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FOREWORD

The ISO Guide to the Expression of Uncertainty in Measurement (GUM) is now the
internationally-accepted method of expressing measurement uncertainty. The U.S. has adopted
the GUM as a national standard. (See ANSI/NCSL Z540-2.) The evaluation of measurement
uncertainty has been applied for some time at national measurement institutes buty mere
recently issues such as measurement traceability and laboratory accreditation arecgtesulting
in its widespread use in calibration laboratories.

Given the potential impact to business practices, national and international standards
committees are working to publish new standards and technical reports_that/will facilitate
the integration of the GUM approach and the consideration of measurement uncertainty. In
support of this effort, ASME B89 Committee for Dimensional Metrologyhas formed Division
7, Measurement Uncertainty.

Measurement uncertainty has important economic consequences/for calibration and measure-
ment activities. In calibration reports, the magnitude of the¢\uncertainty is often taken as
an indication of the quality of the laboratory, and smaller ‘uncertainty values generally are
of higher value and of higher cost. In the sorting.-of" artifacts into classes or grades,
uncertainty has an economic impact through the use of decision rules. ASME B89.7.3.1,
Guidelines to Decision Rules in Determining Conformance to Specif cations, addresses the
role of measurement uncertainty when acceptingtor rejecting products based on a measurement
result and a product specif cation.

With increasing use of measurements from laboratories that are accredited, and subsequent
measurement uncertainty statements, signif cant economic interests are at stake, so it is not
surprising that metrologists might diSagree over the magnitude of the measurement uncertainty
statements. While the selection(of*a decision rule is a business decision, the evaluation of
the measurement uncertainty’ is a technical activity. This report provides guidance for
resolving disagreements ifivolving measurement uncertainty statements.

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

Comments and suggestions for improvement of this Technical Report are welcomed. They
should be addregsed-to: ASME, Secretary, B89 Committee, Three Park Avenue, New York,
NY 10016-5990

v
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CORRESPONDENCE WITH B89 COMMITTEE

General. ASME Codes and Standards are developed and maintained with the intent to
represent the consensus of concerned interests. As such, users of this Standard may interact
with the Committee by requesting interpretations, proposing revisions, and attending Committee
meetings. Correspondence should be addressed to:

Secretary, B89 Main Committee

The American Society of Mechanical Engineers
Three Park Avenue

New York, NY 10016

Proposing Revisions. Revisions are made periodically to the Standard to incorporate
changes that appear necessary or desirable, as demonstrated by, the/experience gained from
the application of the Standard. Approved revisions will bespublished periodically.

The Committee welcomes proposals for revisions to this¢Standard. Such proposals should
be as specifc as possible, citing the paragraph number(s), the proposed wording, and a
detailed description of the reasons for the proposal, ineluding any pertinent documentation.

Interpretations. Upon request, the B89 Committee will render an interpretation of any
requirement of the Standard. Interpretations can:only be rendered in response to a written
request sent to the Secretary of the B89 Maih Committee.

The request for interpretation should be, clear and unambiguous. It is further recommended
that the inquirer submit his/her requestvin the following format:

Subject: Cite the apphicable 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 interpretation of a specifc

réquirement suitable for general understanding and use, not as a request
for an approval of a proprietary design or situation. The inquirer may
also include any plans or drawings which are necessary to explain
the question; however, they should not contain proprietary names or
information.

Requests that are not in this format will be rewritten in this format by the Committee
prior to being answered, which may inadvertently change the intent of the original request.
ASME procedures provide for reconsideration of any interpretation when or if additional
information that might affect an interpretation is available. Further, persons aggrieved by

an intprprpmtinn mayz apppq] to the cognizant ASMFE Committee or Subcommittee. ASME
=3

9 <¢

does not “approve,
or activity.

certify,” “rate,” or “endorse” any item, construction, proprietary device,

Attending Committee Meetings. The B89 Main Committee regularly holds meetings, which
are open to the public. Persons wishing to attend any meeting should contact the Secretary
of the B89 Main Committee.

vi
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GUIDELINES FOR ASSESSING THE RELIABILITY OF
DIMENSIONAL MEASUREMENT UNCERTAINTY STATEMENTS

AE

prq

STRACT

[he primary purpose of this technical report is to
vide guidelines for assessing the reliability of mea-

sulement uncertainty statements. Applying these guide-

lin
ab
ing
mg
mg

ps can assist businesses in avoiding disagreements
ut measurement uncertainty statements and in resolv-
such disagreements should they occur. Disagree-
nts over uncertainty statements involving both single
asurement systems and multiple measurement sys-

temhs (each having their own uncertainty statement)

are
un
the

considered. Guidance is provided for examining
ertainty budgets as the primary method of assessing
ir reliability. Additionally, resolution by direct mea-

sulement of the measurand is also discussed.

