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Executive Summary

In commerce, society, and science metrological compar ability® of measur ed quantity
values and various published values is essential to determine their spatio-temporal
differences, ratios, and drifts. Achieving metrological compar ability of measurement
results requires definition of calibration hierarchies providing metrological tr aceability
chains which enable the establishment of metrological traceability of measured quantity

values to-a common metrological reference.

Experience has shown that the understanding of the concepts involved, their relation, role,
definition, and useis insufficient and varied. Consequently, an attempt is made in this study
to arrive at a set of consistent concept systems with associated terminology for measur ement
in chemistry. The systems build on definitions of concepts and associated terms from the new
3 edition (2007) of the I nternational VVocabulary of Metrology - Basic and General Concepts
and Associated Terms — VIM, such as quantity, measurand, calibration, measurement
procedur e, measur ement uncertainty, measurement standard, calibrator, reference
material. Additional concepts such as metrological equivalence of measurement results,

arealso given

Flow charts of generic calibration hierarchies are presented as well as a variety of examples.
The establishment, assessment, and reporting of metrological traceability are discussed,
including the needed metrological institutional hierarchy and therole of interlabor atory

comparisons.

! Bold face indicates a concept defined in this report, or in the VIM3.
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Recommendations are made about the essential steps in planning and performing a

measur ement, and reporting a measur ement result.

The precursor of this document was circulated within [IUPAC bodies and other chemical fora.

in the course of 2007, and amended in response to the comments received.
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Preface

This [UPAC study aims at formulating Recommendations concerning the metrological
traceability of a measurement result in chemistry. It is intended to provide the chemical
measurement community with a consistent view of the creation, meaning, and role of
metrological traceability and its underpinning concepts. No distinction is made between
measurement results obtained in “high metrology” and in the “field”. A descriptionisgiven
of thecalibration hier ar chies needed under different circumstances to arrive at metrological

traceability along a metrological traceability chain.

The concepts needed have essentially been taken from the 2007 3 edition of the
“International Vocabulary of Metrology — Basic and General Concepts and Associated Terms
—VIM” (henceforth called VIM3) [1], the 1995 “ Guide to the Expression of Uncertainty in
Measurement” (GUM)[2], and the International Standards ISO 1087-1:2000 “ Terminology
Work - Vocabulary - Part 1: Theory-and Application”[3], and SO 704:2000 “Terminology

Work — Principles and M ethods’[4].

The reader should not expect in this study to seethe terms used in daily analytical work
because their inconsistency would limit the understanding of metrological traceability.
Rather an attempt is made to present a consistent set of concepts with associated terminology.
At the same time, the substitution principle is respected as much as possible, i.e.ina
definition or text it should be possible to substitute a term by the definition of the

corresponding concept — and still make sense without circularity.

As this document is concerned with measur ement, only properties that possess a magnitude,

i.e quantities, are considered. Nominal properties are therefore not addressed.

A project to formulate the essential characteristics of the “traceability” concept, and related

concepts, in chemical measurement was approved by IUPAC on 2001-11-23 (Annexel). The
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ensuing Terms of Reference are given in Annexe I1. The project team of authors arelisted in

Annexelll and their schedule of meetingsin AnnexelV.

Dissemination

Information about this document was disseminated mainly as follows:

e Opening awebsite, http://www.iupac.org/projects/2001/2001-010-3-500, on 2002-12-

04;

e publishing an announcement paper in “ Chemistry International” 2003 [5];

e presenting an intermediate version at the lUPAC, Analytical Chemistry Division

Committee workshop, Vienna, 2004-02-17/19;

e producing adraft document in thefirst half of 2005;

e presenting this draft at the Analytical Chemistry Division Committee meeting,

General Assembly of IUPAC in Beijing, China, 2005-08-14;

e discussing this draft in an expert meeting at UNIDO in Vienna 2005-12-12/16;

e circulating draft final report to IUPAC bodies and relevant international organizations

for comment in 2007-06/07; and

e presenting the draft final version to the [IUPAC General ‘Assembly in Torino (IT) on

2007-08-05;

e circulating an updated draft final report to IUPAC bodies for comment in 2007-09/10;

e submitting afinal version to IUPAC-ICTNS in 2008;

e publishing thefinal report in Pure and Applied Chemistry in 2008; and
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e making the Recommendations available for publication in other media

An elementary document, derived from this basic text, but consistent with it, is being

prepared in a subsequent lUPAC project.

Conventions

Thefollowing conventions are followed:

bold face indicates the term for a concept defined in this report, or in the VIM3, and

is used every time such a term appesars;

o followingthe VIM3, single quotation marks‘..." enclose the terms for concepts when
not in bold, and double quotation marks “...” enclose terms and quotations from other

SOUrces;

e entriesinthe VIM3 aregiven verbatim in the case of terms, definitions, and VIM3

conventions, but might not include all its examples and notes; and

e such entries follow the VIM 3 conventions of using bold face only thefirst time a

concept appearsin an entry.

A number of initialisms, acronyms and abbreviations will be used in the text and arelisted in

AnnexeV.
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1 Introduction

1.1 Stating the problems

In recent years the concept ‘traceability’ in chemical measurement has received an

extraordinary amount of attention.

It has been the theme of numerous workshops and symposia.

e Demonstration of “measurement traceability” is required in the International

Standards on accreditation 1SO/IEC 17025, 1SO 15195, and SO 15189 [6-8],

e ‘Traceability’ isthe subject of ILAC-G2 [9].

e Two standards on assignment of quantity valuesto calibrators used in laboratory
medicine stipulate and explain metrological traceability: ISO 17511 and 1SO 18153

[10, 11].

e |tismentioned frequently in CIPM-MRA.

e Itismentioned in 1SO Guides 34 and 35 (REMCO) [12, 13].

Still theinterpretation of “metrological traceability” variesin the chemical literature and
many people concerned with ‘Metrology in Chemistry’ admit that there is no unequivocal,
internationally agreed understanding of the concept ‘traceability’. Also, reference materials
often lack information about metrological traceability (and associated measurement
uncertainty) for assigned quantity values. Thisis an unfortunate state of affairs because lack

of clarity about such an important and widely used concept makes it difficult to reach world-

Draft REPORT IUPAC-Tr-030.23 Draft_Final_Document_2007-09-18



FOR REVIEW ONLY 12 of 145
wide agreement on its meaning and application. Furthermore, communication about and use

of measurement resultsis hampered.

Discussions with analytical chemists have revealed that basic concepts in metrology,
including ‘traceability’ are generally not an integral part of university or high school
curricula and are not treated in textbooks of analytical chemistry. This might be a cause of

many of the problems listed below.

The concept of traceability is defined in the second edition 1993 of the International

Vocabulary of Basic and General Terms in Metrology (VIM?2) [14] as

tr aceability (Concept 1.1-1)

property of the result of a measurement or the value of a standard whereby it can
be related to stated references, usually national or international standards, through

an unbroken sequence of comparisons all having stated uncertainties

[VIM2-6.10]

which essentially is arewording of the entry in the first edition of VIM 1984. Still the concept

and term “traceability” present the following problems.

e |nspite of the definition having traceability as aproperty of a measurement result, it

is common to refer to the traceability of a

0 document such as a measur ement procedure (which'is a physical object), or

0 sample(whichisa physical object), or

0 measurement (which is a process).

e |tisoften claimed that a measurement result can be traceable to an institution (e.g. a

specified NMI).

Draft REPORT IUPAC-Tr-030.23 Draft_Final_Document_2007-09-18
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o Thereisawidedy held perception that traceability does not apply to measur ement

resultsin field and routine laboratories.

e |tisnot generally accepted that traceability to a common stated metr ological
referenceis a precondition for metrological compar ability of measurement

results.

e Thereisthe perception that the meaning of the term “comparability” refers to

guantity values of the same magnitude (size).

o Thereisalack of clarity about the relation between metrological traceability and

measur ement uncertainty in the 1993 edition of the VIM (VIM2).

e Thereisthe perception that a measurement unit from the I nter national System of
Units (SI) is the only possible metrological reference in the metrological

traceability of chemical measurement results.

o Thereisabdief that the use of areference material (RM) or acertified reference
material (CRM) for quality control purposes automatically establishes metrological

traceability.

o Claims are madethat participation in an interlaboratory comparison, proficiency
testing scheme, or external quality assessment scheme automatically provides

metrological traceability of the participants measur ement r esults.

e VIM2 does not define concepts such as metrological refer ence, “traceability to the

SI’, metrological traceability chain, and calibration hier archy.

e VIM3 does not define the concept metrological reference.

In response to the group of problems identified above under thefirst solid bullet,

metrological traceability is only considered to be a characteristic of the concepts of
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measur ed quantity value and measurement result. In cases in which the history of physical
objectsis to be established, it is suggested to designate other concepts by terms such as

“document traceability” or “sample traceability”.

The VIM3 defines

metrological traceability (Concept 1.1-2)

property of a measur ement result whereby the result can be related to a reference
through a documented unbroken chain of calibrations, each contributing to the

measur ement uncertainty

NOTE 1 — For this definition, a ‘reference’ can be a definition of a
measurement unit through its practical realization, or a measurement procedure
including the measur ement unit for anon-ordinal quantity, or a measurement

standard.

NOTE2  Maerological traceability requires an established calibration

hierarchy.

NOTE 3  Specification of the reference must include the time at which this
reference was used in establishing the calibration hierarchy, along with any other
relevant metrol ogical information about the reference, such as when thefirst

calibration in the calibration hierarchy was performed.

NOTE4  For measurements with more than oneinput quantity to the
measur ement model each of theinput quantity values should itsdlf'be
metrologically traceable and the calibration hierarchy involved may form a
branched structure or a network. The effort involved in establishing metrological
traceability for each input quantity value should be commensurate with its relative

contribution to the measurement result.
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NOTES5  Maerological traceability of a measurement result does not ensure that
the measurement uncertainty is adequate for a given purpose or the absence of

mistakes.

NOTE6 A comparison between two measurement standards may be viewed as
acalibration if the comparison is used to check and, if necessary, correct the
quantity value and measurement uncertainty attributed to one of the measurement

standards.

NOTE7  ThelLAC considersthe e ements for confirming metrological
traceability to be an unbroken metrological traceability chain to an

inter national measurement standard or a national measurement standard, a
documented measurement uncertainty, a documented measurement procedure,
accredited technical competence, metrological traceability tothe SI, and

calibration intervals (see ILAC P 10:2002 [15]).

NOTE8  Theabbreviated term ‘traceability’ is sometimes used to mean
“metrological traceability” aswell as other concepts, such as “sample
traceability” or “document traceability” or “instrument traceability”, or “material
traceability”, where the history (“trace”) of anitem is meant. Therefore, the full
term of “metrological traceability” is preferredif thereis any risk of confusion.

[VIM3-2.41]

1.2 Importance of metrological traceability

Among the many aspects of measurement that affect reliability, metrological tr aceability is
essential. It underpins the ability of the analyst to claim that his or her result “is what it

purportsto be’[16].
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A key requirement in many situations, such as in border-crossing trade, in laboratory
medicine (clinical laboratory sciences), and in transnational implementation of environmental
regulations, isthat of metrological compar ability of measurement results. If agiven
guantity is measured in a given material by both buyer and seller, they should be confident
that they will obtain measur ement results agreeing within their stated measur ement

uncertainties.

Theneed for metrological compar ability of measur ement results also extendsintime. In
order to understand temporal changes of a monitored system, such as the carbon dioxide
concentration in the atmosphere at a particular location, or the cholesterol concentrationin a
person’'s blood plasma, measur ement results obtained at one time must be comparable with
those obtained at another time, in the same or in another laboratory. Thisis assured, even if
calibrator s or measuring systems are different, when the results are traceable to the same

metrological reference.

‘Comparability’ isintroduced in the VIM3 as

metrological compar ability of measurement results (Concept 1.2-1)

metrological compar ability

comparability of measurement results, for quantities of a given kind, that are

metrologically traceable to the same reference

NOTE1l SeeNotelto2.41 metrological traceability.

NOTE2  Maetrological comparability of measurement results does not
necessitate that the measured quantity values and associated measurement

uncertainties compared are of the same order of magnitude.

[VIM3-2.46]
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This concept should be distinguished from metrological compatibility of measur ement

results (see 5-6).
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2 Conceptsrelated to metrological traceability

Before attempting to describe various aspects and relations of metrological traceability, it is
necessary to define and comment upon some fundamental concepts used in the description.
Thisis especially true because terminology varies among chemical disciplines. This chapter is
based onthe concepts and associated terms given in the VIM3 [17], and 1SO 17511 [10],

interspersed with supplementary proposals.

2.1 General conceptsin measur ement

This central concept is defined as

measur ement (Concept 2.1-1)

process of experimentally obtaining one or more quantity values that can

reasonably be attributed to a quantity
NOTE 1 Measurement does not apply to-nominal properties

NOTE 2 Measurement implies comparison of quantities including counting of

entities.
[VIM3-2.1]

‘Quantity’ is defined as
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quantity (Concept 2.1-2)

property of a phenomenon, body, or substance, where the property has a

magnitude that can be expressed as a number and a reference

[VIM3-1.1]

The concept quantity may be divided into the generically subordinate concepts [18, 19], here

called types of quantity:

e —ordinal quantity [VIM3-1.26]

o ‘differential quantity’ (also known as “ difference quantity” or “interval quantity”)

e ‘logarithmic differential quantity’

e ‘rational quantity’ (also known as“ratio quantity”)

of which thefirst cannot be associated with a measur ement unit whereas the next three all
have measur ement units. When quantities of the last three types have the quantity

dimension [VIM3-1.7] one, the coherent measurement unit is one (Symbol “1”).

