‘]' Hdb Ll[lULbelllIldl.LU L[lL [mcasurcimeni
uncertainty. Although there 15 a single measurement
system, the supplier and the customer have developed
differing unceriainty siatements,

3.3 Disagreements Involving Multiple
Measurement Svsteams

In some situations, a customer and supplier both
make measurements, each having their own measure-
ment system and uncertainty statement. There are (wo
cases 10 consider: first. when a product charactleristic
is being measured to assign it a value, e.g.. the length
o a gauge biock. and second. when a product characier-
isuc is being measured 10 determine whether it conforms
with specifications.

In the first case, a best esumate of the value of e
product characieristic 1s being sought. Two measure-
ments, [romn different measurement sysiems, will give
a better estimale when their results are appropriately
combined than will each sysiem independenily, provided
the uncertainty statements associated with the measure-
meni systems are valid. It is uniikely that the measure-
ments performed by the supplier and the customer
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T ® |

o—— T 1
Disagreement

=T .
Agreement

A> U, + U, A=Ug+ U, A= RSS(U, Uy  A=<Max (UgU,) A< Min. (UgUg
A> RSS(Ug, Uy A= Max. (Ug,Up) 4> Min, (Ug, Up)

GENERAL NOTE: Five paire of meagurement, one from a customer and ane from a supplier illustrating different degrees
of measurement agreemeni and disagreement; the unceriainily bars represent the expanded uncertainty of the assocated

meaasurements.

FIG. 1 EXAMPLES OF MEASUREMENT AGREEMENT AND DISAGREEMENT

Specification

lirmmit -

N
\\}q Specification zone

L

rrrrrr

’ Supplier’s stringent l_‘ Ss L 8¢ | Customer's stringent

rn}nﬁhnn FANo
R |

ffffffzﬁf’fffffj | Ry

-I—-Un

GENERAL NOTE: An example of disagreement over the conformance of a product. The suppiier, using stringent acceptance,
has measurement result x; and claims the product to be acceptable; the customer, using a different measurement system

and a stringent rejection decision rule has measurement result

FIG. 2 EXAMPLE OF PRODUCT CO

wiil yicid exacuy the same vaiue; nowever, agreemeni
between (he measurements 15 oblained by some cxtent
of overlap of ihe unceriainiy iniervais. The exicol of
overlap should be specified in order to Elﬁﬁl’l}" idenufy
when the pariies are 1 disagreemeint. {10is  avoids
diﬁagrccmcnts on what constitutes a measurcment dis-
dgiccimicil. ; Therc arc sevcral ]JLJ"I"!-III:I'}L.- cascs of mcho-
logical significance as shown in Fig. 1. Let x; and x,
be the mcasurcment results of the supplier and customer,
with respective cxpanded uncertainties of Uy and U,
(both using a coverage factor of k = 2), Let A

Ix. — x. be the absolute value of the difference between
the measurements. Figure 1 illustrates this case with
five different pairs of measurements. The measurements

are considered to be in disagreement when A > U, +

I/ and in agreement when A 15 less than the mimimum

‘_l"l:" Al d e L& b.‘ o' " d kL Stk

of either U, or U,. In laboratory round robins, measure-

X. and claims product rejection.

NFORMANCE DISAGREEMENT

Imenis are pencraily considered v agree when A s iess
than or equal to the root sum of squares (RSS) of the
iwo expanded unceriainties and i disagiecinent if A
is grcater than this guantity.

mectimes two different mcasurement SySiCiiis arc
uscd to d ctermine 1f a pmduct is in cﬂnfnnnan-:ﬂ with

ments differ, i.e., the acceptance or rcjection of the
product 15 in dispute. This case can be secparated into
issucs involving the decision rule and issucs involving
the reliability of the uncertainty statement. When two
different parties each perform measurements on the
same product, potential disagreements can arise due 1o
inherent conflict in the decision rules. For example, if
both the supplier and customer apply stringent accept-

ance then the nnﬂ‘u with the ann.rlr gnnrﬂ hand wnll

- - ] [

typically reject more of the prnduct- This concerns the
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decision rule selection, not the uncertainty statements,
and conseguentiy is outside the scope of these guide-
lines.