2 DEFINITIONS’

acceptance zone: the set of values ofra_charactd
for a specifie measurement process and decision
that results in product acceptance”when a measur
result is within this zone.?

decision rule:  a documented’rule, meeting the re
ments of section 3 of ASME B89.7.3.1, that des
how measurement umneertainty will be allocated
regard to accepting»et rejecting a product accord
its specificatio~and the result of a measuremen|

expanded~uncertainty: quantity definin an in
about the result of a measurement that may be exg
to encompass a large fraction of the distributi
values that could reasonably be attributed to the m

ristic,
rule,
Pment

uire-
Cribes

with
ng to
t.

terval
ected
bn of
basur-

1 [SCOPE

1.1 Objective

[his technical report provides guidance in assessing
thq reliability of a statement of measurement uncertainty
in [question, that is, in judging whether\that stated
ungertainty can be trusted to include- the values that
coyild reasonably be attributed to the.measured quantity
(mpasurand) with which that stated)uncertainty is asso-
ciated.

1.2 Applicability

[his report is nost applicable to statements of uncer-
taipty in the results of dimensional measurements based
uppn the ISO Guide to Expression of Uncertainty in
Mg¢asurgment (GUM). (Also called ANSI/NCSL
Z5010-2.)

and. See GUM, 2.3.5.
guard band:

the magnitude of the offset from the

specificatio limit to the acceptance or rejection| zone

boundary.

¥}

w

IS

v

3,4,56,7,8

Many of these definition are selected from ASME B89.7.3|1. The

figure from that document are omitted here for brevity.

When claiming product acceptance, it is important to stpte the
decision rule; e.g., “acceptance using the XX rule.”

The symbol g is deliberately used for the guard band, insjead of
the symbol U employed in ISO 14253-1 since U is reseryed for
the expanded uncertainty which is associated with a measyrement
result and hence it is confusing to attach U to a specificatio

limit. The evaluation of U is a technical issue, while the evdluation
of g is a business decision.

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

Two-sided guard banding occurs when a guard band is apglied to
both the upper and lower specificatio limits. (In some excgptional
situations the guard band applied within the specificatio| zone,
Opp, could be different at the upper specificatio limit and at thg lower

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 conformity
of a manufactured product to a dimensional specifi
cation.

=N

specificatio limit. This would reflec a different risk assessment
associated with an upper or lower out-of-specificatio condition
depending on whether the characteristic was larger or smaller than
allowed by the specificatio zone.) If both the upper and lower
guard bands are the same size then this is called symmetric two-
sided guard banding.

A guard band is sometimes distinguished as the upper or lower
guard band, associated with the upper or lower specificatio limit.
Subscripts are sometimes attached to the guard band notation, g,
to provide clarity, e.g., gup, and gi,. See ASME B89.7.3.1, Fig. 1.
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measurand: particular quantity subject to measure-
ment. See VIM 2.6.°

N:1 decision rule:

a situation where the width of the

specif cation zone is at least N times larger than the
uncertainty interval for the measurement result.'®

rejection zone:
for a

the set of values of a characteristic,

GUIDELINES FOR ASSESSING THE RELIABILITY OF

3 THE NATURE OF DISAGREEMENTS IN
UNCERTAINTY STATEMENTS

3.1 General

DIMENSIONAL MEASUREMENT UNCERTAINTY STATEMENTS

In an ideal situation, customers and suppliers will
address the issue of measurement uncertainty when

thev dicscuse the nroduot cmonifoationg  Agrooing
PANR A pProos T S S

on

specif ed measurement process and decision rule,

that rpsults in product rejection when a measurement

result

specifjcation zone (of an instrument or workpiece):

is within this zone.'!

the

set off values of a characteristic between, and including,

the specif cation limits.

stringent  acceptance:
ance

a

stringent rejection:
zone
guard

uncertainty interval (of a measurement):
value
ment
of thd

12, 13, 14

the situation when the accept-
zone is reduced from the specif cation zone by
guard band(s).!> ¢

the situation when the rejection
is increased beyond the specifcation zone by a
band.!’

the set of
of a characteristic about the result of a measure-
hat may be expected to encompass a large fraction
distribution of values that could reasonably be

attriblted to the measurand.'® '

10

The guard band, g, is always a positive quantity; its location, e.g.,
insid¢ or outside the specif cation zone, is determined\by the type
of acfeptance or rejection desired. See ASME B89.7:3.1, Section 4.