The description of a quantity should include information about the system considered, any
relevant component(s) and the kind-of-quantity [VIM3-1.2]. Each of these three parts may
require specifications. The description of the quantity intended to be measured, i.e. the
measur and, may be in the format: System(specification) — Component(specification); kind-
of-quantity(specification). For identification of a particular system (instantiation), a stated
location and calendar time are required. For a component, it may be necessary to specify
information such as oxidation state and speciation of an element in a matrix, or isomeric form
of acompound. For a kind-of-quantity, calibrator or measurement procedure canbe

specifications. IUPAC and IFCC have published a number of technical reports using this
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format under the global title of “ Properties and unitsin the clinical laboratory sciences” [20],

but seealso [21, 22].

Dedicated kinds-of-quantity [21] for each type of quantity aregivenin Table2.1 - 1.

Table2.1 -1 Dedicated kinds-of-quantity [21] for each type of quantity.

Type of System’ Component Kind-of-quantity M easur ement
quantity (Analyte) unit
ordinal petroleum | petroleum fuel octane number not applicable
fud
differential thermostat |- water Celsius temperature | degree Celsius
logarithmic | lake water pH one
differential
rational butter sodium chloride | amount-of-substance | mole per kilogram
content
substance content
ore iron mass fraction one (= kilogram
per kilogram)
exhaled air | ethanol mass concentration kilogram per
cubic metre

" Location and calendar time are necessary specifications to ‘system’ to convert a dedicated

kind-of-quantity into a singular quantity (ie an instance).

The allowed mathematical treatment of quantity values depends on the type of quantity:.

The act of measur ement requires the following set of interacting elements:
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e measurand, defined by kind-of-quantity, any component(s), and instantiated system

(Table2.1-1);

e measurement model or measur ement function;

e measurement principle(s);

e measurement method;

o validated measur ement procedureincluding a calibration hierarchy;

e measuring system under quality control; and

e Operator(s).

M easur ement leads to a

measur ement result (Concept 2.1-3)

result of a measurement

set of quantity values being attributed to a measur and together with any other

available relevant information

NOTE1 A measurement result generally contains ‘relevant information”
about the set of quantity values, such that some may be more representative of the
measur and than others. This may be expressed in the form of a probability

density function (PDF).
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NOTE2 A measurement result is generally expressed as a single measured
guantity value and a measurement uncertainty. If the measurement uncertainty is
considered to be negligible for some purpose, the measurement result may be
expressed as a single measured quantity value. In many fields thisis the

common way of expressing a measurement result.

NOTE 3 In thetraditional literature and in the previous edition of the VIM,
measurement result was defined as a value attributed to a measurand and
explained to mean an indication, or an uncorrected result, or a corrected result,

according to the context.

[VIM3-2.9]

This entry requires three further definitions.

measur and (Concept 2.1-4)

guantity intended to be measured

NOTE1  The specification of a measurand requires knowledge of the kind of
guantity, description of the state of the phenomenon, body, or substance carrying
the quantity, including any relevant component, and the chemical entities

involved.

NOTE 2 In the 2™ edition of the VIM and in IEC 60050-300:2001, the

measurand is defined as the 'quantity subject to measurement.

NOTE3  The measurement, including the measuring systemand the
conditions under which the measurement is carried out, might change the
phenomenon, body, or substance such that the quantity being measured may differ

from the measur and as defined. In this case adequate correction is necessary.
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EXAMPLE 1 The potential difference between the terminals of a battery
may decrease when using a voltmeter with a significant internal conductance
to perform the measurement. The open-circuit potential difference can be

calculated from the internal resistances of the battery and the voltmeter.

EXAMPLE 2 Thelength of a stedl rod in equilibrium with the ambient
Celsius temperature of 23 °C will be different from the length at the specified
temperature of 20 °C, which is the measurand. In this casea correction is

necessary.

NOTE4  Inchemistry, “analyte’, or the name of a substance or compound, are
terms sometimes used for ‘ measurand’. This usage is erroneous because these

terms do not refer to quantities.

[VIM3-2.3]

The delineation of a system carrying a measurand will influence the type of sampling plan

and thereby the sampling measurement uncertainty.

Example 1: in the measurement of amount-of-substance content of total Cd in a given
agricultural piece of land, the measurement results will differ depending on whether the
chosen system is the whole field, or a single sample; the sampling plan chosen for the field

will also influence the measurement result.

Example 2: the amount-of-substance concentration of glucose in fasting human venous blood
plasma of a person will depend on whether the system of plasma is thought to come from a

group of healthy persons, a given person, or a given sample of a person.
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quantity value (Concept 2.1-5)
value of a quantity

value

number and reference together expressing magnitude of a quantity

[VIM3-1.19]

measured quantity value (Concept 2.1-6)
measur ed value of a quantity

measured value

guantity value representing a measur ement result

NOTE 4 In'the GUM, the terms “result of a measurement” and “ estimate of the
value of the measurand” or just “estimate of the measurand” are used for

‘measured quantity value'.

[VIM3-2.10]

A quantity value can be expressed as a

e product of a number and a measurement unit for adifferential, differential
logarithmic, or rational quantity, e.g. amount-of-substance concentration of Cd** in a

sample of wine=1.2x 10° mol L™ or

e number for adifferential, logarithmic differential, or rational quantity of
metrological dimension one, eg. pH of a blood sample = 7.2, (the SI unit “on€’ is
generally not written out), number fractions of lymphocytes among all leukocytes in

blood; or
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211

number and areference to a measurement procedur e for an ordinal quantity, e.g.

Rockwell C hardness (150 kg load) of a steel sample = 43.4 HRC(150 kg); or

product of a number, a measurement unit for adifferential or rational quantity with

kind-of-quantity specified by a measurement procedure, e.g. aleaching procedure;

number, anon-Sl measurement unit for adifferential or rational quantity with
kind-of-quantity specified by convention and carried by a calibrator, and some
reference to a measurement procedure, e.g. arbitrary concentration(\WHO second
International Standard 91/666; immuno-procedure) of coagulation factor VIII ina

plasma sample =5 000 International Units per litre.

Therelation between input and output quantities is described in the most general way

by a

measur ement model (Concept 2.1-7)
model of measurement

model

mathematical relation among all quantities known to beinvolvedin a

measur ement

NOTE1 A general form of the measurement model isthe equation
h(Y, Xy, ..., X3) =0, whereY, the output quantity in the measurement model, is
the measurand that is to beinferred from information about input guantitiesin

the measurement model X, ..., X,.

NOTE 2 In more complex cases where there are two or more output quantities,

the measurement mode! consists of more than one equation.
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[VIM3-2.48]

A measurement model accommodates algorithms as well as explicit functions and will be

used later for specific examples of metrological traceability chainsin Chapters 11 and 12.

In practice, the output quantity in a measur ement model can often be calculated by using a

measur ement function (Concept 2.1-8)

function of quantities, the values of which, when calculated using known
guantity values, for theinput quantitiesin a measur ement model, isa

measured quantity value of the output quantity in the measur ement model

NOTE 1 -~ If ameasurement model h(Y, X, ..., X, ) = 0 can explicitly be
writtenas Y =1 (X, ..., X, ), where Y is the output quantity in the measurement
model, the function f is the measurement function. More generally, f may
symbolize an algorithm; yielding for input quantity values x,, ..., X, a

corresponding unique output quantity valuey = f (X, ..., %) .

NOTE 2 The measurement function is used to calculate the measur ement

uncertainty associated with the measured quantity value of Y.

[VIM3-2.49]

Sometimes, the measurement function may be written as

Y = Xy ooy XN K e X (Equation 2.1-1)

where Xy, ..., X may be

e input quantitiesin a measurement model, measured in the experiment to establish

the quantity value of Y, that are given by the defining quantity equation (VIM3-
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1.22) of the kind-of-quantity for Y, such as mass concentration = mass of component

(i.e. element or compound) divided by volume of system;

e input quantitiesin a measurement model, measured in the experiment to establish
the quantity value of Y, that are different from those given by the definition of the

kind-of-quantity for Y;
0 quantitiestaken from literature, such as molar masses or constants;

0 corrections (see section 2.10) for quantities that areinherent in the
measured system or sample such asa correction for the effect of
haemogl obin concentration when measuring bilirubin concentration in

plasma by visible light spectrometry; and

0 correctionsfor external quantities that affect the measured system or
the measuring system, such as ambient temperature, pressure, or

humidity;
and Xy, ..., X, may comprise

e quantities that influence one or more of the input quantities X;, ..., X and have
given values, such as the specified experimental temperaturein measur ement of

catalytic activity; they can be regarded as specifications to the definition of the

measur and.

All input quantity valuesx,, ..., X, must be metrologically traceable. They contribute

components of the measurement uncertainty for the measurand Y.
The output is ameasur ed quantity value.

The measured quantity value, y, calculated by the functiony = f(x,, ..., X), is an estimate of

the location of the distribution of quantity values that is attributed to the measur and, which
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belongs to, and describes, an investigated system. A measurement function is usually based
on the best available theory, which may not be complete. For example, the Bates-Guggenheim
correction for ionic strength in the measur ement function for pH determined using a
Harned cell is known to be based on an incomplete theory. Known and presumed deficiencies
in the definition of the measur and and thereby in the measurement function or

measur ement model contribute components to the measurement uncertainty of the

measur ed quantity value. The combination of such components constitutes a

definitional uncertainty (Concept 2.1-9)

component of measurement uncertainty resulting from the finite amount of

detail in the definition of ameasurand

NOTE 1 Definitional uncertainty is the practical minimum measurement

uncertainty achievable in any measurement of a given measurand.

NOTE2  Any changeinthe descriptive detail leads to another definitional

uncertainty.

NOTE 3 Inthe GUM:1995, D.3.4,/and in IEC 60359 the concept ‘ definitional

uncertainty’ is termed “intrinsic uncertainty”-

[VIM3-2.27]

Note: Defining the measurand is thefirst step of any measurement procedure. The ensuing
definitional uncertainty can therefore be considered as a part of the measur ement

uncertainty.

For each measured input quantity in a measur ement model, a measur ement principle has

to be chosen and tranglated into a measur ement method and measurement procedure. A
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measur ing system is then assembled accordingly, including the indicated measuring

equipment, calibrators, and any chemical reagents.

measurement principle (Concept 2.1-10)

principle of measurement

phenomenon serving as the basis of a measur ement

[VIM3-2.4]

Examples of measurement principles are:

e absorption of radiation energy in light spectrometry for the measurement of amount-

of -substance concentration;

e |lowering of the concentration of glucosein blood in afasting rabbit applied to the

measur ement of insulin concentration in a preparation; and

e conversion of two different Kinds of uncharged particlesintoions (“ionization”) in a

mass spectrometer for the measurement of their amount-of-substance ratio.

measur ement method (Concept 2.1-11)

method of measur ement

generic description of alogical organization of operations used in a measur ement

[VIM3-2.5]

When a measur ement requires the sequential or parallel use of several pieces of equipment
or reagents or both, the measur ement method consists of a short presentation of the

procedural structure.

The detailed instructions for performing the measurement are provided to the operator(s) ina
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measur ement procedure (Concept 2.1-12)

detailed description of a measurement according to one or more measur ement
principles and to a given measurement method, based on a measur ement model
and including any cal culation to obtain a measur ement result

[VIM3-2.6]

The measurement procedureis usually a document including the measur ement model,
measur ement principle(s), measurement method, description of measuring system,
(including equipment, reagents, and utensils), calibrators, metrological traceability of
obtai nable measur ement results, calculation of measurement result, including

measur ement uncertainty, quality control system, and reporting. Any measur ement

procedur e must be validated.

Any measur ement procedure identifies a

measuring system (Concept 2.1-13)

set of one or more measuring instruments and often other devices, including any
reagent and supply, assembled and adapted to give information used to generate
measured quantity values within specified intervals for quantities of specified

kinds

[VIM3-3.2]

2.2 Calibration

M easuring systems in chemistry need to be calibrated in such away as to ensure
metrological traceability of the measur ement result. An unknown quantity value
embodied in a sampleis measured by means of a calibrated measuring system, , according
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to a measurement procedure. The calibrated measuring system provides an indication that
is transformed through a measur ement model into a measured quantity value of the
measur and. The measurement result then consists of this measur ed quantity value and its

calculated measur ement uncer tainty.

The definition of calibration is

calibration (Concept 2.2-1)

operation that, under specified conditions, in afirst step establishes arelation
between the quantity values with measur ement uncer tainties provided by
measurement standar ds and corresponding indications with associated
measurement uncertainties and, in a second step, uses this information to establish

ardation for obtaining a measur ement result from an indication

NOTE1 A calibration may be expressed by a statement, calibration function,
calibration diagram, calibration curve, or calibration table. In some cases it may
consist of an additive or multiplicative correction of the indication with associated

measurement uncertainty.

NOTE 2 Calibration should not be confused with adjustment of a measuring
system, often mistakenly called ‘ sdf-calibration’, nor with verification of

calibration.

NOTE 3 Often, the first step alonein the above definition is perceived as

being calibration.

[VIM3-2.39]

Quantity value, y.a, of a measur ement standar d, here chosen to be a calibr ator, isthe

independent variable and indication, I , isthe dependent variable in the first step of the
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definition corresponding to the calibration model h(lca, Yea) = 0. The second step produces the

inverse measur ement model h(Ysampie, |sampie) = O.

The outcome of the calibration may be documented in a certification report or calibration

certificate (see Concept 6-1).

2.3 Calibration hierarchy and metrological traceability chain

Metrological traceability requires an established sequence of calibrations and assignments
of quantity values between a metrological reference and a measurement result. These
operations are performed using calibr ator s and measuring systems with measur ement

procedur es and constitute a

calibration hierar chy (Concept 2.3-1)

sequence of calibrations from a reference to the final measuring system, where
the outcome of each calibration depends on the outcome of the previous
calibration

[VIM3-2.40]

For this definition, a metrological reference for a differential, logarithmic differential, or
rational quantity can be a definition of a measurement unit with its embodiment in a
primary calibrator (material or device), using a primary measurement procedure or a
production procedure. For an ordinal quantity, the metrological reference is a definition of
an ordinal quantity-value scale with its embodiment in a set of primary calibratorsusing a

production procedure.