Alternatively, rcasonable decision ruies may be se-
lected, e.g., the supplier is using siringent acceprance
and the customer is using stringent rejection and yet
the measurement vuicomes differ. For example, the
supplicr claims the product is acceptable and the cus-
tomer claums the product is rejectable. One potential
source of this dispute is that one or both parties have
incorrecily compuied the guard band duc io an incorrect
asscssment of their mcasurement uncertainty. Ilgun:
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stringent acccptance with a 100% guard band (g, =
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stringent rejection with a 100% guard band (g, =
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uncertainty statements are invalid.
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4 CAUSES OF DISAGREEMENT IN
MEASUREMENT RESULTS HAVING
UNCERTAINTY STATEMENTS

4.1 General

Although the customer and supplier may disagrec
over the mcasurciment unceriainiy dunng ihe conuaci
negotiations, the more common and contentious case
INVOLVEs Mmeasurements pﬂummcu LJ'}’ e customer anad
supplicr where the results are in disagreement. The
customcr may rcject the product and the supplier may
claim it is acceptable. There arc scveral possible cxpla-
nations for this disagrccment.

4.2 Blunders

One simple explanation of how two measurement
resulis could be in disagreemeni is that at icasi one
of the results includes a measurement blunder. Typical
cxamples include iypugraphical errors in recording or
tranqcﬁhing the measurement result, impmp&:r instru-
mcnt scllings, and failure io properly fixture the product
under test. The possibility of committing a blunder is
not to be included in the uncertainty budget (GUM
3.4.7). If two mcasurcmcnt results differ by a large
amount (relative to thc RSS of the expanded uncertain-
ties) a blunder is suspected and should be investigated.
This may include examining the original measurcment
records, instrument settings, operator, fixturing, other

sources of gross error, or simply repcatmg the measure-

'I‘I‘H"lﬂl'i'." ﬂ. ]"i]'ll“l"ll’l'l‘ 'l"l.l'H‘I..l"l-l’!ll'l.J b= LN ll-.r- sl u O TR e
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outher. This topic is briefly discussed in ASME
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B89.7.3.1. Appendix C. Since these blunders are not
associated with the development of an uncertainty bud-
get they will not be further considered in this document.

4.3 GUM Noncompiiance and Uncorrecied
Systematic Errors

The GUM provides a unified, consistent means for
calculaiing measuremeni unceriainiy. Fallure o {ollow
the procedures described in the GUM may result in a
subsiantially Jdiffereit unceriainty staiemeni. Froceduics
for calculating measurement uncertainty arc well de-
PR " T Y (R i 0 . U S | . [ —— g | [
Sl LMoL LR LIS W ILFLVL, Lll’.lL!Ull-l’.'l.l.l}' LI LY llllElllﬂllUllﬂ.llJ"
recognized document. Deviations from this approach,
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will lead to disagrcements between uncertainty budgets
dd ha aunidad Oo ave of foiline 1

and should be avoided. Common ways of lailing ©
comply with the GUM include not accounting for
known systematic errors (GUM 3.2 and F.2.4.5) and
not using the law of propagation of uncertainty (GUM
5.1.2) (or some other appropnate means of combiming
uncertainty sources such as computer simulation). While
it is recommended that corrections for all known system-
atic errors be applied to the measurement result, 1in some
cases this is economically undesirable; a discussion

.l_'__\f !_he inclugion nF uncorrected Euetpmnhr- errors n
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uncertainty statements can be found in Philhips, Eber-
hardt, and P:_er}-r_

4.4 Pooriv Reaiized or incompieteiyv Defined
Measurand

Measurement results and their uncertainties are asso-
ciated with a particular measurand. The numerical value
associaled with some measurands may be ume depen-
dent; 1.e., the value realized by a measurement could
change in ume due 0 degradaton, ([emporai instabiiity,
wear, or damage. Two measuremenis separated in ume
could realize two difierent values for a weli-specified
measurand. A common example 1s damage to the
produci under consideraiion (parilcularly 1n iranspori)
which systematically changes the value associated with
thie measurand. {1n¢ mcasurand itscif, which is a sct of
specifications, remains unchanged; see Phillips, Estler, et
al. for a morc extensive discussion of this issue.) One
method of detecting this problem involves examining
the consistency of repeated measurcments separated 1n
timc, c.g., before and after transport.