Whilg these guidelines emphasize the use of guard bands, an
equiyjalent methodology is to use gauging“limits as in ASME
B89.7.2-1999.

The
such

kpecif cation of a measurand maysrequire statements about
quantities as time, temperature, and pressure.

A cpmmon example is the 4:1\ratio.

Whln claiming product réjeetion, it is important to state the
decipion rule; e.g., “rejection using the XX rule.”

The

In the case of werkpieces, the width of the specif cation zone is
iden}ical to th€ tolerance.

width of the specification zone is a positive number.

Spedif cation-zone is equivalent to “tolerance interval” or “tolerance
zonq” deffied in ISO 3534-2.

Strifjgenit acceptance and relaxed rejection occur together in a

the measurement plan, the corresponding magnitude
the measurement uncertainty, and the decisiofi™rule
applicable), will avoid future disagreements regard
the acceptance/rejection of a product. However, it
recognized that two experts can produce’two differ
uncertainty statements often varying.as much as 2]
due to differing assumptions and/data (as described
section 5). Resolving these, differences at the contr

of
af
ng

is
ent
%
in
hct

stage is potentially less contentious than doing so after

an argument develops ©ver the acceptance or reject
of the product.

3.2 Disagreements Involving Single
Measurement Systems

In many situations there is only a single measurem
system; e.g., a customer agrees to accept the supplig
measurement results provided that the supplier u
stringent acceptance with a 100% guard band (i.e.,
guard band equals the expanded uncertainty). In t
example, a disagreement may arise if the custon
feels the supplier has underestimated the measurem
uncertainty. Although there is a single measurem
system, the supplier and the customer have develoy
differing uncertainty statements.

3.3 Disagreements Involving Multiple
Measurement Systems

In some situations, a customer and supplier b
make measurements, each having their own measul
ment system and uncertainty statement. There are t
cases to consider: frst, when a product characterig
is being measured to assign it a value, e.g., the len
of a gauge block, and second, when a product charactj
istic is being measured to determine whether it conforj
with specif cations.

on

bnt
r’s
BCS
he
his
her
bnt
bt
ed

h

re-

=

ic
bth
er-
ms

=
-y

binary decision rule.

The stringent acceptance zone is analogous to the conformance
zone described in ISO 14253-1.

Relaxed acceptance and stringent rejection occur together in a
binary decision rule.

The width of the uncertainty interval is typically twice the expanded
uncertainty.

The uncertainty interval for the mean of repeated measurements
may decrease with increasing numbers of measurements.

In the frst case, a best estimate of the value of
product characteristic is being sought. Two measu

he
re-

ments, from different measurement systems, will give
a better estimate when their results are appropriately
combined than will each system independently, provided

the uncertainty statements associated with the measu

re-

ment systems are valid. It is unlikely that the measure-
ments performed by the supplier and the customer
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ST S S O

Uibdg!eb‘”lb‘lll — — — —r -/ Ayrecinerit

A> Ug + Uy A= Ug+ Uy A=RSS(UsUy)  A=Max. (Us,Uy) A= Min. (Us,Up)
A> RSS(Ug,Ug)  A>Max. (Us,Ug)  A> Min. (Ug,Ug)

GENERAL NOTE: Five pairs of measurement, one from a customer and one from a supplier, illustrating’ different degrees
of measurement agreement and disagreement; the uncertainty bars represent the expanded uncertainty of the assogiated

measurements.

Specification

limit
\ Specification zone

FIG. 1 EXAMPLES OF MEASUREMENT AGREEMENT AND DISAGREEMENT

Specification
limit

A

acceptance zone

Supplier’s stringent 9s 9c Customer’s stringent

g
Y o

rejection zone

- L
<

§<

1 2
D% NI
- - U,
Xs Us Xc

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

angl a stringent rejection decision rule has’measurement result x, and claims product rejection.

will yield exactly the same{ value; however, agreement
befween the measurements is obtained by some extent
of overlap of the uneértainty intervals. The extent of
overlap should besspecifed in order to clearly identify
when the parties) are in disagreement. (This avoids
dispgreements;on what constitutes a measurement dis-
agteementy) Phere are several possible cases of metro-
logicalCsignif cance as shown in Fig. 1. Let X5 and X;
be [the’measurement results of the supplier and customer,

=

FIG.2 EXAMPLE OF PRODUCT CONFORMANCE DISAGREEMENT

ments are generally considered to agree when A {s less
than or equal to the root sum of squares (RSS) ¢f the
two expanded uncertainties and in disagreement if A
is greater than this quantity.