The calibration hierarchy extends down from the step following the metrological

reference, but to describe metrological traceability of the measurement result, the
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direction isreversed. The sequence between measur ement result and metrological

referenceistermed and defined:

metrological traceability chain (Concept 2.3-2)

traceability chain

sequence of measurement standar ds and calibr ations that is used to relate a
measurement result to areference

[VIM3-2.42]

A metrological traceability chain requires a pre-established calibr ation hierar chy that is
chosen before the measur ements start. As metrological traceability characterizes the
concept measur ement result, the metrological traceability chain is “attached” to the

measurement result and links it to the chosen metrological reference.

In principle, the elements of a single-stranded calibr ation hier archy may be coupled asin

the generic flow chart shownin Figure2.3-1.
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metrological reference: specification of kind-of-guantity and defmition of measurement
b unit or quantity scale
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Figure 2.3-1: Generic flow chart of a calibration hierar chy providing metrological
traceability of a measurement result for which the metrological reference can be
a) “definition of kind-of-quantity and measur ement unit” whichisembodied by
preparing a set of one or more primary calibrators, through measur.ement using

aprimary measur ement procedure; or
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b) “definition of kind-of-quantity and measurement unit” which is embodied by
preparing a set of one or more primary calibrator s through a production
procedure; or
c) “definition of ordinal kind-of-quantity and ordinal quantity-value scale’
which is embodied in a set of calibrator s through a production procedure.

unc is an abbreviation signifying a generalized measur ement uncertainty that is calculated

according to GUM in cases @) and b), but not in ¢). The symbol u will be used in specific

examples of a) and b).

A rectangle contains a material object, namely a measuring system, calibrator, or sample. A

rounded box contains a documentary object, namely a definition, measur ement procedure,

measured quantity value, or measur ement uncertainty.

Down-pointing triangles contain a number labeling a metrological reference for an input

quantity in the measur ement model shown in up-pointing triangles on the end-user’s

measur ement procedure. Each level in the calibration hier archy has its own measurement
model and set of input quantitiesinthe measurement model, depicted by different shapes

attached to the right-hand boxes.

A given calibrator in acalibration hierarchy serves to calibrate a subsequent measuring
system that, by measurement according to a measurement procedur e, yields the measured
guantity value and measurement uncertainty for the next calibrator or, finaly, for the
end-user’s sample. The measurement uncertainty associated with the quantity value
carried by any calibrator is necessarily larger than that of a preceding calibrator and smaller
than that of a following calibrator aswell as the expected measur ement uncertainty of the

final measur ement result.

In physics, calibration hierar chies have long been an established part of measurement [23,
24]. For complex chemical measur ements, the formal establishment of calibration
hierarchiesis morerecent. A particular concern in chemistry is that when amount-of-
substance is reported, i.e. in the SI unit mole, the embodiment of the definition of the mole
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would require a primary measur ement standard for each of the millions of chemical
compounds. CCQM has sdected measur ement principles and measur ement methods
which have the potential for the development of primary measurement procedur es giving
quantity valuesin mole or its derived measur ement units for the quantities carried by
primary calibrators. This approach is only possible when the chemical entity or entities
specified in a measur and, can be defined by their atomic or molecular structure, or a suitable
part of that. If the dementary entities cannot be thus defined, then amount-of -substance
cannot be measured. In this case, and if the component can be otherwise specifically
recognized, kinds-of-quantity such as mass, which do not need elementary entities to be
specified, can be chosen. Provided that the quantity for measurement is differential or
rational, the metrological reference may then be the definition of another measur ement
unit, such as the kilogram or a WHO International Unit of agiven type of biological activity.
For an ordinal quantity, no-measurement unit isinvolved and the metrological reference

may be a measur ement procedurewith or without an ensuing calibrator.

As mentioned before, the measur and, for which the measur ement result has to be
metrologically traceable, must be carefully defined with regard to system, any component(s),
and kind-of-quantity. In asingle-stranded calibr ation hierar chy, the kind-of-quantity is

the same throughout.

Theterm “calibration hierarchy” isused in EAL-G12 [25] and ILAC-G2 [9] in the sense of a
plurilevel hierarchy of coordinated and interacting bodies responsible for maintaining and
disseminating various types and metrological levels of measurement standards. To avoid
ambiguity, the present text uses the term “metrological institutional hierarchy” for such a

hierarchy. Thisis further elaborated in Chapter 8.

24 Metrological reference

The concept may be defined as follows:
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metrological reference (Concept 2.4-1)

normative document specifying a kind-of-quantity and defining one or more

conventionally chosen quantity values of that kind-of-quantity

There are two possible types of normative document providing either

(a) adefinition of a measur ement unit, or

(b) a definition of an ordinal quantity-value scale [VIM3-1.28].

The measur ement unit, whether base or derived, coherent or non-coherent, is embodied in a

primary calibrator. The embodiment may be achieved by either

e measurement, using a primary measurement procedur e and a measuring system,
assigning a differential or rational quantity value with measurement uncertainty

(seeFigure 2.3-1); or

e production, using a production procedure, the execution of which delivers a
differential or rational quantity value and its measur ement uncertainty (see Figure
2.3-1, legend a) and b)), such as by the preparation of a Josephson junction for the
volt, an atomic clock for the second, the international prototype of the kilogram for

the kilogram, and a batch of high purity copper for the mole per kilogram.

The ordinal quantity-value scale, unrelated to any measur ement unit, is embodied in a set
of primary calibrator s that are made according to a preparation procedure, the execution of
which delivers theindividual quantity values and their measurement uncertainties (see
Figure 2.3-1, legend c)), such as a set of petroleum fuel primary calibratorsfor

measur ement of octane number. M easurement uncertainty for an ordinal quantity value

cannot be calculated according to GUM, and must be evaluated by another method.

Draft REPORT IUPAC-Tr-030.23 Draft_Final_Document_2007-09-18



FOR REVIEW ONLY 38 of 145

2.5 Measurement standard

A key concept in measur ement is

measur ement standard (Concept 2.5-1)

etalon

realization of the definition of agiven quantity, with stated quantity value and
associated measurement uncertainty, used as areference

[VIM3-5.1]

The “realization of the definition of a given quantity” can be provided by operating a
measur ing system according to a measur ement procedure, or by amaterial measure, or
by areference material (RM) (calibrator or certified reference material, CRM). In the
case of chemical measurement standar ds, the term “embodiment” is here preferred to
“reglization” as the latter term carries several non-applicable connotations. In many casesin
chemistry, measurement standar ds are embodiments of the definition of a measur ement
unit. Several quantities of the same or different kinds-of-quantity may be embodied in one

measur ement standard.

Examples of measurement standar ds (partly taken from VIM3) are, a 1 kg mass standard; a
standard hydrogen dectrode; a set of reference solutions of cortisol in human serum having
certified concentrations of cortisol; a certified reference material providing certified
quantity values for the mass concentration of each of ten different proteins; and an ampoule
with WHO International Standard 75/589 containing 650 International Units of chorionic
gonadotropin. In all cases, a quantity value must be accompanied by a measurement

uncertainty and stated metrological traceability.
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A series of “descending levels’ of measur ement standards or calibrators, i.e. with
increasing measurement uncertainties of assigned quantity valuesin a given calibration

hier ar chy, is often described by the following concepts.

primary measur ement standard (Concept 2.5-2)

primary standard

measur ement standard established using a primary measurement procedure or

created as an artefact, by convention

EXAMPLE a) primary measurement standard of amount-of-substance
concentration prepared by dissolving a known amount of substance of a chemical

component to'a known volume of solution.

[VIM3-5.4]

A primary measurement standard of a differential or rational quantity embodies its
measurement unit. Ordinal quantitieshave no measurement units and the established
guantity value and measurement uncertainty rely on the metrological reference and on

the means of embodiment described in Section 2.4.

Thefirst measurement standard (or calibrator) of acalibration hierarchy for a differential
or rational quantity is always a primary measurement standard (or primary calibrator).
The assignment of quantity value with the associated measur ement uncertainty to a

primary measur ement standard is done by means of a primary measur.ement procedure.

A primary measurement standar d can be used to calibrate a measur ing system by which a

quantity value with associated measurement uncertainty is assigned to a
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secondary measur ement standard (Concept 2.5-3)

secondary standard

measur ement standard established through calibration with respect to a
primary measur ement standard for a quantity of the same kind

[VIM3-5.5]

The following concept is much used:

reference measurement standard (Concept 2.5-4)

reference standard

measur ement standar d designated for the calibration of other measurement
standards for quantities of a given kind in a given organization or at a given

|ocation

[VIM3-5.6]

The metrologically lowest measurement standard defined by VIM3is

wor king measur ement standard (Concept 2.5-5)

wor king standard

measur ement standard that is used routinely to calibrate or verify measuring
instruments or measuring systems

[VIM3-5.7]

Note— A measurement standard should only be used for one function (either as

acalibrator or asa verification material) in a measur ement.
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The quantity value and measur ement uncer tainty of a working measurement standard is
established using the measurement procedure located just above the end-user’s

measur ement procedure in the calibration hierarchy.

In independent terminological dimensions, modifiers such as “international” [VIM3-5.2],
“national” [VIM3-5.3], “regional”, “travelling” [VIM3-5.8], “intrinsic’ [VIM3-5.10] or

“reference” [VIM3-5.6] are sometimes used as prefaces to “ measurement standard”.

2.6 Calibrator

When a measur ement standard is used specifically for the purposes of calibration rather

than for quality control, it becomes a

calibrator (Concept 2.6-1)

measur ement standard used in calibration

[VIM3-5.12]

In addition to the assigned quantity value and measur ement uncertainty, acalibrator must
be accompanied by information about: the origin (material traceability), production, definition
of quantity, any matrix, and homogeneity, stability, procedure used in the assignment of
guantity value and measurement uncertainty, statement of metrological traceability,
expiry date, intended use of the calibrator [26, 27], and instructions for use. In addition to
these essential properties, itsusein a calibration hierarchy requires that it be commutable

(see Concept 3.1-3).

In other words, the relative behaviour of a calibrator vis-&-vis a preceding measur ement
procedur e assigning a quantity value and the subsequent measur ement procedurein a

calibration hierarchy must be the same as that of relevant routine materials.
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2.7 Measurement uncertainty

This concept is defined as

measur ement uncertainty (Concept 2.7-1)
uncertainty of measur ement

uncertainty

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

[VIM3-2.26]

Thedispersion is dueto definitional uncertainty of the measurand, random effects from
various sources, and the measur ement uncertainty associated with corrections for

systematic effects in the measurement.

The measurement uncertainty may beexpressed as a standard deviation called standard
measur ement uncertainty or a given multiple of it, or the half-width of an interval, having a

stated cover age probability.

M easur ement uncertainty comprises, in general, many components [2]. Some of these
components may be evaluated by Type A evaluation of measurement uncertainty, based
on the statistical distribution of the quantity values from replicated measur ements, and can
be described by standard deviations. The other components, which'may be evaluated by Type
B evaluation of measurement uncertainty, can also be described by standard deviations,
evaluated from assumed probability density functions based on experience or other

information.

It is understood that the measur ed quantity value of a measurement result is the best

estimate of the quantity value of the measurand.
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All components of measurement uncertainty contribute to the dispersion, including those
arising from a correction for each systematic effect, such as components associated with
recovery, bias corrections, and the assigned quantity values of measur ement standards

including calibrators.

The degr ee of metrological equivalence of measurement results for the same quantity in
the same material is evaluated by statistical procedures based on the absolute difference
between the two measur ed quantity values and their respective measur ement

uncertainties.

The quantity value of each calibrator, except thefirst one, in acalibration hierarchy, has a
combined standard uncertainty that incorporates the combined standard uncertainty of
the quantity value of theprevious calibrator, and it must be evaluated and stated.

Therefore, inthe calibration-hierarchy of, for example, Figure 2.3-1, each relative

measur ement uncertainty u(yi.1)/yi.1 is perforce greater than the previous relative

measur ement uncertainty u(y:)/y; -because u(yi+1)/yi-1 combines u(y;)/y; and the new

components of measurement uncertainty incurred at step i+1.

Obviously the quantity value of aprimary calibrator is established to a smaller
measur ement uncertainty than the quantity value of a secondary calibrator and so on.
Also, the measurement uncertainty of the quantity value of a calibrator will be smaller

than that of the following measur ement result.

How measurement uncertainties are evaluated and combined is beyond the scope of this

document. Referenceis madeto GUM [2] and QUAM[28].

Although the quantity values of input quantitiesin a measurement model should be
metrologically traceable, quantifying the measurement uncertainty of a measur ement

result does not of itself establish metrological traceability, which is either established or
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not. Neither isit a useful analogy to say that measurement uncertainty demonstrates the

“strength” of the metrological traceability chain.

2.8 Target measurement uncertainty

The acceptability of a measurement uncertainty is determined by the requirements for the

intended use of the measurement result. That requirement can be formulated as

target measurement uncertainty (Concept 2.8-1)

target uncertainty

measurement uncertainty specified as an upper limit and decided on the basis of
the intended use of measurement results

[VIM3-2.34]

A measurement uncertainty is calculated after ameasurement has been performed or is
assumed to apply to a measurement result due to validation of the measurement procedure
and an accepted outcome of concomitantinternal quality control. As the traceability chain of
the measurement result to ametrological reference has been decided in the planning stage
of the measur ement, the types of component of the measurement uncertainty arefixed by
that choice. Its actual value can only be calculated after theinitial measurement or adopted
for later measured quantity values obtained by a process under statistical control. The
achieved measurement uncertainty can be appropriate for theintended use, or it can be
too large, or it can betoo small. Thus, thea priori fixing of atarget measur ement
uncertainty requires a study of the use of the expected measurement result. Target

measur ement uncertainty may guide an a priori selection of a calibration hierarchy,
using available knowledge and skill, and is influenced by available equipment and
measurement procedures. If the minimum measurement uncertainty obtainablein current

practiceistoo large, that may lead to the conclusion that one has to accept a larger
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measur ement uncertainty than originally desired, or that better measur ement procedures,
measur ing systems, and measur ement standar ds must be devel oped to comply with agiven

requirement.