In order for mcasurcment results and their associated
measurement uncertaintics to be compared, they must

be measuring the same quantity (the same measurand).
nnnnnnn mA chanld ha AafRead weth o mt raramlata
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ness with respect to the required accuracy, so that for
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all practical purposes associated with the measurements
its value is unique (GUM 3.1.1). If the measurand 1s
poorly defined, different measurement methods may
produce different measuremeni resuiis, ail of which are
consistent with the incompletcly defined measurand.
This is someumes called the “methods divergence”
problem. The unceriainly associated wiihh an ncom-
pletely delined measurand is to be included in the
unceriainty budget. The ambiguity in the definition of
the measurand and the stability of its realization should
be assessed before an uncertainty budget can be created
or compared with another.

4.5 Statistically Rare Measurement Results

Although the uncertainty interval will contain a large

'Frin.nltn.ﬂ 'rti-i 1rn'l1||.n.rl 'lhn .|"'|'.|"'|.'I'|.1.|"1 ™ r.u:'n'nn I'Ir hn- rl'l'i'l-"'ll"ﬁ.'lﬂ.ﬂlrl
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to the measurand, it does not contain all such values.
Using a coverage factor of two (k 2) will yield,
on a statistical basis, approximately five cases per 100
where two measurement will differ by more than the
RSS of the expanded uncertainties. Similarly, there
will be approximately five cases per 1,000 where two
measurements will differ by more than the sum of the
expanded uncertainties. In general, the difference of
these statistically rare measurements 18 pnhikely to be
large compared to the RSS of the expanded uncertain-
nes. Repeated measurements should resolve this 1ssue,
as they are likely to yield mean values that differ by
iess than the RSS of the expanded unceriainties. uniess
the uncertaintics are dominated by sysiematc errors.

4.6 incompieie Unceriainiy Staiementis

if an unceriainiy budgei has failed (0 account properiy
for all significant uncertainty sources, then the interval
defined by ithe expanded uncertainty wiil not cncoinpass
a large fraction of the distribution of values that could
lLdbU[mUl_‘y be aiributed to the measurand. In this casc,
the two measurement results could be in disagrecment,

-ﬂﬂ--.l’- L .1 ﬂ--i ]
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sources in the budgets.

5 METHODS OF RESOLUTION

5.1 General

This section provides guidance on resolving disagree-
ments over the uncertainty statements developed by the
customer and the supplier. First, the significance of the
disagreement is to be established. The two primary
means of resolution are: (1) comparicon of uncertainty

budgets, which involves a discussion of the uncertainty
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sources, their magmiudes, and their effects on Lhe
measuremeni resuii, and (Z) resoluiion by direci mea-
surement of the measurand (if possible).

Generally, companson of the unceriainiy budgeis 1s
the most expedient route (o resolving disagrecments.
Resolution through direct measurement of the mecasur-
and typically invokes the definition of the uncertainty
statement, 1.e., a large fraction of the measurement
crrors arc containcd within the cxpanded uncertainty
intcrval. These guidclines recognize that demonstrating
the invalidity of an uncertainty statement is casier than
demonstrating 1ts validity.