Sometimes two different measurement systen]s are
used to determine if a product is in conformancq with
specification and the outcomes of the two mejpsure-
ments differ, i.e., the acceptance or rejection qf the
product is in dispute. This case can be separateql into

with respective expanded uncertainties of Ug and U
(both using a coverage factor of kK = 2). Let A =
[Xs — X¢| be the absolute value of the difference between
the measurements. Figure 1 illustrates this case with
fiv different pairs of measurements. The measurements
are considered to be in disagreement when A > Ug +
U and in agreement when A is less than the minimum
of either Ug or U,. In laboratory round robins, measure-

issues involving the decision rule and issues involving
the reliability of the uncertainty statement. When two
different parties each perform measurements on the
same product, potential disagreements can arise due to
inherent conflic in the decision rules. For example, if
both the supplier and customer apply stringent accept-
ance then the party with the larger guard band will
typically reject more of the product. This concerns the
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decision rule selection, not the uncertainty statements,
and consequently is outside the scope of these guide-
lines.

Alternatively, reasonable decision rules may be se-
lected, e.g., the supplier is using stringent acceptance
and the customer is using stringent rejection and yet
the measurement outcomes differ. For example, the

GUIDELINES FOR ASSESSING THE RELIABILITY OF

DIMENSIONAL MEASUREMENT UNCERTAINTY STATEMENTS

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 Noncompliance and Uncorrected
Systematic Errors

supplifer claims the product is acceptable and the cus-
tomer| claims the product is rejectable. One potential
sourc¢ of this dispute is that one or both parties have
incortectly computed the guard band due to an incorrect
assesyment of their measurement uncertainty. Figure
2 illutrates the supplier claiming conformance using
stringpnt acceptance with a 100% guard band (gs =
Ug) and the customer claims nonconformance using
stringpnt rejection with a 100% guard band (g = Uo).
In thifs scenario it is likely that one or both of the
uncerfainty statements are invalid.

4 CAUSES OF DISAGREEMENT IN
MEASUREMENT RESULTS HAVING
UNCERTAINTY STATEMENTS

4.1 General

Although the customer and supplier may disagree
over the measurement uncertainty during the contract
negotjations, the more common and contentious casé
involyes measurements performed by the customertand
suppllfer where the results are in disagreement.” The
custoer may reject the product and the supplier may
claim|it is acceptable. There are several possible expla-
natiofjs for this disagreement.

4.2 Blunders

Ong¢ simple explanation ‘off how two measurement
resulty could be in disagreement is that at least one
of thq results includes)a-measurement blunder. Typical
examples include fypographical errors in recording or
transqribing the<measurement result, improper instru-
ment pettingsiand failure to properly f xture the product
under| test.-Fhe possibility of committing a blunder is
not t¢ be-included in the uncertainty budget (GUM

The GUM provides—a—unifedconsistentmeans—for
calculating measurement uncertainty. Failure to_follpw
the procedures described in the GUM may result i) a
substantially different uncertainty statement. Procedutes
for calculating measurement uncertainty are well {le-
scribed in the GUM, a nationally and -internationaflly
recognized document. Deviationsfrom this approagh,
e.g., algebraically summing unceftainty componerts,
will lead to disagreements between uncertainty budgets
and should be avoided. €omimon ways of failing|to
comply with the GUM include not accounting for
known systematic ,ertors (GUM 3.2 and F.2.4.5) qnd
not using the lawcof propagation of uncertainty (GUM
5.1.2) (or somerother appropriate means of combinjng
uncertainty-seurces such as computer simulation). While
it is recommended that corrections for all known system-
atic etrors be applied to the measurement result, in sone
cases, this is economically undesirable; a discussjon
of. the inclusion of uncorrected systematic errors |in
uncertainty statements can be found in Phillips, Ebfpr-
hardt, and Parry.