2.9 Multiple metrological traceability chains

The measured quantity value of each quantity in a measurement model must be
metrologically traceable. In most chemical measur ements there are several such input
quantities, each requiring a specified metrological traceability chain. If the specification of
the measurand includes quantities with given quantity values they too must have
demonstrated metrological traceability chains. For example, the temperature at which a

measurement is made is often specified.

Wherethe input quantity in-a measurement model is a conversion factor such as molar
mass or a fundamental constant, there is no change in the requirement for metrological
traceability of its quantity value, but itislikely that its metrological traceability will have
been established elsewhere at an earlier time with a sufficiently small relative measurement
uncertainty; ashort statement to this effect is all that is required when documenting the
metrological traceability, for example, quoting the use of the latest IUPAC molar masses (or
atomic weights), and published CODATA fundamental constants, with their measur ement
uncertainties, is sufficient, and no further documentation of metrological tr aceability of

these quantity values is needed.

2.10 Correction for systematic effects

When a quantity value pertaining to a system is estimated by measur ement according to a

measur ement procedure, there are cases in which the “initially estimated quantity”, must be

corrected for systematic effects, caused inter alia by:

e sampling from an inhomogeneous system,
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inadequate presentation of the system carrying the measur and to the measuring

system;

e instrumental bias[VIM3-4.20];

e measurement biasinherent in other elements of a measurement procedure, for
example using an indicator in an acid-base titration that changes colour at a value of

pH other than the equivalence point; and

¢ influencefactors, for example use of volumetric glassware at atemperature different

fromthat of its calibration.

Correction is defined as

correction (Concept 2.10-1)

compensation for an estimated systematic effect

[VIM3-2.53]

It isageneral requirement of GUM [2] that corrections should be applied for all recognized
and significant systematic effects. Correction factors or)correction addends for systematic
effects may be estimated by replicate measur ements of an-appropriate certified r eference
material using the measurement procedure, or by comparison between the measur ement
results obtained with the measurement procedur e and those obtained using a reference
measur ement procedure. When systematic effects are found to be significant, the quantity
value of the measurement result isthe initially estimated quantity value corrected for the
systematic effects; the measurement uncertainty in the measurement result is the
combination of the measurement uncertainty of theinitially estimated quantity value and
the measur ement uncertainties of the corrections for the systematic effects. Clearly, the

metrological traceability of the measur ement result requires that both theinitially
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estimated quantity value and the corrections for the systematic effects be metrologically
traceable. Therefore, in the estimation of cor rections for systematic effects, the use of
measur ement procedures that give metrologically traceable measurement results and

reference materials with metrologically traceable quantity values are necessary.

In some types of measurement method, “recovery” isrelated to aform of systematic effect.
The concept ‘recovery’ is currently defined by IUPAC in several ways, but it is possible to

define a set of concepts with more explicit terms as follows [29].

actual quantity (Concept 2.10-2)

quantity related to a system, including any specified component(s), having an

inherent or-intentionally increased and known quantity value

Note 1: The quantity isrational, i.e. it can be divided by other quantities of the
same kind. It is usually either atype of amount, i.e. an extensive quantity (having
aquantity value dependent on size of system), such as mass, number of entities,
amount-of-substance; or atype of concentration or content, i.e. an intensive
guantity (having a value independent of size of system), such as mass
concentration, number concentration, amount-of-substance concentration, amount-

of-substance content, mass fraction. Which oneis relevant must be specified.

Note 2: A measur ed quantity value is usually obtained by applying areference

measur ement procedur e, which must be specified.

[29]

initially estimated quantity (Concept 2.10-3)

quantity related to a system, including any component(s), having a quantity

value that is found by measurement before correction for any loss
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Note 1: See Note 1 of ‘actual quantity’

Note 2: The measur ement procedur e must be specified.

Note 3: “Yield” and “recovery” are not recommended synonyms.

[29]

recover ed quantity ratio (Concept 2.10-4)

initially estimated quantity related to a system divided by actual quantity

related to the same system

Note 1: Thequantitiesinvolved arerational and of the same kind.

Note 2: See Note 1 of ‘actual quantity’

Note 3: The respective measur ement procedur es must be specified.

Note4: “Yield”, “recovery”, “recovery factor”, “apparent recovery” and “relative

bias” are not recommended synonyms.

Note 5: This concept is a ratio rather than afraction or relative kind-of-quantity

because the numerator and denominator relate to the same system.

[29]

211 Traceability vs“tracing” and vs*“ establishing traceability”

The PTB in Germany prefers to stress the operation of “establishing the trace” of a

measur ement result, which in German is called “ Ruckfihren”, rather than viewing

“traceability” asa property of a measur ement result. “Traceability” is trandated into

German as “ Ruckfuhrbarkeit” by PTB and in Swiss German as “Ruckverfolgbarkeit” by
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METAS. As of today, thereis still no agreement between the two institutes for the German-

speaking measurement community on this concept and associated term.
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3 Calibration of measuring systemsin a calibration hierarchy

3.1 Function of reference materialsin a calibration hierarchy

In any given measurement, areference material as defined below can function as either a
calibrator or a control material in a given measurement, not as both. In a calibration
hierarchy, thefirst is the obvious role. The term r efer ence material is being used with
different meanings thus giving rise to ambiguity. Terminologically, reference material is
generically superordinate to the concept certified reference material; yet in a metrological
hierarchy, certified reference material has ahigher status, asit carries a certified quantity
value with associated measur ement uncertainty. The definition of reference material in the

VIM3 is naturally broad in order<to cover a variety of meanings, used in practice:

reference material (Concept 3.1-1)

RM

material, sufficiently homogeneous and stable with reference to specified
properties, which has been established to befit for itsintended usein

measur ement or in examination of nominal properties

NOTE2 Reference materials with or without assigned quantity values can be
used for measur ement precision control whereas only reference materials with
assigned quantity values can be used for calibration or measurement tr ueness

control.

NOTE3 ‘Reference materials comprises materials embodying quantities as

well as nominal properties.

EXAMPLES OF REFERENCE MATERIALS EMBODYING QUANTITIES
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a) water of stated purity, the dynamic viscosity of which is used to calibrate

viscometers

b) human serum without an assigned quantity value for the amount-of -
substance concentration of the inherent cholesterol, used only asa

measurement precision control material

c) fish tissue containing a stated mass fraction of adioxin, used as a

calibrator

EXAMPLES OF REFERENCE MATERIALS EMBODYING NOMINAL PROPERTIES

d) colour chart indicating one or more specified colours

€) DNA compound containing a specified nucleic acid sequence

f) urine containing 19-androstenedione

NOTE4 A reference material is sometimes incorporated into a specially
fabricated device.

EXAMPLES

a) substance of known triple-point in a triple-point cell

b) glass of known optical density in atransmission filter holder

¢) spheres of uniform particle size mounted on a micrascope slide

NOTES  Somereference materials have assigned quantity values that are
metrologically traceable to a measur ement unit outside a system of units. Such
materials include vaccines to which International Units (1U) have been assigned by

the World Health Organization.
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NOTE6  Inagiven measurement, areference material can only be used for

either calibration or quality assurance.

NOTE7  The specifications of areference material should include its material

traceability, indicating its origin and processing.

[VIM3-5.13]

A special type of reference material is

certified reference material (Concept 3.1-2)

CRM

reference material, accompanied by documentation issued by an authoritative
body and providing one or more specified property values with associated
uncertainties and traceabilities, using valid procedures

EXAMPLE

human serum containing cholesterol with assigned quantity value and associated
measur ement uncertainty statedin an accompanying certificate, used as
calibrator or measurement tr ueness control material

NOTE 1 ‘Documentation’ is given intheform of a‘certificate’, see |ISO

Guide 31:2000. [30]

NOTE2  Valid procedures for the production and certification of certified
reference materials are given, e.g., in 1SO Guides 34 and 35.[12, 31]

NOTE 3 Inthisdefinition, “uncertainty” covers both ‘ measurement
uncertainty’ and ‘ uncertainty associated with the value of a nominal property’,
such as for identity and sequence, expressed as probabilities. “ Traceability” covers
both ‘metrological traceability of a quantity value' and ‘traceability of a nominal

property value .
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NOTES5  Specified quantity valuesin certified reference materials require

metrological traceability with associated measurement uncertainty.

[VIM3-5.14]

commutability of areference material (Concept 3.1-3)
property of areference material, demonstrated by the closeness of agreement
between the relation among the measur ement results for a stated quantity in this
material, obtained according to two given measurement procedures, and the

relation obtained among the measurement results for other specified materials

NOTE 1 Thereference material in question is usually a calibrator and the

other specified materials are usually routine samples.

NOTE2  Themeasurement procedures referred to in the definition are the one
preceding and the one following the reference material (calibrator) in questionin a

calibration hierarchy, see1SO 17511 [10].

NOTE3  Thestability of commutable reference materialsis monitored

regularly.

[VIM3-5.15]

A primary calibrator is often assumed to embody a quantity andits quantity value with
the smallest achievable measurement uncertainty, but the size of the relative measur ement

uncertainty is not a criterion for being called “primary”.

The concept may be defined as
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primary calibrator (Concept 3.1-2)

calibrator established without reference to another calibrator for the same kind-

of-quantity

Note: The quantity value and measurement uncertainty of aprimary
calibrator are obtained by a direct primary measur ement procedur e or by

production.

Such a calibrator is usually accompanied by a certification report [26] or a calibration

certificateissued by an International or National Metrology I nstitute.

The next calibrator.inthe calibration hierarchy isa

secondary calibrator (Concept 3.1-3)

calibrator established by measurement according to a secondary measur ement

procedure

In case no primary calibrator isavailable, itis recommended by 1SO 17511 [10] to produce

an

international conventional calibrator (Concept 3.1-4)

calibrator established by international agreement

The kind-of-quantity must be specified in the measur ement procedure. It is noted that the
quantity values of some inter national conventional calibrators are expressed in Sl
measur ement units or in non-SI measur ement units with measurement procedur es

specified.

The1SO 17511 [10] identifies the following two consecutive levels of material.
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manufacturer’sworking calibr ator (Concept 3.1-5)

calibrator established by measurement according to the manufacturer’s selected
measur ement procedur e or a higher measurement procedur e calibrated by a
primary calibrator or secondary calibrator or an international conventional
calibrator

[adapted from 1SO 17511 [10]]

manufacturer’s product calibrator (Concept 3.1-6)

calibrator established according to the manufacturer’ s standing measur ement
procedure calibrated by the manufacturer's working calibrator

[adapted from 1SO 17511 [10]]

The manufacturer’s product calibrator may serve as the end-user’ s working calibrator. It is
the obligation of any producer of acalibrator to document the metrological tr aceability of a

guantity value and its measur ement uncertainty.

Typical disseminations of calibrators are shown in Figure 3.1-1, and Figure 3.1-2.
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Organization

MANUFACTURER’'S PRODUCTION
a " ,
BIPM,IRMM WHO, NMI ... EACILITY AND LABORATORY END-USER’S LABORATORY

primary calibr ator

with calibration certificate

of metrological
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v
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quantity value carried by L e i
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report of '

measur ement result and :
claimed metr ol ogical <--

traceability todefinition of |

measur ement unit '

Figure 3.1-1: A hierarchy of calibrators starting with a“primary calibr ator with
calibration certificate of metrological traceability to specification of kind-of-quantity and
definition of measur ement unit”.

Boxes connected by a vertical linewith an arrow indicates that the quantity value and
measur ement uncertainty of the quantity of the material described in the lower box are

established by measur ement using the calibrator in the upper box asreference. A horizontal
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block arrow indicates that the calibr ator in the left hand box is ddlivered with its calibr ation

certificate to becomethe calibrator described in the right hand box.

4 The quantity value and the measurement uncertainty of the quantity of the calibrator
may be assigned by a reference measurement laboratory under contract with BIPM or an
NMI.

® The VIM3 definition of reference measurement standard [VIM3-5.6] covers this
hierarchical level of calibrator.

“An end-user may use the purchased calibrator directly for routine measurements or to
assign the quantity value and measur ement uncertainty to the quantity of the end-user’s
working calibrator produced in-house to be used for calibration in the measur ement of
routine samples (not depicted here).

Organization

MANUFACTURER’'S PRODUCTION
a . )
BIPM,IRMM ,WHO, NMI ... FACILITY AND LABORATORY END-USER’S LABORATORY

inter national conventional Y
' calibrator with calibration ir------ N manufacturer’ spurchased :
certificateof metrological E'~ ------- 7 . calibrator © !
traceability N ( (7 D ittt !
: v
manufacturer’sworking
calibrator

v

manufacturer’s product
calibrator
with documentation of L e
metrological it (AN end-user’s purchased

traceability throughthe | -------» ot calibrator

quantity value carried

by inter national v

conventional calibrator

) —d
end-user’'sworking
calibrator with
documentation of I
metrological !
traceability through the :
quantity value carried by !
purchased calibrator H

e ) . i
i report of i
i measurement result and claimed
metrological traceability to

metrological reference

i
-
'
'

Figure 3.1-2: A hierarchy of calibrators starting with “inter national conventional
calibrator with certificate of metrological traceability”. Boxes connected by a vertical line

with an arrow indicates that the quantity value and measurement uncertainty of the
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quantity of the material described in the lower box are established by measur ement using
the calibrator inthe upper box asreference. A horizontal block arrow indicates that the
calibrator in the left hand box is delivered with its certificate to become the calibr ator

described in the right hand box.

4 The quantity value and the measurement uncertainty of the quantity of the calibrator
may. be assigned by a reference measurement laboratory under contract with BIPM or an
NMI.

® Theinternational conventional calibrator is called “International Standard” by WHO. The
guantity value and measur ement uncertainty of the quantity of such a calibrator may be
assigned by one or more reference measurement laboratories under contract with WHO.