;...“"IETﬂ"I Fr;i‘ EH‘E 10 fhn r'nnlhl'nrl.r:l nr

uncertainty sources, and the assumptions nvolved 1n
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ment result, it 1s common for two experts to arnve at
two different uncertainty statements, Dhiferences in the
stated uncertainty value on the order of 75% are not
unugual and reflect elightly ditferent aseumptione present
in the uncertainty budget. For example, vanations 1n
the Tvpe A standard nncertainty bhased on ten ohserva-
tions can vary easily by 25% (GUM E.4). Similarly,
Type B uncertainties can vary by 25% depending on
the type of distribution assumed or the knowiedge used
in the estimated extent of the disuribution. Typically,
differences at this level often are deemed insignificant,
Unless significant evidence demonsirdates (hat one set
of assumpiions 1s more reievani ihan anoiher, 1t 1s
recommended (hal uncertainty budgets dilfenng by 25%
or fess use ihe mean of e iwo unceriainly vaiues.
For larger discrepancies between unut.:rl.ainly state-
imenis, s guldb]uli recomimends that cach LUIII.[.I'L-I.HI.E
uncertainty budget be expressed as a percentagc of
the applicable specification. While differcnces between

um,crtamty slatcmcnts on thc: Drdcr of 2‘5% ’iﬂf}%‘ mﬂy

cach 1s considered as a percentage of th pcmﬁcatmn
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rejection of products. For example, if one uncertainty
statement results in a 10:1 decision rule and another
uncertainty budget results in a 15:1 decision rule, the
amount of product affected by these small guard bands
may be insignificant. If so, then unless significant
evidence can be presented to demonstrate the supernority
of one uncertainty budget over the other, it 18 recom-
mended to use the mean of the two uncertainty values.
It the diffterence 19 ¢<nill deemed mgnifigant then a
comparison of uncertainty budgets should he imitiated.
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5.3 Comparison of Uncertainty Budgets

Comparing unceriainty budgels is generaily the first
step 1in resolving discrepancies that are deemed signifi-
canl. Such comparisons consisi of verifying that the
uncertainty budget includes, and properly accounts for,

all sigmficani sources of unceriainty.
521 Accounting for Lincertainty Sources
5.3.1.1 Influence Quantities. The factors that
affect measurement resuits are known as infiuence

quantuues (GUM 3.1, and GUM B.2.10). All significant
infiucnce quanitiaes stiould be iisied and a4 comparison
made to ensure that both uncertainly budgels have
considered these effecis. If an wifluence guaniiiy s
accounted for in one hudgcl but omitied in the other,

a2 M EEE M a ras e
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tie significance of the quantily
should be conducted. Unless the unceriainty budgct
1s primarily composed of numcrous small uncertainty
sourccs, individual sourccs that have a standard uncer-
tainty less than 10% of the largest standard uncertainty
source in the budget can usually be omitted without
significance,

The hist of influence quantities also depends on the
time period over which the uncertainty budget 1s valid.

E}'\f ﬂ"li" l‘l‘"l"l'l"‘l]ﬂ [ ] rlu1|rn.|:..-\ﬂ.n..-l 'F‘i"r'r"
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a single measurement then only those influence quant-
tiee that affect that measurement need be considered.
However, 1f an uncertainty budget is to be used for
(of the
all mfuence quantities over the entire period when
measurements will be taken must be considered. For
cxample, seasonal temperatuire changes might be a
relevant uncertainty source for an unmﬂaimy hndgﬂr_
intended to be valid for product measurements made
over the course of a vear.

1[' an unc rl'r'frnnl":: I\nr‘nnf 1
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many measurements game mpg:nrnnﬂ‘! then

5.3.1.2 |npl.it Quantities. Various uncerlainty

SOUTCES KIOWIil as lupul.. qun.l.luuLb L.Ulllp[l‘_-.t.. dll Ulcer-
t;unt;,r budget. These quanhuca arc listed and combined
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quanhty is composcd of one or more influence quantitics
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will be combincd into input quantities and this is why
two uncertainty budgets, both of which are corrcctly
constructed, can appear to be very diffcrent in their
treatment of the influence quantities. For cxample, onc
budget might list each influence quantity as an input
quantity and have a long list of uncertainty sources
that need to be combined. Another budget might have
only a few input quantities, choosing to combine many

1'nﬂ11rtﬂr*.n nn-.:lrlhhr-r.: 1111*.'1 a mnnln 1 nrnt anantity ench
= et ARp M3 by il B
as a Type A uncertainty evaluated from a long-term
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e

reproducibility study. The important point is that all
influence quantities oi the measurcment are accounied
for in some inpul quaniity. In certain cases, e.g.,
uncertainly evaivaied by computer simuiation, input
quantities are represenied as parametcers that are allowed
(o vary beiween simulation cycles.