4.4 Poorly Realized or Incompletely Defined
Measurand

Measurement results and their uncertainties are as$o-
ciated with a particular measurand. The numerical value
associated with some measurands may be time dep¢n-
dent; i.e., the value realized by a measurement coyld
change in time due to degradation, temporal instability,
wear, or damage. Two measurements separated in time
could realize two different values for a well-specifled
measurand. A common example is damage to the
product under consideration (particularly in transpqrt)
which systematically changes the value associated with
the measurand. (The measurand itself, which is a set|of
specif cations, remains unchanged; see Phillips, Estler] et
al. for a more extensive discussion of this issue.) One

3.4.7). Tf two measurement results differ by a large
amount (relative to the RSS of the expanded uncertain-
ties) a blunder is suspected and should be investigated.
This may include examining the original measurement
records, instrument settings, operator, fxturing, other
sources of gross error, or simply repeating the measure-
ments. A blunder typically results in a measurement
outlier. This topic is briefy discussed in ASME

method of detecting this problem involves examining
the consistency of repeated measurements separated in
time, e.g., before and after transport.

In order for measurement results and their associated
measurement uncertainties to be compared, they must
be measuring the same quantity (the same measurand).
A measurand should be def ned with suff cient complete-
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 is
poorly defned, different measurement methods may
produce different measurement results, all of which are
consistent with the incompletely defned measurand.
This is sometimes called the “methods divergence”
problem. The uncertainty associated with an incom-

ASME B89.7.3.3-2002

sources, their magnitudes, and their effects on the
measurement result, and (2) resolution by direct mea-
surement of the measurand (if possible).

Generally, comparison of the uncertainty budgets is
the most expedient route to resolving disagreements.
Resolution through direct measurement of the measur-
and typically invokes the defnition of the uncertainty

—_—

pldgtely defned measurand is to be included in the
ungertainty budget. The ambiguity in the defnition of
thq 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

Ithough the uncertainty interval will contain a large
frafption of the values that could reasonably be attributed
to [the measurand, it does not contain all such values.
Usjng a coverage factor of two (k = 2) will yield,
on|a statistical basis, approximately fve cases per 100
where two measurement will differ by more than the
RSS of the expanded uncertainties. Similarly, there
will be approximately fve cases per 1,000 where two
mdasurements will differ by more than the sum of the
expanded uncertainties. In general, the difference of
thgse statistically rare measurements is unlikely to be
larpe compared to the RSS of the expanded uncertain-
tie. Repeated measurements should resolve this issuig;
as [they are likely to yield mean values that differ by
lesp than the RSS of the expanded uncertainties, unless
thq uncertainties are dominated by systemafi¢ errors.

Incomplete Uncertainty Statements

f an uncertainty budget has failed to account properly
for] all signif cant uncertainty Sources, then the interval
defned by the expanded uncertainty will not encompass
a lprge fraction of the distribution of values that could
regsonably be attributed.to the measurand. In this case,
thg two measurement-tesults could be in disagreement,
depending updn’the extent of missing uncertainty
soyrces in the-budgets.

5 rVIETHODS OF RESOLUTION

statement, i.e., a large fraction of the measur¢ment
errors are contained within the expanded unceitainty
interval. These guidelines recognize that demonstrating
the invalidity of an uncertainty statement, iS easief than
demonstrating its validity.

5.2 Significance of Disagreement

In all cases of disagre€ment, the issue of significance
should be consideredifrst. Due to the multitufle of
uncertainty sources, .and the assumptions involved in
assessing their rhagnitudes and impacts on the megsure-
ment result,/it i§ common for two experts to arrjve at
two different uncertainty statements. Differences |n the
stated ticertainty value on the order of 25% afe not
unustal and ref ect slightly different assumptions pfesent
in “the uncertainty budget. For example, variatigns in
the Type A standard uncertainty based on ten obgerva-
tions can vary easily by 25% (GUM E.4). Simjlarly,
Type B uncertainties can vary by 25% depending on
the type of distribution assumed or the knowledgg used
in the estimated extent of the distribution. Typjcally,
differences at this level often are deemed insignif cant.
Unless signif cant evidence demonstrates that ope set
of assumptions is more relevant than another,| it is
recommended that uncertainty budgets differing by 25%
or less use the mean of the two uncertainty values.