¢ The VIM3 definition of r efer ence measurement standard [VIM3-5.6] covers this
hierarchical level of calibrator.

4 An end-user may use the purchased calibrator directly for routine measur ements or to
assign the quantity value and measur ement uncertainty to the quantity of the end-user’s
working calibrator produced in-house to be used for calibration in the measurement of

routine samples (not depicted here).
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3.2 Function of refer ence measur ement proceduresin a calibration hierar chy

M easur ement procedures and calibrators are essential in most calibration hier ar chies and
the ensuing metrological traceability chain, which ends in a definition of a measur ement
unit. The metrological reference may further require stipulating a measur ement procedure.
When one measur ement procedur e is commonly agreed, ie stated to be a part of the

metrological reference, itiscalled a

refer ence measurement procedure (Concept 3.2-1)

measurement procedur e accepted as providing measur ement results fit for their
intended use in assessing measur ement tr ueness of measured quantity values
obtained from other measurement procedures for quantities of the same kind,

calibration, or incharacterizing reference materials

[VIM3-2.7]

Especially in case an Sl unit or another measur ement unit is not (yet) available,
metrological compar ability of measurement results can be claimed if areference
measurement procedureis agreed a priori and preferably internationally, and if this

refer ence measur ement procedur e is used as the sole metrological refer ence [26].

There is much debate of and ambiguity in the use of the adjective*primary” in relation to

measur ement procedure. Henceit isuseful to define
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primary reference measurement procedure (Concept 3.2-2)

primary reference procedure

r efer ence measur ement procedur e used to obtain a measur ement result without

relation to a measur ement standard for a quantity of the samekind

NOTE 2 Definitions of two subordinate concepts, which could be termed
“direct primary reference measurement procedure” and “ratio primary reference

measurement procedure’, are given by CCQM (5th Meeting, 1999).

[VIM3-2.8]

Theterm “method” in the CCQM text is herereplaced by the term “ procedure’.

It is also useful to define

secondary refer ence measurement procedure (Concept 3.2-3)

secondary reference procedure

measur ement procedur e that has been calibrated by a primary measur ement

standard
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4 Establishing metrological traceability of a measurement result

The following checklist presupposes that the measurement will be made in a laboratory
which is operating under an accreditation scheme (1SO/IEC 17025 [6], 1SO 15189 [8], ISO
15195 [7] or GLP [32]), or at least has validated measur ement procedures and well defined
quality assurance procedures in place. Metrological traceability may be established as

follows.

¢ Définition of measurand, intended use of measurement results, and tar get
measur ement uncertainty
Thiswill include a clear statement of the type of quantity to be measured, including
system, relevant components, and kind-of-quantity with a statement of the
measur ement model or measur ement function and description of the measuring
system, measur ement procedure including whether any correction is to be made
for recover ed quantity ratio[29]. The target measur ement uncertainty will
influence the choice of metrological traceability chain; the measur ement
uncertainty will belarger than that associated with the calibrator (s) used to

establish metrological traceability.

o Sdection of metrological reference(s)
Establishment of metrological traceability can only be achieved to an existing and
documented metrological reference. In many cases the only reference will be the
definition of the measurement unit of the measur ement result, but other situations

may apply (see 2.3) and must be stated.

e Selection of calibration hierarchy
By making the selection of the end-user’s working calibrator on available

documentary evidence, its calibration hierarchy is fixed. Attention should also be
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paid to the calibr ation and metrological traceability of measurement results for
input quantitiesin a measurement model and influence quantities, including those
measured by accessory equipment such as balances, thermometers, and volumetric

ware.

e Selection of suitably validated measurement procedure
Theanalyst should undertake appropriate verification that a previously validated

“standard” measur ement procedur e may be implemented in the analyst’s laboratory.

e Acquisition and verification of manufacturer’s product calibrator
Such a product calibrator should be verified for integrity, validated for
commutability of areference material, have documented metrological traceability

of its stated quantity value with associated measur ement uncertainty.

e End-user’s measurement on system or sample to obtain measur ement result,

including measur ement-uncertainty, based on an uncertainty budget [VIM3-2.33].

e Documentation of metrological traceability
Thisrequires readily available evidence, e.g. certificates, statements etc, of
metrological traceability for all calibrators used, and calibration certificates for

equipment.

e Reporting of metrological traceability
The amount of detail to be reported should be appropriate to the use of the

measur ement result (see chapter 6).
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5 Verification, validation, and equivalence

The VIM3 has changed the definitions of validation and verification to make the former

subordinate to the latter.

verification (Concept 5-1)
provision of objective evidence that a given item fulfils specified requirements

[VIM3-2.44]

validation (Concept 5-2)
verification, where the specified requirements are adequate for a stated use
[VIM3-2.45]

A valid measur ement result requires a‘validated measurement procedure . Application of
this generic definition to the validation of ameasur ement procedur e leads to a definition of

a

measur ement procedure validation (Concept 5-3)

validation of a measurement procedure

confirmation, through provision of objective evidence, that the application of a

measur ement procedur e fulfils the requirements for its stated intended use

An analyst isinterested in a valid measur ement result. A statement of ‘validity’ of a
measurement result for a specified intended use requires an evaluation of its metrological
traceability and measurement uncertainty against specification fixed a priori, including a

target measurement uncertainty.
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This leads to a definition of

validation of a measurement result (Concept 5-4)

confirmation through provision of objective evidence that a measur ement result
with specified metrological traceability has a measur ement uncertainty not

exceeding the target measur ement uncer tainty

A validated measurement result can be compared to another validated measurement result

for the same measur and in order to establish their

metrological equivalence of measurement results (Concept 5-5)

equivalence of measur ement results

property of two or-more measurement results for a given measur and whereby

they are each acceptable for a specified intended use

Since metrological equivalence usually is not a matter of a yes or no decision, it is useful to
define a quantity that characterizes the metrological equivalence of measurement results.

VIM3 has defined

metrological compatibility of measurement results (Concept 5-6)

metrological compatibility

property of a set of measur ement results for a specified measur and, such that
the absolute value of the difference of any pair of measured quantity values from
two different measurement results is smaller than some chosen multiple of the

standard measur ement uncertainty of that difference
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NOTE1 Maetrological compatibility of measurement results replaces the
traditional concept of “staying within the error”, asit represents the criterion for
deciding whether two measurement results refer to the same measurand or not. If
in a set of measurements of a measurand, thought to be constant, a measurement
result is not compatible with the others, either the measurement was not correct
(e.g. its measur ement uncertainty was assessed as beng too small) or the

measured quantity changed between measurements.

NOTE2  Corrdation between the measurements influences metrological
compatibility of measurement results. If the measurements are completely
uncorrelated, the standard measurement uncertainty of their difference is equal to
the root mean square sum of their standard measurement uncertainties, whileit is

lower for positive covariance or higher for negative covariance.

[VIM3-2.47]

This definition implies another quantity, which could be termed

degree of metrological equivalence of measurement results (Concept 5-7)

The absolute value of the difference of any pair of measured quantity values
from two different measur ement results for & specified measur and divided by

the standar d measurement uncertainty of that difference

Note — If the measurements are completely uncorrelated, the standard
measurement uncertainty of their differenceis equal to the root mean square sum
of their standard measurement uncertainties, whileit is lower for positive

covariance or higher for negative covariance.
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6 Reporting of metrological traceability

The purpose of performing a measur ement is to provide information, in theform of a
measur ement result, on the magnitude of a measur and, embodied in a specified system.
The communication can be made orally or in writing. The latter can take the form of a
calibration certificate or more extensively a certification report [30]. In addition to the
quantity value with associated measur ement uncertainty, the metrological tr aceability of

the measurement result isan essential component of such a report because it

e underpins the authority of the measurement result by demonstrating how the result

has been arrived at through the use of calibrator s and measurement procedur es;

e identifies the metrological reference needed to achieve metrological

compar ability of measurement results for quantities of the same kind; and

e shows the elements in the uncertainty budget of the quantity value that are

necessary for the calculation of thefinal measurement uncertainty.

It is useful to define

calibration certificate (Concept 6-1)

document, authenticated with respect to its origin, carrying one or more quantity
values with their associated measur ement uncertainties and metrological

traceabilities attributed to areference material or measurement standard

A calibration certificateis usually accompanied by, or referenced to, a certification report

(see[26], 4.3), which specifies all necessary details to understand the production, properties,
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and use of the certified reference material or measur ement standar d, its quantity value

and measurement uncertainty.
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7 Bodies concer ned with metrological traceability

The system of bodies constituting a framework for providing el ements of calibration

hier archies may be defined and termed as follows:

metrological institutional hierarchy (Concept 7-1)

metrological institutional structure

hierarchical system of international, regional, national, and local bodies, both
public and private, responsible for providing metrological references, the
metrological higher elements of calibration hierarchies, and general

dissemination of metrological traceability

The CIPM has the responsibility for the maintenance of the Sl under the authority of CGPM.
The BIPM is the executive office with laboratories which maintain some primary

measur ement standards and primary measurement procedures. In principle, the
Directors of NMIs are members of the Consultative Committee on Amount of Substance:
Metrology in Chemistry (CCQM) to CIPM on chemical measur ement. Some of the scientists
responsible for Metrology in Chemistry at the NMIs also attend the annual meetings. NMIs
operate under the authority of their governments. They produce, conserve, disseminate, or
supervise therequired measurement standar ds and measurement procedur es of the
highest order in their respective countries. Any measurement laboratory in a given country
should have direct or indirect access to these references for metrological traceability of its
measur ement results. Thus a worldwide measur ement system can operate satisfactorily and
be available to everybody. This should result in global metrological compar ability of

measur ement results.
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Other laboratories than NMIs can act as Reference Laboratories under contract with NMIs or
with aregional or international body and provide measurement standar ds for a variety of

types of quantity. A metrological institutional hierarchy can look as shownin Figure 7-1

Metre Convention ) )
Conventiondu Metre |¢ Diplomatic
treaty
1875
| |
General Conferenceon Weights and Measures
Asociate States Conf érence Générde des Poidset Mesures Governments
and Economiesof [« (CGPM) < > of
theCGPM meetsevery four years and consists Member States
of delegatesfromMember States
I
Internationd Committee for Weights and Measures
Comité Internationd desPoidset Mesures
(CIPM)
consists of eighteenindividuals elected by the
) CGPM . International
- | organizations
Itischarged with the supervision of the BIPM and
the affairs of the Metre Convention.
The CIPM meetsannually at the BIPM
! L CIPM
Consultative Committees MRA
Comités Conaultatifs
(CCs) -
Ten CCsnormally chaired by amember of N athnal .
CIPM; to advisethe CIPM; act ontechnical | metrology intitutes
matters and take important rolein CIPM (NMls)
MRA; comprise representetives of NMIsnd A
other experts

Internationd Bureau of Weights and Measures
Bureau Internationa des Poids et Mesures
(BIPM)

Internationd centre for metrology
Laboratoriesand offices at Sevres

A

Figure 7-1: Metrological institutional hierarchy of bodies having a metrological duty in

the global measurement structure
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8 Interlaboratory comparison (ILC), including proficiency testing
scheme (PTS), CCQM Key Comparison (KC) and exter nal

guality assessment scheme (EQAYS)

Interlaboratory comparisons are organized in the measurement community for a variety of

purposes, including a complementary rolein establishing metrological traceability.

81 WhatisanlILC?

I nterlabor atory comparison (1L C) is ageneric concept for endeavours to obtain and
compare measur ement results obtained by two or more measurement laboratories for the
same measur and in the same material. An IL C usually involves an organization or body

responsible for the organizational aspects of thelLC.

Interlabor atory comparisons are organized by the Association of Official Agricultural
Chemists, today called the Association of Official Analytical Chemists (AOAC International),
with the aim to study analytical measurement procedures. Harmonization of such studies has
been aided by the lUPAC/ISO/AOAC Interdivisiona Working Party on Harmonization of
Quality Assurance Schemes for Analytical Laboratories[33,34]. The scope of an
interlaboratory comparison evolved from being a measurement procedur e validation
study to performing proficiency testing and further to assessing a degree of equivalence of
pairs of measur ement results. Infrastructural requirements were described [35] and used in
SO Guide 43 (parts 1 and 2), updated recently [36]. A special category of inter|aboratory

comparisons isastudy aiming at characterizing quantity values carried by materials [31].

I nterlaboratory comparison is defined in 1SO Guide 43-1 [37] as ‘ organization,
performance and evaluation of tests on the same or similar test items by two or more

laboratories in accordance with predetermined conditions' . In some circumstances, one of the
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laboratories involved in the intercomparison may be the [aboratory that provides the assigned

quantity value for the material. Animproved definition of an IL C may be:

interlaboratory comparison (Concept 8-1)

ILC

operation of having two or more laboratories carry out measur ements and
compare measur ement results for the same quantity embodied in samples of the

same material

The operation enabl es the determination of the degr ee of equivalence of pairs of

measur ement results of the participants.

8.2 Purposesof anILC

I nterlabor atory comparisonsare organized in the measurement community for the
following main purposes:
e assessment of laboratory performance (proficiency testing),
e assessment of degree of metrological equivalence of measurement results obtained
by any pair of participating laboratories,
e measurement procedure validation studies, and
o material characterization (assigning quantity valuesto measur ands embodied in

materials).

All of these are toolsin quality assurance, including the assessment of measurement
performance of participating laboratories for a specific type of measur ement (see Table 8.2 —
1). Assessment is based on the agreement of the participants’ measurement results with
those assigned to the inter labor atory comparison material . I L Cs are announced by the
organizers, participation is open to any interested laboratory, and participation of laboratories

is voluntary, independent of their quality. According to the ISO/IEC 17025 [6] and 1SO
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15189 [8] International Standards, regular laboratory participation in 1L Cs is a requirement
for accredited laboratories. But participation in ILCsis also anintegral part of alaboratory’s
quality assurance. It is complementary to the laboratory internal quality control, but is not

replacing it.