5.3.2 Magnitudes of Uncertainty
Components (Standard Uncertainties of Input
Quantities). Aftcr ascertaining that each significant
influence quantity 1s present in the uncertainty budget
in some input quanuty, the input quantities must be
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arc quantiﬁcd by standard dcviations, known as standard
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associated standard uncertainty. The value of the stan-
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that could reasonably be attributed to the input quantity
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formed. Some uncertainty
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uncertainty budgets might pertain to many subsequent

meacuremente. {ac 1g f'l..l'p'u"fﬂ il pfnﬂnrhhnﬂ waorkmecog)
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budgets pertain to a single
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where the measurement conditions, while being

hounded, change from meacurement to measurement,
The time scale over which the measurements are

nerformed must he concaidered. An uncertainty hudget
designed tor a large number ot measurements, e.g.,
production workmeces that are continuously produced
and nspected over a long tme scale (days, weeks,
months, or years), will have greater variation in the
input quantities than measurements performed n a
short time period. Consequently. when delermining the
standard uncertainties of the input quantities it 15 esscn-
tial 10 consider the full range of possible variations
that may occur during the measuremenis. in addition, for
uncertainty budgets that will apply 1o many subsequent
medsuremenis, e bounds on ihe permissible varauon
of the 1mpul quanttes under which the uncerlainty
budgel 15 vaird shouid be clearly siaied.

T}fpc A standard uncertainties are evaluated using
l'!Ldl.lbLlL-r.ll Imedns L.Ilcll. dlc Lbllﬂldll}r WL-II Ul..-lllll.'.':l..l--,, IlUW‘
cver, 1t 18 crucial that the data fully represent the input
quantity to be quantified. I'or example, 1f the uncertainty
source associated with measurement reproducibility de-
pends upon the operator, then scveral operators (not
just onc) must be included in the reproducibility {Type
A) data. Differences in Type A standard unccrtainties
usually result from failing to allow the input quantty
to vary over the entire range of values permitted in
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not be possible to vary all input quanuties over their
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full extent; for such a fruncated Type A reproducibility
study, I'vpe B standard uncertainties may he used to
account for any additional unobserved variation and
will appear as an additional input quantity in the
uncertainty budget.

For Type B standard uncertainties. a distribution must
be assumed in order to obtain a standard unceriainty. As
with Type A uncertainties, the assumed distribution must
characlerize the range of values that couid reasonably be
allnbuted Lo the uncertainty source. Disagreement over
Type B uncertainues can somelmes be resvlved by
consulting reference books, technical papers and reports,
or other documenied maienal regarding the typical
range of values associated with the input quantity.
Unless additional information i1s known, a Type B
standard uncertainty usually is assigned by assuming
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tivity Coefficients). Once an input quantity has been
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standard uncertainty has been determined, 1fs impact
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The sensitivity of the same measurand to the same

uncertainty source may vary widely depending on

details of the measurement. For example, the uncertainty

in the length of a block of matenal due to temperature

measurement uncertainty 1s more than an order of

magnitude larger for a block of plastic than for one
of ceramic. A discussion ol several methods for de-
termiming sensifivity coefficients and diffhiculties with
the methods follows.

One method of obtaining sensitivity and correlation
coefficients i1s by taking partial derivatives of an analytic
mathematcal model of the measurement process. Dis-
crepancies between Iwo sensitivity coefficients using
this method are due to different mathematical models.
Thereiore, examination of the daccuracy and compiete-
ness of the mathematical model and the reasonableness
of 1is behavior (as e inpul quaniiiies are varied) 1s
recommended. Particular attention should be paid to
ISSUCS INVOIVIGiE COTTElation beiween uncertainly sources
as this 1s a factor often omitted in mathematical models.