For larger discrepancies between uncertainty |state-
ments, this guideline recommends that each competing
uncertainty budget be expressed as a percentape of
the applicable specif cation. While differences befween
uncertainty statements on the order of 25%-50% may
occur, these differences might not be signif cant [when
each is considered as a percentage of the specif ¢ation
zone, and hence their effect on the acceptanfe or
rejection of products. For example, if one uncertainty
statement results in a 10:1 decision rule and afother

5.1 General

This section provides guidance on resolving disagree-
ments over the uncertainty statements developed by the
customer and the supplier. First, the signif cance of the
disagreement is to be established. The two primary
means of resolution are: (1) comparison of uncertainty
budgets, which involves a discussion of the uncertainty

uncertainty budget results in a 15:T decision rule, the
amount of product affected by these small guard bands
may be insignifcant. If so, then unless signif cant
evidence can be presented to demonstrate the superiority
of one uncertainty budget over the other, it is recom-
mended to use the mean of the two uncertainty values.
If the difference is still deemed signifcant, then a
comparison of uncertainty budgets should be initiated.


https://asmenormdoc.com/api2/?name=ASME B89.7.3.3 2002.pdf

ASME B89.7.3.3-2002

5.3 Comparison of Uncertainty Budgets

Comparing uncertainty budgets is generally the frst
step in resolving discrepancies that are deemed signif -
cant. Such comparisons consist of verifying that the
uncertainty budget includes, and properly accounts for,
all signif cant sources of uncertainty.
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reproducibility study. The important point is that all
infuence quantities of the measurement are accounted
for in some input quantity. In certain cases, e.g.,
uncertainty evaluated by computer simulation, input
quantities are represented as parameters that are allowed
to vary between simulation cycles.

5.3.1 Accounting for Uncertainty Sources

8.3.1.1 Influence Quantities. The factors that
affect| measurement results are known as infuence
quantfties (GUM 3.1. and GUM B.2.10). All signif cant
infuepce quantities should be listed and a comparison
made| to ensure that both uncertainty budgets have
considered these effects. If an infuence quantity is
accoupted for in one budget but omitted in the other,
discugsion regarding the signifcance of the quantity
shouldl be conducted. Unless the uncertainty budget
is primarily composed of numerous small uncertainty
sourc¢s, individual sources that have a standard uncer-
tainty|less than 10% of the largest standard uncertainty
sourc¢ in the budget can usually be omitted without
signif|cance.

Thg list of infuence quantities also depends on the
time period over which the uncertainty budget is valid.
For ekample, if an uncertainty budget is developed for
a single measurement then only those infuence quanti-
ties that affect that measurement need be considered.
Howgver, if an uncertainty budget is to be used for
many| measurements (of the same measurand) then
all infuence quantities over the entire period)'when
measyrements will be taken must be considered. For
example, seasonal temperature changes might be a
relevgqnt uncertainty source for an uncertainty budget
intended to be valid for product~measurements made
over the course of a year.

5.3.1.2 Input Quantities. Various uncertainty
sourcgs known as inputtquantities comprise an uncer-
tainty| budget. These quaiitities are listed and combined
using[the methods( described in the GUM. Each input
quantity is compesed of one or more inf uence quantities.
Metrqlogists ‘cheose how different infuence quantities
will He combined into input quantities and this is why
two yncertainty budgets, both of which are correctly

5.3.2 Magnitudes of Uncertainjty
Components (Standard Uncertainties of In[Jut
Quantities). After ascertaining that each ¢signif cint
infuence quantity is present in the uncertainty budget
in some input quantity, the input quantities must |be
evaluated. The magnitudes of unceftainity componepts
are quantif ed by standard deviatiens) known as standgrd
uncertainties (GUM 4.1). Eachhinput quantity has |an
associated standard uncertainty. The value of the stjn-
dard uncertainty must aéeount for the range of valiies
that could reasonably.bé-attributed to the input quantity
over the time period®that the measurements are per-
formed. Some uneértainty budgets pertain to a single
measurement that occurs in a short period of time. Other
uncertainty/budgets might pertain to many subsequent
measurements, (as is typical of production workpiecgs),
where.the measurement conditions, while being
bounided, change from measurement to measuremeipt.

The time scale over which the measurements fre
performed must be considered. An uncertainty budget
designed for a large number of measurements, elg.,
production workpieces that are continuously produged
and inspected over a long time scale (days, weeks,
months, or years), will have greater variation in the
input quantities than measurements performed in| a
short time period. Consequently, when determining the
standard uncertainties of the input quantities it is ess¢n-
tial to consider the full range of possible variatigns
that may occur during the measurements. In addition, for
uncertainty budgets that will apply to many subsequé¢nt
measurements, the bounds on the permissible variatjon
of the input quantities under which the uncertainty
budget is valid should be clearly stated.