Key Comparisons are organized in a similar fashion in the frame of the CIPM-MRA between
National Metrology Institutes or NMI-designated institutions, strictly following established
protocols. The main aim of a Key Comparison is the assessment of the degree of
metrological equivalence of measurement results obtained by any pair of participating
laboratories. A Pilot Study enables the participants to familiarize themselves, prior to a Key
Comparison, with any problems arising in the measur ement of a particular quantity ina
particular material. After. a Key Comparison is performed, a Key Comparison Reference
Vaue (KCRV) is established from participants measur ement results. However, approaches
for calculating the KCRV and associated measur ement uncertainty are still subject of
discussion. Dueto the fact that NMIs or NMI-designated institutes are participants, their
measur ement results are sometimes used for characterization of a candidate r efer ence
material. Such arrangements are made by NM1s separately and outside the frame of a Pilot
Study or Key Comparison. Further use of such datais the responsibility of the reference

material producer.

M easur ement procedur e validation studies (usually called “method validation studies’)
require the use of the same measur ement procedure by al laboratories. In such validation
studies, at least one well characterized r efer ence material needs to-be available before the

start.

In material characterization studies aiming at measuring quantity values embodied in
candidate refer ence materials, the organizing body, e.g. areference material producer,
invites participating laboratories on the basis of their demonstrated measur ement capability.

Material characterization studies are carried out by using prescribed and well established,
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often different, quality assured measurement procedures yielding quantity values with

established metrological traceability and associated measur ement uncertainty. See also

[12, 31].
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Table8.2 —1: Types of interlaboratory comparison and their purposes

Category Usual Name Purpose Comments
assessment of proficiency testing; to test the ability of a | often required as part of an
laboratory’s laboratory to obtain | accreditation (e.g. to ISO/IEC
intercomparison

measurement measur ement 17025) or when taking regulatory
study;

performance resultssimilar to or lega action;

intercomparison run;

external quality

those of peer

|aboratories or to

sometimes external refer ence

measur ement procedure

document
assurance scheme; guantity values obtained from
measurement
elsewhererather than the average
laboratory performance
of participants measur ement
measurement
resultsto assess performance
evaluation
programme
interlaboratory to determine based on arefer ence quantity

measur ement bias

study

Internationa
Measurement
Evaluation

Programme (IMEP)

measur ement bias
of ameasurement
procedure,
assessment of
measur ement

capability

value with demonsrated
metrological traceability and
associ ated measur ement

uncertainty

cooperativetrial

one-off comparison
of laboratory

performance

may be for. contractual purposes
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Continued

Category Usual Name Purpose Comments
assessment of degreeof | CIPM key assessment of degr ee of organised in the frame of the
equivalence of comparison, equivalence of any pair of | CIPM MRA to support claims
measur ement results CIPM pilot study, | measurement results of of NMIs related to their

participating ingitutions;

assessment of

measur ement capability

measurement and calibration

capabilities

measur ement

procedur e validation

study

collaborative trial

to provide datafor the
validation of a

measur ement procedure

determines the measur ement
reproducibility of

measur ement results
obtained usng agiven

measur ement procedur e and,
if aCRM isused, the

measur ement bias of each

laboratory may be calculated

improvement

scheme

validation of new or
improved measur ement
procedur es by comparison
with an established, fully
validated measur ement

procedure

less costly programme than

full validation
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Continued
Category Usual Name Purpose Comments
material characterization | multi-laboratory to provide measur ement ameasur ed quantity value
or multi- resultsto be used in from each laboratory must
measur ement assigning quantity value | have a stated metrological
method approach | and measur ement traceability and associated

to assign quantity
valuesto

materias

uncertainty toan RM or

CRM

measur ement uncertainty;

assignment of the quantity
value and measur ement
uncertainty —and possible
certification of the material —
istherespongbility of the
reference material producer
Note: All participants
measur ement results should
be metrologically traceable to
the same metr ological

reference

8.3 Assigning areference valueto a quantity embodied in an ILC material

A reference quantity value [VIM3-5.18] assigned to an | L C material can be obtained in one

of thefollowing ways:

e measurement by areference laboratory,
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use of materials carrying one or more pre-established quantity values, e.g. aCRM,

e using apreparation procedure such as spiking, or use of portions of materials with

known content,

e using a consensus quantity value decided by selected or expert laboratories, or

e using a consensus quantity value based on some form of averaging measur ement

results from participants.

The measurement uncertainty of the quantity value assigned to an | L C material must be

taken into account when evaluating I L C participants’ results.

8.4 Measurement capability

This concept may be defined as follows

measur ement capability (Concept 8.4-1)

demonstrated competence of a laboratory to measure a specified quantity of a
given kind in a specified interval of quantity values, embodied in a specified

material, expressed by a measur ement uncertainty

A comparison of the measur ement uncertainty in the measur ement result obtained by one
participant to that of the measur ement result obtained by another laboratory for the same
guantity in the same material, compares their respective measur ement capabilities. Many
national measurement standar ds are compared to each other for their certified quantity
values and measur ement uncertainties in order to determine the degr ee of metrological
equivalence of two measur ement results for the same measur and and thereby the extent to

which measurement standar ds can be substituted for each other for a specified intended use.
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8.5 ILC and metrological traceability

Each laboratory participating in an 1L C must establish the metrological traceability chain
of its measur ement results. That chain should preferably end in the same metrological
reference, asthat of the other participants, usually (the definition of) a measur ement unit,
with or without a specified measur ement procedure as prescribed by theIL C organizer. In
contrast to measurement procedur e validation studies, a measur ement procedur e is not
prescribed in proficiency testing, intercomparison studies, external quality assurance schemes
and laboratory measurement evaluation programs. In addition to the measur ement
uncertainty associated with the quantity value assigned to a working calibrator sdected
for the metrological traceability chain, different influence quantities will contribute to the
measur ement uncertainty of each participant’s measur ement result even if measurement
results have an established metrological traceability, that initself does not guarantee that

they are " correct”.

8.6 ILC and laboratory performance

An assessment of the IL C participants’ measur ement results can be performed by evaluating
parameters associated with these results. Which laboratory performance properties might be
assessed in a specific | L C depend on a decision taken prior to the execution of an IL C and
how the I L C refer ence quantity value was established. Evaluation of participants
measurement results will enable the assessment of the compatibility of measurement
results, independently of whether the results are “correct” or not. Such-evaluation may or
may not take into account the quantity value and associated measur ement uncertainty of

thelLC material used.
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The measurement accuracy or measurement trueness of participants measur ement
results, however, can only be evaluated if the ILC quantity value has an established

measur ement accuracy or measur ement tr ueness.

Use of so-called * consensus quantity values’ obtained from a number of selected expert
laboratories or as consensus quantity value from all participantsinan IL C, is not appropriate
for assessing measur ement accur acy or measur ement trueness. It would be a circular
approach as the participants measur ement results, which will influence the ILC quantity
value, will at the same time be evaluated using this ILC quantity value. Such evaluation might
not detect’a measurement bias. Also, it would be perfectly possible that a laboratory
identified as submitting an outlier, may actually be reporting the most correct measurement

result.

Nevertheless, in certain typesof IL C, aconsensus quantity value is the only quantity value
possible, eg. inan I L C assessing laboratory performance for the measurement of
operationally defined measurands, and the I L C can only establish the degr ee of equivalence

of participants' results, and not their measurement tr ueness.

8.7 1LC and quality assurance

IL Csareimportant quality assurance toaols, providing evidence of a laboratory’s performance
and establishing the degr ee of metrological equivalence of any pair of participants

measur ement results. Laboratories may take action if their results do not agree sufficiently
well with the measur ement results from other participants or with the pre-established ILC
quantity value. For agiven laboratory the outcome of an IL C should be considered together

with internal quality control results and other quality assurance measures.
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9 Metrological traceability in field laboratories

9.1 Function of metrological traceability in quality assurance

Understanding of, and appropriate dealing with, metrological traceability and measurement
uncertainty should be a prime concern of any analytical laboratory because these concepts
are vital to the establishment of a proper quality system. Both require consideration by the
analyst-and a suitable understanding of the analytical problem. Before any measurement
request is accepted from a customer, the analyst in the receiving laboratory must know how
to solve the chemical measurement problem including a statement of the measur and, choice

of acalibration hierarchy, and defining a target measurement uncertainty.

9.2 Demonstration of metrological traceability by field labor atories

Applying the basic concepts in chemical measur ement renders the establishment by the field
analyst of the metrological traceability of his measurement results ssimpleasisillustrated
in Figure 9.2—1. The lower levelsin any calibration hierarchy arethe end user’s calibr ator,
the end-user’ s measuring system calibrated by means of the calibrator, and the sample
which carries the measurand. Usually the calibrator is purchased from a producer of RMs

or CRMs, or froma National or International Metrology I nstitute.

Figure 9.2—1 implies that the calibrator seller should provide the end-user with an
established metrological traceability chain for the assgned quantity value with associated
(GUM) measurement uncertainty, possibly a measurement budget. The end user will have
to combine this measur ement uncertainty with that caused by using the measuring system
in order to calculate a combined standard measurement uncertainty. Knowing the

measur ement uncertainty of any RM quantity value embodied in an RM, also enablesthe
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end-user to evaluate, prior to the measurement, whether it will be possibleto attain atarget

measur ement uncertainty.

Metrological reference: specification of kind-of-quantity and definition of
measur ement unit
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L] ! Uc(ysample) quantity value, pl € E
E Ysample 1
MEASUREMENT  QUANTITY MEASURING MEASUREMENT
CALIBRATOR ACTION SYSTEM PROCEDURE

UNCERTAINTY
QUANTITY VALUE

MEASUREMENT RESULT

measurement model for theend-user h(Ysampie:Cn, Icns Isample X1, +--1 X ) =0

Figure 9.2-1: Metrological traceability chain available to an end-user.

Note. The scheme does not apply in the case of an ordinal quantity.
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10 Examples of metrological traceability chains for measurement

resultsin physics

Chemical measurements often involve physical properties such as mass, molar mass,
volume, and temperature. Thus, in the metrological traceability chain of a chemical
measur ement result, a metrological traceability of one or more physical measur ement
resultswill add further metrological traceability chains (see section 2.9). It is stressed that
both chemical and physical measur ements follow the same rules of measurement, and any
distinction made hereis for didactic purposes only. It is likely that such metrological

traceability chains will be grafted onto the “fundamental” metrological tr aceability chain

of a chemical measurement result. A graft is here designated by a symbol such as A ,

attached to the measur ement procedure box. In the following examples of metrological
traceability chains for some measurement results of a physical nature, are presented. A
chemist in afield laboratory will probably establish metrological traceability of quantities
of such kinds by purchasing and maintaining suitably calibrated equipment such as

balances, thermometers, voltmeters, and pressure measur ing instruments.

10.1 Mass

In almost every chemical measur ement, material is weighed at some stage. An amount-of -
substance is then cal culated by dividing the mass of the component by its molar mass. A

metrological traceability chain for a mass measurement result is givenin Figure 10.1-1.
At each stage, a measurement is carried out by comparing a known mass and an unknown
mass using a balance. Some measur ements in the metrological traceability chainrequire

buoyancy corrections, which themselves have input quantitiesin a measur ement model
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such as the mass density of the material being weighed, the volumic mass (mass density) of

air and its temperature. These are not shown in the figure.

A [ metr ological r eference: CGPM 1899/1901 specification of massand definition for the SI base unit kg ]

i 1994
reparini
P ?t)em 9 preparation
. . primary calibrator 1 Sy procedure
u(my) mass of international international prototype oced!
_ prototype of the of thekilogram K
kilogran m; = 1 kg a BIPM
mass comparator 1 secondary measurement
at BIPM procedure 1 governing
mass comparator 1
_ mass of secondary secondary calibrator 2
E(TS)E’T( calibrator 2 secondary calibrator
9 J|' m,=1.00000003 kg Kilogram at BIPM
mass comparaor 2 reference measurement
atNMI procedure 2 governing
mass comparator 2

N . national
u(mg) = H mass of calibrator 3 }‘ calibrator 3

1.0-10%kg m;=0.999 9989 kg kilogram at NMI
mass compaaor 3
atNMI
u(my) = mass of calibrator 4 reference calibrator 4
stainlesssted >

measurement
procedure 3 governing
mass comparator 3

3-10%kg m, =1.000 00005kg Kilogram st M1

mass comparaor 4
at accredited
reference laboraory

measurement
procedure 4 governing

calibration hierarchy
metrological traceability chain

mass comparator 4
K manufacture's
u(ms) = massof calibrator 5 working calibrator 5 &y
1.0-107kg ms =1,000 000 3 kg stainlesssted kilogram &
J
balance5 at
accredited measurement
reference procedure5
laboratory governing balance 5
u(me) = . manufacture's
1.0-10¢ _ of calibrator 6 product calibrator 6
kg M= 1.000 005 kg stainlesssted kilogram measurement
end-user’s procedure 6
balance governing use of end-
user’s balance
[ ] mass of sample
Mempe = 0.234 3kg
MEASUREMENT  QUANTITY MEASURING MEASUREMENT
UNCERTAINTY CALIBRATOR ACTION SYSTEM PROCEDURE
QUANTITY VALUE
- /
~
MEASUREMENT RESULT

measur ement model for end-user h(Mympie: Mibrators: Pr 2 lsampie) =0

Figure 10.1-1: Metrological traceability of a mass measurement result, according to the
generic flow chart of Figure 2.3-1. Subsidiary metrological traceability chains for influence

guantity values such as temperature, air volumic mass, and pressure are not shown.
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10.2 Temperature

M easurements of temperature are made by instruments based on several different physical
principles, such as for liquid-in-glass thermometers, platinum resistance thermometers,
thermocouples, and radiation thermometers. Temperatureis either the thermodynamic
temperature (T) with Sl base unit kelvin (symbol K) or the Celsius temperature (symbol t or

#)with SI unit degree Celsius (°C), where § = T—Toand Tp = 273.15 K.