Many unccriainty sourccs do not lend themsclves to
analytic mathcmatical modcls. For cxample, the cffect
of loosc fixturing may not have a simple mathcmatical
formula, and consequently without a mathematical
model partial denvatives cannot be taken. In these
cases the metrologist often uses, in effect, a numencal
evaluation of the denvative by varying the input quantity
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in the measurement result. The ratio of measurement
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change to input quantity change 1s the sensitivity coeffi-
cient. Care must he taken to determine this value
accuratcly. For example, the induced and observed
changes must be significantiy larger than their associated
uncertainties. An cffective version of this method in-
volves varying the input guantity over the full range
of values permitted in the uncertainty budget, in a
manner consisient with the unceriainly source, 1.€.,
using he same distributon of values. In this case, the
standard deviaton of the measurement resulls is the
product of the sensiuvity coefficient with the standard
uncertainty of that source and includes some correlation
effects.

Another method of assessing the immpact ol an uncer-
lainty source 1s through compuier simulaiion. Simulation
typically involves a mathematcal model of the measure-
MENL process expressing e vuipul quanuty (measurand)
as a function of the mput quantuues (GUM 4.1.1).
instead of taking paitial derivatives to calculaic the
scnsitivity coefficients, the output 1s repeatedly calcu-
latcd for differcnt combinations of input quantitics.
Thc input quantitics usually arc n:prcscmcd by their
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will sample over Lhc f'ull range and possible combina-

wran b l'l'l.-"l.'lir" ..-'Iirhiﬂ‘-uu'l-un ol

I-"|.r‘||ﬂn F 'lri k|
P _J' il WELIRL ALFLILLAFLLT

L o]
LLWFEND U]. l.l.l.l..".-l.

' { v
- \
resultmg in a large nu mber of ( lightly different) output

ties represents the standard 1;.1ﬂ-':,eﬂ;am'cj,I c:f th-: measurand
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This technigue can capture complex correlations be-
tween uncertainty sources that might otherwise be diffi-
cult to calculate.

Disagreement over an uncertainty statement produced
by a computer simulation can arise for several reasons.

(a) The simulation accounts only for sources of
uncertainty that are inciuded in the mathematical model
of the measurement process. For most actual measure-
ments, sources of uncertainty which are not easily
modeled are also present and must be included in the
unceriginiy siaiement by aliernaiive means., Therefore
the comprehensiveness (accounung for all uncertainty
svurces) of buth the maihematical modet and the enlire
uncertainty statement should be checked.

(b) Two metrologists may model a measurement
in very different ways depending on the information
available, for example what parameters are considered
input guantities.

While detailed mathematical verification of the mod
cls 1s usually too complex for most practitioners, the
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lished by simulating measurements with known results.
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For example, if it is known that the measurement of
calibraied artfacrs aiways produces resuirs within cer-
tain limits, €.g., manufacturer's specifications, then the
sunulation oi this process shouid resuli mm a predicied
uncertainly that contains these himits, I the uncertainty
from the simulation (after inclusion of other relevant
unceriainiy sources) does not include the known eirors
of this (spccial casc) mcasurement, then the computed
unccrtainty is too small and the simulation model must
bc reexamined.

9.3.4 Third Party Review and Accreditation. If
a disagreement persists after a review of the uncertainty
budgets, a third party review of the budgets may be
requesied. A tird party review may bring specific
expertise relevant o the unceriainty budget, and may

ideniifly problems ihai have escaped the auention of

previous reviews. Additonally, a third party brings an
unnascd opinion o e review process.

Some types of laboratory accreditation require the
examination of unceriainty budgeis and the demuonsia-
tion of measurement cnmpclcncy, rf:pn:scnting a form
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applicable.