Type A standard uncertainties are evaluated using
statistical means that are generally well defned; how-
ever, it is crucial that the data fully represent the input
quantity to be quantif ed. For example, if the uncertainty

constructed, can appear to be very different in their
treatment of the infuence quantities. For example, one
budget might list each infuence 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
infuence quantities into a single input quantity, such
as a Type A uncertainty evaluated from a long-term

source associated with measurement reproducibility de-
pends upon the operator, then several operators (not
just one) must be included in the reproducibility (Type
A) data. Differences in Type A standard uncertainties
usually result from failing to allow the input quantity
to vary over the entire range of values permitted in
the uncertainty budget. For practical reasons it may
not be possible to vary all input quantities over their
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full extent; for such a truncated Type A reproducibility
study, Type B standard uncertainties may be 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 uncertainty. As

ASME B89.7.3.3-2002

change to input quantity change is the sensitivity coeff -
cient. Care must be taken to determine this value
accurately. For example, the induced and observed
changes must be signif cantly larger than their associated
uncertainties. An effective version of this method in-
volves varying the input quantity over the full range
of values permitted in the uncertainty budget, in a

with Type A uncertainties, the assumed distribution must
chgracterize the range of values that could reasonably be
attfibuted to the uncertainty source. Disagreement over
Type B uncertainties can sometimes be resolved by
comsulting reference books, technical papers and reports,
or [other documented material regarding the typical
rarfjge of values associated with the input quantity.
Unless additional information is known, a Type B
stahdard uncertainty usually is assigned by assuming
a formal or uniform distribution (GUM 4.3).

.3.3 Effects of Uncertainty Sources (Sensi-
tivity Coefficients). Once an input quantity has been
de¢gmed to be a signif cant uncertainty source and its
stahdard uncertainty has been determined, its impact
on|the result of the measurement must be estimated.
The sensitivity of the same measurand to the same
un¢ertainty source may vary widely, depending on
defails of the measurement. For example, the uncertainty
in the length of a block of material due to temperatuge
mdasurement uncertainty is more than an order\of
mggnitude larger for a block of plastic than for) one
of [ceramic. A discussion of several methods—for de-
ternining sensitivity coeff cients and difficulties with
thq methods follows.

Dne method of obtaining sensitivity and correlation
co¢ff cients is by taking partial defivatives of an analytic
mathematical model of the méasurement process. Dis-
crgpancies between two sénsitivity coeff cients using
thip method are due to_different mathematical models.
Therefore, examinationnef the accuracy and complete-
negs of the mathematical model and the reasonableness
of |its behavior((as' the input quantities are varied) is
redjommended;—Particular attention should be paid to
isspes involwing correlation between uncertainty sources
as thisds-a factor often omitted in mathematical models.
Many uncertainty sources do not lend themselves to

manner consistent with the uncertainty source| i.e.,
using the same distribution of values. In thi§ cask, the
standard deviation of the measurement gesults {s the
product of the sensitivity coeff cient with the stapndard
uncertainty of that source and includésysome correlation
effects.

Another method of assessing-the impact of an yincer-
tainty source is through computer simulation. Simullation
typically involves a mathiematical model of the megsure-
ment process expressifig-the output quantity (measyrand)
as a function ofcthe’ input quantities (GUM 4.1.1).
Instead of taking ‘partial derivatives to calculafe the
sensitivity coeffcients, the output is repeatedly ¢alcu-
lated for(different combinations of input quantities.
The input ‘quantities usually are represented by] their
distribution of values, hence a comprehensive simullation
wilksample over the full range and possible conpbina-
tions of input quantities (given by their distributions)
resulting in a large number of (slightly different) gutput
quantities. The standard deviation of these output qpanti-
ties represents the standard uncertainty of the measurand
with regard to the input quantity uncertainty soprces.
This technique can capture complex correlations be-
tween uncertainty sources that might otherwise be| diff -
cult to calculate.

Disagreement over an uncertainty statement profluced
by a computer simulation can arise for several regsons.