The International Temperature Scale of 1990 (ITS 90) lists 17 fixed points to be used to
establish atemperature scale. A fixed point is the temperature of a phase transition of a pure
material. For example pure zinc freezes at a thermodynamic temperature of 692.677 K.
National Metrology Institutes maintain many of the ITS90 fixed points which are used to
calibrate the NMI’ s interpolating instruments, by methods specified in ITS90. These are then
used to calibrate measur ing instruments that can be disseminated to industry and the
measur ement community. The measurement uncertainty incurred at each stage in the

calibration hierar chy depends on the techniques employed.

A metrological traceability chain is shown in Figure 10.2—-1
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metrological r eference: specification of thermody namic temperature and definition of Sl baseunit K

c
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> ! - ) establishing procedure 1

b= thermodynamic primary calibrator temperature fixed ITS90 procedures

'_% te”;)‘:?r'na‘a‘;re"f water at triple point pointsa BIPM

imary

8 calibrator temperature

@© T,=273.16K atBIPM
- b=
58
§ g NMI measur ement
= = interpolation procedure 2
& hES & instrument governing NM|1
ie) therm ! Gl interpolation instrument
IS ermody naric secondary calibrator
e temperature of
o secondary ovenat accurately
§ calibrator determined temperature

T,=301.2K aNMI
‘ end-user's measur ement
liquid-in-glass prqcedure 3 ,
thermometer governing end-user's
thermometer
thermodynamic water bath
Uc(Twater bath) temperature of water inend- user's
=05K bath laboratory at set
Twater bath = 298.5K temperature
MEASUREMENT  QUANTITY MEASURING MEASUREMENT
UNCERTAINTY CALIBRATOR ACTION SYSTEM PROCEDURE
QUANTITY VALUE
- /
~
MEASUREMENT RESULT

measurement model for end-user N(Tyaerbains Teal 2+ liquid-in-giassthem) =0

Figure 10.2-1: Metrological traceability chain for the temperature of a water bath in an

analytical laboratory

10.3 Volume

Volumes of liquids delivered in an analytical measur ement procedur e are measured so that
the volume dispensed is a function of the manufactured dimensions of the container (pipette,
burette, measuring cylinder, syringe). At a given temperature (T) the volume of the container
(9iving Veampie) s calibrated in the manufacturing plant by weighing the volume of a dispensed

liquid (m) of known volumic mass (mass density) (or) using the quantity equation
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V=m/pr wherepr=m/V (Equation 10.3-1)

Metrological traceability is then established through the respective metrological
traceability chains of the mass value, the volumic mass value and the temperature value,

Figure 10.3-1.

A [ Metrological reference: specification of volume and definition of SI unit m3 ]

thermodynamic

mass: kg volumlc mass : kg mr3 h a K
emperature

BN

c
® T
<=
(&)
2
-‘5:;5
> 2
S ©
o E
©
g
=
5 R ERRREEE end-user’'smeasur ement  ------------sssmmmm e osmmmoo oo
g |
' measuring measurement procedure for
1 system messuring volume of pipette
i %%\Qé\ 1.balance by mass of delivered water
i > 2.water of known volumic mass and
i xolﬁg‘e of sampleof liquid 3.thermometer thermodynamic temperature
° v delivered by
| sample™ B
| 10.00ar? pipette
MEASUREMENT  QUANTITY MEASURING MEASUREMENT
UNGERTAINTY CALIBRATOR ACTION SYSTEM PROCEDURE

QUANTITY VALUE

MEASUREMENT RESULT

measur ement model of end-user h(Vempe Msmpler Tsampler £) =0

Each of thethreeinput quantitiesin the measurement model hasa measur ement model, 1, 2 and 3.
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Figure 10.3-1: Metrological traceability chain for ameasured value of the volume of a 10-
mL pipette. Concerning the metrological traceability chain for the mass value of the water

delivered by a pipette, see Figure 10.1-1.

10.4 Potential difference (Voltage)

The S| coherent derived unit of potential difference, the valt, is embodied at the highest
metrological level in terms of a microwave frequency and the Josephson effect [38]. The
frequency (f) and potential difference (V) across a superconducting junction enters into the

quantity equation

_nhf

V= —
2e

(Equation 10.4-1)

wheren isaninteger (1, 2...) hiisthe Planck constant and e the charge on the electron. The
value of 2e/h, known as the Josephson constant K; was agreed to be 483.5979 THz/V by the
Metre Convention on 1990-01-01. Thusthe volt can be embodied in an apparatus in which
microwaves of known frequency are applied toajunction. In principle, the microwave
frequency f can be stable to 10™"f although the resulting potential difference may limit the
stability of the primary measurement standard potential difference to about 10°%f,. because
of small thermal effects and other interferences. Arrays of Josephson junctions are used by
NMIs to assign potential differences to secondary measurement standards, Zener diodes.
These, inturn, are used to calibrate reference measur ing instr uments that calibrate working

voltmeters, Figure 10.4-1, where influence quantities are not shown.
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N

metrological reference: specification of potentia differenceand definition of SI unit V ]

u(U)/u, =
4x10°

potential difference of
primary calibrator 1
U; =1.000 000003 V

potential difference of
secondary calibrator 2
U, =1.00000006V

primary calibrator 1
‘absolute’ electrometer
deliveringlV
atBIPM

secondary
calibrator 2
Josephsonjuncion
array deliveingl vV

calibration hierarchy ——e

metrological traceability chain

u(Us)/Us

-3% 106 calibrator 3

potential difference
of calibrator 4
U,=0.9999992V

potential difference of

U;=0.9999996 V

atNMI

calibrator 3
Zener diodearray
deliveringlV
atNMI

calibrator 4 potentid
differencereference
instrument ddivering1 V

at instrument manuf ecturer

applied potentia

U(Uexg)! U difference in dectrochemica
_°5 exiO"‘ P electrochemical experiment of
=oX experiment end-user
Uexp=0.850 V
MEASUREMENT  QUANTITY
CALIBRATOR

UNCERTAINTY

QUANTITY VALUE

—

~
MEASUREMENT RESULT

J

ACTION

/primary measurement \
procedure 1
‘ gbsolute governing ‘absolute!
electrometer 1 H  electrometer. Conversion
a BIPM factor internationally
agreed Jan 1990
=483.5979 THz/V
\_ J
Josephson secondary measurement
junctionarray proced_urez
2 NMI governing Josephson
junction array
- J
measurement
Zener diode procedure3
array at NM| governing Zener diode

potentia difference
reference
instrument at
instrument makers

aray

measurement
procedure4
governing voltage
reference instrument

potentia difference
comparator in end-
user’slaboratory

measurement
procedure5
governing use of
end-user's

potentiostat potentiostat
MEASURING MEASUREMENT
SYSTEM PROCEDURE

measur ement model for end-user N(Ueq, Ue 4, la 2, lexp) =0

Figure 10.4-1: Metrological traceability chain of the potential difference value (voltage

value) for alaboratory potentiostat in an electrochemical experiment. M easur ement

uncertainty is given as ardative standard measurement uncertainty.
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10.5 Time

The SI base unit of time (second) is the duration of 9 192 631 770 periods of the radiation
corresponding to the transition between two hyperfine levels of the ground state of the
caesium-133 atom. In a caesium clock, an atomic beam apparatus is used to calibrate the
oscillations of a5 MHz quartz crystal. There are many of these clocks in NMls around the
world, and the BIPM is tasked with coordinating their output via Global Positioning
Satdlites. The result of thisintercomparison is known as UTC, or Coordinated Universal
Timeandistheworld' s referencefor time of day. Each NMI then uses its own clocks to
create a ‘national time' that is disseminated via computer networks. A manufacturer of timers,
which are usually based on quartz crystal oscillators, will usethe national UTC to calibrate
these timers. National measur ements of time agree with UTC with an expanded

measur ement uncertainty (for k = 2) of less than 50 ns. Dissemination of the national time
is by Global Positioning Satdllites or networked computers. The former is more accurate than
the latter. Figure 10.5-1 shows a metrological traceability chain for the measured quantity

value of the duration in a measurement procedur e in an analytical laboratory.
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A [ metrological reference: specification of time and definition of Sl base unit s ]
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Figure 10.5-1: Metrological traceability chain of a measurement result for the duration of

the extension phase of a polymerase chain reaction (PCR)

* UTC = Coordinated Universal Time
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11 Examples of metrological traceability chains of chemical

measur ement results

11.1 pH

pH is one of the most fundamental and important concepts of chemistry. It is the chemical

kind-of-quantity most frequently measured.

The thermodynamic definition of pH is given by the quantity equation [39]

b.v.
pH = —log,, (aw ): —Ioglo( Hb}"/H ] (Equation 11.1-1)

where aHJS the activity, bHﬁis the molality, yHﬁthe activity coefficient of protons, and

bo'is the standard molality in a solution (1 mol kg™?). It has long been recognised that this
definition cannot be realised because of the impossibility of creating a solution containing a
stated activity of protons, and the determination of a single ion activity without non-
thermodynamic assumptions being made [40]. The 1985 UPAC definition of pH scales [41]
left the subject in some confusion, recommending two different approaches that led to
different pH values (different by up to 0.02) being assigned to the same buffer solution. The
recommendation also did not address the metrological traceability of the measurement
results. Measurements that follow the 1985 IUPAC recommendations appear to be
traceable only to the measur ement procedur e specified (and the SI measurement unit one).
There has been no attempt to establish metrological traceability to a higher authority, which
leaves the possibility of the assignment of different pH values to the same solution, and

therefore the lack of metrological compar ability of pH measurement results.
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In 2002 IUPAC issued a recommendation for revision of the pH scale based on the concept of
aprimary measur ement procedure for pH [42]. It is asserted that the use of the Harned cell
fulfils the criteria for a primary measurement procedure and that a pH value so obtained is
unequivocally metrologically traceable to the I nter national System of Units, here the Sl
measur ement unit one. If this assertion is valid, then a buffer solution whose pH is measured
by such a cell at the highest metrological level may be classified asa primary measur ement
standard. The use of the Harned cell, but not at the highest metrological level, or the use of
other procedures that compare the pH of a solution to that of a primary measur ement

standard, give buffers that are classed as secondary measurement standar ds.

11.1.1 Primary measurement procedure—the Harned cell

The Harned cdll [43] isacell without transference comprising a hydrogen electrode and a

silver, silver chloride €lectrode:

Pt|H, | solution, CI™ | AgCl| Ag (Cdl 1)

the use of which leads to the following quantity equation for pH (corrected to a pressure of

101.325 kPa)

0 1/2
pH =lim, _, Mﬂogm[bcj'] - N - (Equation 11.1.1-1)
o RTIn10 b 1+15(/b° f

where A is the Debye-Hiickel constant which is given in tablesfor the temperature of the

experiment, | istheionic strength of the solution, E; is the cell potential difference, E%is the
standard electrode potential of the cell, F is the Faraday constant, I ‘the standard molality (1

mol kg?), and bCI _the molality of chlorideionsin the solution. It is suggested that the

measur ement be made on at least three solutions of different molality of chlorideionand a

linear extrapolation be made.
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An uncertainty budget has been prepared, and buffer solutions that fulfil requirements for
calibration of a pH measuring system have been identified as candidates for primary

measur ement standar ds.

11.1.2 Secondary measurements

Operating the Harned cell at the highest metrological leve is possible for NMIs but would not

be contemplated for routine measur ements.

There are anumber of cells having liquid junctions, which may be used for comparisons of
primary measurement standards (PMS,;, PMS,) or the determination of the pH of a
secondary measur ement standard (SMS) by comparison with a primary measur ement

standard. Thesecédlsare

Pt| H, | SMS ! PMS, | H, | Pt (Cdl 2)
Pt| H, | PMS; 'KCI (> 3.5 mol dm™®) | PMS, | H, | Pt (Cell 3)
Ag| AgCl |KCI (> 3.5 mol dm™) | buffer S|H, | Pt (Cdl 4)

Ag|AgCl |KCI (= 3.5 mol dm™) ! buffer S | Glass ectrode  (Cell 5)

I ssues concerning the minimization and estimation of residual liquid junction potentials are

discussed in detail in reference [42] and remain problems.
11.1.3 Metrological traceability of pH measurement results

It is argued [42] that the measurement procedur e using a Harned cell to measure the pH of a

solution meets the criteria of a primary measurement procedur e, because:

(a) the pH value is obtained by a well-defined measur ement model in which all thevariables

can be determined experimentally in terms of SI measur ement units, and
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(b) all sources of measurement uncertainty are identified and effects quantified, including

that associated with the use of the Bates-Guggenheim convention.

Unfortunately, the measurement uncertainty imparted to the pH value, arising from the use

of the Bates-Guggenheim convention to establish _ |og, (o) (thevalue 1.5 intheterm

AI 1/2
“11s(i/p )

uncertainty, k = 2, corresponding to a level of confidence of approximatdy 95 %). The

in Equation 11.1.1-1), is estimated to be 0.01 (expanded measur ement

experimental expanded measurement uncertainty (k = 2) for atypical primary

measur ement is, however, only 0.004. If the measurement uncertainty of the use of the
Bates-Guggenheim-convention is not included then the measur ement results are stil|
traceable to the SI measur ement unit one, but the pH is no longer defined by Equation 11.1-
1 but by Equation 11.1.1-1. By not including the full measurement uncertainty, if in the
future an improved quantity value for the trace activity coefficient of chloride ion were used
(y°a ), then measur ement results obtained with the new equation would no longer be

metrologically comparable with earlier’-measur ement r esults.

A metrological traceability chain of aroutine laboratory measured quantity value of pH is

depicted in Figure 11.1.3-1.
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[ metrological reference: spedfication ofpH and definition ofSI coherent derived unit 1 (one) ]
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Figure 11.1.3-1: Metrological traceability of a pH measurement result using a primary
measur ement procedure (Harned cell). Theinput quantities in the measurement model,
standard electrode potential E° and constant K are obtained from calibration using the
secondary calibrator 2.