Accreditation uncertainties usually represent “best
practice,” defined as the smallest uncertainty that a
laboratory can achieve when performing routine calibra-
tions of nearly ideal artifacts. If it can be shown
that the measurements were not conducted using “‘best
practices,” e g . the part under consideration deviatesg
significantly from 1deal form, then the weight of accred:-
tation as evidence tfor the nncertainty bhudget 18 dimin-

1shed.
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5.4.1 General. In addition to comparing uncertainty
budgets, discrepancics may be resolved by direct mea-
surement of the measurand. (For some types of measur-
ands, such as destructive testing, this may not be
possible.) In contrast to measuring input quantities, €.g.,
as standard uncertainties, this procedure appeals directly
to the defimtion of an uncertainty statement. In general,

measurements are hime ﬁnﬂ-:.‘l'lr'niﬂg and costly, so thig
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procedure 1s recommended only after a “paper” compari-
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son of unceriainty budgets has been conducted. In some
cases, Previous measurements may pe rcievani 10 e
current uncertainty budget and they shouid be considered
firsi because ihcy are avallabie and less cosily. As a
last resort, measurcimenis of calibraied parts or aruflacts
could be performed, with the associated errors examined
wiih regard (o the uncertainty statement. 1f a significant
fraction of the errors lie outside the expanded uncertainty
interval the mecasurement uncertainty siatement i1s in-
valid. As stated earlier, 1t 1s casier to demonstrate the
invalidity of an unccrtainty statcmcni than to dcmon-
stratc the validity.

5.4.2 Historical Measurements. In some mea-
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as evidence to support an uncertainly statement. Al-
thnnoh ihlg d
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uncertainty and product
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tamnty. Provided that these measurement results represent

a vartation over all
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follows), it represents an upper huund on the uncertainty
and can be uged to refute a claim that the uncertainty
must be larger than this value. In order for the historical
measurements to represent the measurement uncertainty,
the number of measurements and the period of time
during which they were performed need to be suffi-
ciently large so that all sources of uncertainty are varied
over their full extent.

Specificaliy, measurements performed in a relatvely
short period of uime are unlikely to show the variation
due 10 caused by iong term sources of variauon, e.g.,
scasonal eifects, and consequently do not fully represent
Ule unceriainiy. SOMe Unceriainly COmponenis may be
difficult w0 vary such as the thermal expansion coel(i-
cleni,

1 i " 1 E i 1
wincil 18 a pruperiy of ihe workpicoe maiciai.

For thesc uncertainty components a Type B analysis
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mcasurcments must be determined. The collection of
historical mcasurcments might posscss sysicmatic crror.
This can bc dectcrmincd, for cxample, by the penodic
measurcment of calibrated check standards. Any statisti-
cally significant systematic error must be treated appro
priately, either by correction (preferred) or inclusion
in the uncertainty statement (sec Phillips, Eberhardt,
and Parry). Note that the unc:ertamt}' in the systematic
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budget.
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5.4.3 Round Robins. Round robins represent a
specihe torm While the

number of measurements performed by a single facility
in the round robin mav be smail, the resuits can be
compared to measuremenis made at other facilitics. A
round robin can be thought of as a reproducibility
study where the collecuon of different operators, €nvi-
ronmental conditions, and other sources of variauon
arc inciuded as different measurement resuits. This
amount of varnauon might otherwise take years 1o
vbserve 1n a reproducibility study conducted al a single
facility.

in some round robins a conventional tue value may
be assigned if, for example, a National Measurement
Institute U'«:.\fu; has mecasured the artifact and the other
participants have much larger uncertainty statements
than the NMI In this case, systicmatic measurement error
(in addition to rcproducibility) also may be detected. If
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Nt historical measurements
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of the product under consideration, and the me
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the expanded uncertainty interval of the measurcment,
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the measurement and uncertainty budget.
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mcaburcments are needed to resalve a dlsagrcemenl
over the uncertainty hudget, then a reproducibbty study
may he the easiest step. In this sindy, all influence
quantifies that can he varied are allowed to vary over
their permitted limits, while measuring the same work-
piece. Typically, this includes fixturing, operators, and
other nominal sources of uncertainty. The distribution
of measurement resulls from a reproducibility study
piaces a iower bound on the measurement uncertainty.
The acrual error distribution may be considerably larger
because 1t mighi noi be possibie 0 vary aii ihe inpui
guaniities. Also, there may be a systematc error Lhatl
1s undeiecied becduse a calibrated artifact (represeniing
the “rue value™) 1s not used. See para. 5.4.2.