(@) The simulation accounts only for sourcps of
uncertainty that are included in the mathematical model
of the measurement process. For most actual megsure-
ments, sources of uncertainty which are not Fpasily
modeled are also present and must be included n the
uncertainty statement by alternative means. Thefefore
the comprehensiveness (accounting for all uncertainty
sources) of both the mathematical model and the pntire
uncertainty statement should be checked.

analytic mathematical models. For example, the effect
of loose fxturing may not have a simple mathematical
formula, and consequently without a mathematical
model partial derivatives cannot be taken. In these
cases the metrologist often uses, in effect, a numerical
evaluation of the derivative by varying the input quantity
by some small known amount and observing the change
in the measurement result. The ratio of measurement

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

While detailed mathematical verif cation of the mod-
els is usually too complex for most practitioners, the
reasonableness of the simulations often can be estab-
lished by simulating measurements with known results.
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For example, if it is known that the measurement of
calibrated artifacts always produces results within cer-
tain limits, e.g., manufacturer’s specif cations, then the
simulation of this process should result in a predicted
uncertainty that contains these limits. If the uncertainty
from the simulation (after inclusion of other relevant
uncertainty sources) does not include the known errors
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son of uncertainty budgets has been conducted. In some
cases, previous measurements may be relevant to the
current uncertainty budget and they should be considered
frst because they are available and less costly. As a
last resort, measurements of calibrated parts or artifacts
could be performed, with the associated errors examined
with regard to the uncertainty statement. If a signif cant

of thip (special case) measurement, then the computed
uncerfainty is too small and the simulation model must
be regxamined.

5.3.4 Third Party Review and Accreditation. If
a disajgreement persists after a review of the uncertainty
budggts, a third party review of the budgets may be
requegted. A third party review may bring specifc
experfise relevant to the uncertainty budget, and may
identify problems that have escaped the attention of
previgus reviews. Additionally, a third party brings an
unbiaged opinion to the review process.

Somme types of laboratory accreditation require the
examination of uncertainty budgets and the demonstra-
tion df measurement competency, representing a form
of thifd party review. If accreditation is in the feld of
the mgasurement under consideration and the uncertainty
claimgd is no smaller than the accreditation documenta-
tion, fhen this can be used as evidence to support an
uncerfainty statement. The burden is on the other party
to derhonstrate that the measurement under consideration
is suff ciently different, so that the accreditation i$not
applidable.

Ac¢reditation uncertainties usually represent “best
practife,” defned as the smallest uncertainity that a
labordtory can achieve when performing\routine calibra-
tions [of nearly ideal artifacts. Ifl i ‘can be shown
that the measurements were not conducted using “best
practifes,” e.g., the part under consideration deviates
signif|cantly from ideal formthen the weight of accredi-
tation| as evidence for the.uncertainty budget is dimin-
ished

5.4 Direct Measurement of the Measurand

5.4.1 General. In addition to comparing uncertainty

—

fraction of the errors lie outside the expanded uncertaipty
interval the measurement uncertainty statement \is”fin-
valid. As stated earlier, it is easier to demaonstrate the
invalidity of an uncertainty statement than,to demdn-
strate the validity.

5.4.2 Historical Measurements. In some mga-
surement situations, large numbgéss of previous measufe-
ments may have been petformed and recorded. The
distribution of these measutement results can be uged
as evidence to supperf-an uncertainty statement. Al-
though this distribution is a convolution of measurem¢nt
uncertainty and- preduct production variation, this coyild
represent ansupper bound on the measurement uncpr-
tainty. Provided that these measurement results represgnt
a variation over all infuence quantities (discussjon
follows), it represents an upper bound on the uncertaifty
and“can be used to refute a claim that the uncertaipty
must be larger than this value. In order for the historifal
measurements to represent the measurement uncertainty,
the number of measurements and the period of timne
during which they were performed need to be suff-
ciently large so that all sources of uncertainty are var{ed
over their full extent.

Specif cally, measurements performed in a relativgly
short period of time are unlikely to show the variatjon
due to caused by long term sources of variation, elg.,
seasonal effects, and consequently do not fully repres¢nt
the uncertainty. Some uncertainty components may |be
diff cult to vary such as the thermal expansion coeff -
cient, which is a property of the workpiece materfal.
For these uncertainty components a Type B analysis
must be performed and included in the uncertaifty
budget.

Additionally, the expected error of the historifal
measurements must be determined. The collection |of
historical measurements might possess systematic error.

-+

budgets, discrepancies 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, e.g.,
as standard uncertainties, this procedure appeals directly
to the def nition of an uncertainty statement. In general,
measurements are time consuming and costly, so this
procedure is recommended only after a “paper” compari-

This can be determined, for example, by the periodic
measurement of calibrated check standards. Any statisti-
cally signif cant systematic error must be treated appro-
priately, either by correction (preferred) or inclusion
in the uncertainty statement (see Phillips, Eberhardt,
and Parry). Note that the uncertainty in the systematic
error is always assessed and included in the uncertainty
budget.
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