A ll:pluuuuuuuy E-I.L-Il..l}" ||nruwu|u d s&iIgE numoer of
measurcments of the same artifact or workpiece should
result with two standard deviations of the measurcments
being less than or equal to the cxpandcd uncertainty
(with k = 2). This is a nccessary but insufficient condi-
tton of a valid uncertainty statement. This is not suffi-
cient to prove an uncertainty statement because measure
ments that have systematic errors may result in a small
range of values (thus a small standard dewviation). In

thwe rnca fanrm ot e .rl-:n.r'l atvarme it the
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results will be less than the expanded uncertainty while
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the measurcment errors could be considerably larger

than the expanded uncertainty.

In some situations, a large number of repeated mea-
surements on the same artifact or workpiece may not
be available but rather two measurements on each of
a large number of similar artifacts or workpieces might
be known. For exampie, a laboralory may have measured
100 nominally 1dentical gauge blocks twice each, and
seeks w0 determine if the results are consisient with
their uncertainty statement. In this example, let A; be
the difference beiween the iwo measurcmenis on e
i artifact. Let N be the total number of nominally
similar artifacts each having the same expanded uncer-
tainty. A ncce;ssaq' condition for a valid um:::rtaini}f

1r

T
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whereas if each artifact has a diffcrent expand-:d unccr-
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the sccond half. Again, this is a nccessary but insufficient
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statement. Each of the two measurements comprising
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Gn-:: uf thc most puwmful mcﬂmds to 1nvalldatc an
uncertainty budget is the measurement of well-calhibrated
artifacts that are similar to the product under consider-
ation. Well-calibrated means that the uncertainty of the
artifact is small relative to that of the claimed uncertainty
budget. Similar 1o the product under consideration
means that all sigmhecant factors which influence the
measurement result, e.g., workmece form error, are
simularly the cahbrated arnfact. ‘IThis
allows for the estimation of measurement errors. Re-
peated measurements of calibrated artifacts should con-
tain a large fraction (typically 95% when using a
coverage factor oi Iwo) oi the measuremenl errors
within an interval equal to the RSS of the claimed
expanded uncertainty and the artifact expanded uncer-
lainty. Il a significant fracuon of errors lie outside this
mterval the claimed uncertainty budget 15 invalidated.

represented on

5.4.6 Third Party Measurements. An alternative
to measuring a calibrated artifact is to employ a third
party measurement of the product under consideration.
Tlﬁl }'\r‘l I'ILi:IF'|'|I I'hr‘l 11ﬂf‘ﬁﬂﬂ1ﬂ1\f I"I.r +I'I1I" ‘I'.EII.'“I1 ll' l'\lhn'l'lli"q H.I"
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relatively small compared to the uncertainty statements
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under dispute. The method 1s similar to measuring a

calibrated artifact «ince the accurate third party measure-

ment, 1n effect, calibrates the product under consider-

ation, Apain the difference between the measurement
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result and the calibrated, (third party),
This

fall within the interval defined b;-,r the

nnnnn S [P [ S S n'F tho~ fll [y
Uﬂt_f“lll-luu [ R R I.I'.-I..ll-l-l.-l-'\.-ﬂ AL LA EAy RRALTS

ment and that of Ihc third party
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variety of p:ﬂ‘l‘u to provide a statistical basis for confirm-

value 15 an
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measurement. Ideally
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even with only one comparison, if the observed error
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lalls well ouiside e Kod vl e iwu eapanded uncer-
linty statements this 1s strong evidence (hat at least
one of the claimed unceriainiy siaiemenis 1s 1nvaiid.
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