Notethat cell 2 in Figure 11.1.3-1 could be Cell 2 described in the text above.
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Thereis, therefore, an interesting, but unfortunate dilemma; if we wish to have metrological
traceability to the SI without specification, rather than involving a conventional

measur ement procedur e, then we must accept a measurement uncertainty 2 ¥2times

greater, even though the measur ement procedure is exactly the same.

11.1.4 Metrological traceability of pH values of buffer solutions

The direct assignment of a pH value and associated measur ement uncertainty of a particular
solution can only be done by the primary measurement procedure described above. Once
the pH valueis established by the primary measurement procedur e, and published, for a
solution of given composition, then a solution of identical composition prepared elsewhere

will have the reported pH with associated measur ement uncertainty.

Aqueous buffer solutionsare usually made up from pH reference materials dissolved in a
prescribed mass of water. However, in general, the preparation of a buffer solution from
compounds according to arecipe can not be recommended. Not only is the purity of the
material but also the stoichiometry very important. The solids for making primary buffer
solutions are certified not for purity but only for pH. A detailed instruction is given how to
prepare the solution e.g. for NIST SRM and for commercial solids appropriate for preparation
of pH buffers according to DIN 19266. Only these buffer solutions may get the attribute
primary buffer solutions, and can be considered directly metrologically traceable. If it is
necessary for any reason to prepare buffers similar in composition to the primary ones from

solids of different kind it is recommended to use cell 2 for comparison.

If the published pH value of some material has been determined by interlabor atory

compar isons between NMIs on many samples of buffer solution made from different sources
of solids, then that pH may be deemed to include batch-to-batch variation. If not (ieif the pH
was established on a single sample) then the batch-to-batch variation must be included

separately in thefinal uncertainty budget. For comparisons, NMIs normally use solutions of
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compositions different from those of the composition of the primary measur ement

standar ds.

If the pH value of a particular solution is established by the primary measur ement
procedure, the purity of the compound making up the solution is not required. If, however,
the buffer is described as, for example, a solution of potassium dihydrogen citrate with a
molality of 0.05 mol kg™, and this information is to be used to make up similar solutions that
will be assigned the pH value of the primary measurement standard, then the

measur ement uncertainty of the molality (including the contribution from the purity of the
component used) and its effect on the pH value must be known and quoted. Herelies a
problem asit is not usually possible to know how different impurities will affect the pH of a
solution. Indeed citrateis not used to make primary buffer solutions for the reason of lack of

source material of sufficient quality [44].

11.2 Mass concentration of ethanol in breath

Breath analysis, for testing compliance with drink-driving laws, was developed in the USA in
the 1950s and is used in many countries. Initially, breath analysis was based on the col our
change when ethanol reacts with potassium dichromate. This was replaced in the early 1990s
with electronic breath analysis, based on the absorption of infra-red light (at selected
wavelengths) by ethanol in a sample of air. The measurement result was expressed as mass
of ethanol per volume of blood, multiplied by a factor which represented the partition
coefficient of ethanol between blood and breath. The use of this conventional factor made
metrological traceability of a blood ethanol measurement impossible because the factor
was biased and did not have a measurement uncertainty. The decision has been made, in
some jurisdictions, to intend to amend the legislation to make it an offence to drive with
greater than a given mass of ethanol (0.05 g) in a defined volume (210 L) of exhaled breath.
This definition is adopted in order to retain the same nominal numerical quantity value for

thelegal limits, which has strong public recognition (for example 0.05 or 0.08).
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Evidential breath analysers are verified and calibrated using aqueous ethanol solutions. In
former times these have been made by gravimetric dilution of absolute ethanol with water, but
the hygroscopic nature of ethanol makes the measurement uncertainties of final solutions
used for calibration too great for usein thefield. It is therefore necessary to measure the
ethanol mass fraction in the calibration solution. This is done by titration with dichromate, or
by gas chromatography. A metrologically traceable quantity value for an ethanol

measur ement standar d has been made in Australia by the measur ement of the ethanol mass
fraction of a solution by ID-MS at the Australian NMI. This “National ethanol calibrator”
(secondary calibrator 2 in Figure 11.2-1) is used to calibrate either a dichromate

measur ement standard for titration, or a gas chromatograph. These in turn are used to assign
quantity values towor king calibrator ethanol solutions that are supplied to the police to
calibrate field breathalyzer measuring systems. Metrological traceability chains are

illustrated in Figure 11.2—1 and Figure 11.2-2.
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Figure 11.2-1: Metrological traceability chain of measurement result obtained with a
breathalyzer calibrated via dichromate titration. M easur ement uncertainties are given as

reative standard measurement uncertainties.
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Figure 11.2-2: Metrological traceability chain of measurement result obtained with an
evidential breath analyzer calibrated via gas chromatography. M easurement uncertainties

are given as reative standard measurement uncertainties.

11.3 Amount-of-substanceratio of isotopesin an element

Measurements of the quantity ‘amount-of-substance ratio R between isotopes in an element E

of asamplée, are of key importancein the determination of the molar mass M(E) (or relative
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atomic mass, atomic weight) of an element E because, nowadays, any molar mass valueis

computed from such measured ratios.
11.3.1 The measurement model

M easur ements of the measur and ‘ amount-of-substance ratio between isotopes 'E and 'E in

an element E of a samplée
R = n(E)/n(E) (Equation 11.3.1-1)

are carried out by means of a mass spectrometer in which the neutral atoms of the isotopes are
converted to singly charged ions forming an ion current which is separated in a magnetic field
into as many composing ion currents as there are isotopes. The pairwiseratios of the resulting

isotopic ion currents are measured as dectric current I(‘E")/I(E").
Rj; meets the definition of a kind-of-quantity in VIM3.

The électric current ratio measur ements must be calibrated in order to yield the

corresponding isotope amount-of -substance ratios.
That requires a measur ement model whichis
h[Ry, Kij, ICEDVI(ED] =0 (Equation 11.3.1-2)
where Kjj is the calibration factor (sometimes called the conversion factor).
From this measurement model, the measur ement function can be derived:
Ry = Kij - I(ENI(E" (Equation 11.3.1-3)

But other measur ement functions can be derived from this measur ement model al'so, such

as

Kiy = (Rpea / [I(EYICE)]ca (Equation 11.3.1-4)
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where (Rj;) and [I (EN/I(E")] arethe amount-of-substance ratios and their corresponding
measured el ectric current ratios, of the chosen isotopes in the element E ina calibrator,
which is an isotope measurement standar d, usually called and marketed as a “ certified
isotope reference material”. Such a calibrator enables to determine the calibration factor used

in the measurement function described in equation 11.3.1-3.
A description of the related calibration hierarchy is given in the following subsections.
11.3:2 Thedefinition of the measurement unit

Examining the measurement model, the SI measurement unit for amout-of-substance the
derived measur ement unit mol/mol equal to one (1). The embodiment of the measur ement
unit requires a primary-measurement procedur e or aprimary preparation procedure. So
far, there is no measur ement procedur e meeting the VIM3 definition of aprimary

measur ement procedure, hencea primary preparation procedure is used to embody the

measur ement unit.
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Figure 11.3.3-1: Metrological traceability of ameasurement result for an isotope amount-

of-substance ratio.

11.3.3 Theprimary preparation procedure gover ning the preparation system 1 (see

Figure11.3.3-1)

A primary preparation procedure can be achieved by using (highly) enriched or pure isotopes
whicharebuilt into stoichiometrically well-known molecular compounds (or even as pure
elements, if possible). These are weighed and mixed to achieve homogeneity of the isotope
atoms on the atomic level. The mass ratios of the compounds can be converted to amount-of -
substance ratios for the isotopes concerned by measuring the molar mass of the element E in
the enriched isotopes 'E as well as determining the deviation from theoretical stoichiometry of
the compounds used. The closer the degree of isotope enrichment comes to 100 % in each
compound, the closer the measur ement uncer tainties of the molar mass values of the
enriched isotopes approach the measurement uncertainties of the atomic mass values of 100

% pure isotopes, typically 10’"M(E) or better.

11.3.4 The measuring system 2

The measuring system 2, governed by measur ement procedure 2, can be used to assign
calibrated measur ed quantity values of an amount-of -substanceratio to a secondary

calibrator 2. SeeFigure 11.3.3-1.
11.3.5 Theend-user’s measuring system

The secondary measurement standard or secondary calibrator 2 can be made available to
end-users for measuring unknown isotope amount ratiosin, e.g., geological, nuclear, or other

samples. It is the duty of the seler of calibrator 2 to deliver, together with the calibrator, the
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higher levels of the metrological traceability chain with associated measur ement

uncertainty.

In many practical cases, the metrological traceability chain islonger than in the example of

Figure 11.3.3-1.
11.3.6 Quantities derived from isotope amount-of-substance ratio(s)
11.3.6.1 | sotope abundance f('E)

In isotope measurements, much use is made of the kind-of-quantity ‘isotope abundance’ f('E)
which is the number fraction of atoms of one isotope 'E in the total number of atoms of the

element E. Hence, the sum of abundances Zf(E) is, by definition, always equal to 1 exactly,

i.e
>f(E) =1 (Equation 11.3.6.1-1)

and
f(E) = f(E) / = f(E) (Equation 11.3.6.1-2)
f(E) = [f(E) /f(E)]/[Zf(E) / f(E)] (Equation 11.3.6.1-3)
= [NCE)/ NCE)] / [Z N(E) / N(E)] (Equation 11.3.6.1-4)
= Ry(E) / £ Ry(E) (Equation 11.3.6.1-5)

An isotope amount-of-substance ratio measuring device enables to measure ratios R;; of an
isotope abundance relative to a conveniently chosen abundance of another isotope (E), thus

enabling to calculate any isotope abundance f(E).

M easur ement uncertainty uff('E)] is obtained by propagating the measurement

uncertainties of R; .
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11.3.6.2 Atomic mass M(E) or relative atomic mass (atomic weight) A,(E) of an element
M(E) is calculated from f('E) by
M(E) = 2 f(E) - M(E) (Equation 11.3.6.2-1)

where f('E) is the abundance of isotope'E concerned, and M(E) is the atomic mass of that

isotope.
Substitution of f('E) in Equation 11.3.6.2-1 according to Equation 11.3.6.1-5 leads to
M(E) = X R4(E)-M(E) / = Ry(E) (Equation 11.3.6.2-2)

Evaluation of combined measurement uncertainty u[M(E)] is performed by propagating

the combined measurement uncertainty u(R;) to u[M(E)].

Note: “atomic weights’ A(E) of the elements are ratios of the molar mass values of that
element to 1/12" of the molar mass value of '2C, the latter being set by convention to 12

g/mol exactly.

11.4 Mass fraction of glyphosate in an agricultural chemical

Since its discovery, nuclear magnetic resonance spectroscopy (NMR) has been used as a
qualitative technique for the identification and eucidation of structures of an enormous
variety of inorganic, organic and biological materials..Quantitative NMR (QNMR) has been
reported as the basis of a primary measur ement method for measurement of mass fractions
of organic compounds such as agricultural chemicals [45]. The compound of the calibr ator
need not be the same as the analyte, provided it contains the nucleus of interest. For example,
the analysis of the agricultural weedicide, N-phosphonomethy! glycine (‘ glyphosate'):
HOOCCH,NH,CH,PO(OH), uses a CRM of dimethylsulfone (CH;SO,CHs3) asa'H

calibrator and a CRM of sodium phosphate (NagPO,) as a*'P calibrator.
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11.4.1 Measurement method
The purity of a compound is determined by the following steps.

1 Waeghamassof sampleinto an NMR tube by difference (about 5 mg glyphosate).
2 Weigh amass of the calibrator into the NMR tube by differenceto give
approximately the same amount-of-substance of the target isotope as of the analyte.

3 ~Add deuterated solvent to an appropriate level.

4 Introducethe NMR tubeinto theinstrument. Allow to equilibrate at the set
temperature of the probe and measure with parameters for full relaxation (and

suppression of the nuclear Overhauser effect as required).
5 Record the freeinduction decay (FID) spectrum.

6 Process the FID with window function as required, phase the spectrum manually, and

establish the basdline.

7 Integrate the peaks to obtain the ratio of the integrated peak for the sampleto the

integrated peak for the calibrator (Isampie/lca)-
11.4.2 Quantity equation

The quantity equation for the mass fraction of a sample based on the observation of the

NMR signal for 'H is

| M
_leme My Na =P W, Equation (11.4.2 — 1)

l ca rrL%ample Nmple M ca

W,

sample

where “sample’ and “cal” refer to the sample being measured and calibr ator respectively; | is
an indication of the NMR spectrometer for agiven chemical shift (an integrated peak), mis

the mass, N is the number of protons in one molecule, M is the molar mass, and w is the mass
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fraction. The mass fraction of the primary calibrator can be measured at an NMI by a
combination of techniques, including gas chromatography, NMR, thermogravimetry,
differential scanning calorimetry, Karl Fisher analysis for water, and e emental analysis. In
this case the mass fraction can be calculated as one minus the sum of all impurities and
reported with a GUM measur ement uncer tainty. For QNMR measur ements in which the
isotope of interest is a proton, the mass fraction of a wor king measurement standard of
sodium acetate can be measured by QNMR calibrated by the dimethylsulfone CRM. The

metrological traceability chain isshowninfigure11.4.2 — 1.

[ metrological reference: specification of mass fraction and definition of SI coherent derived unit 1 (one) ]

[ electric current - A ] [ mass kg ] [ molarmass: kg'mol

% W Vv

primary
E GC. DSC. TGA measurement
= K_F: " ’ i procedure 1
- = goveming assignment
£ atNMI ofmass fraction value
% ?“:&?iﬁﬁﬁ Ufﬂ . primary to dimethylsulfone
2 e calibrator 1
Y = primary calibrator 1 "
5 wy=0.9995 dimethylsulfone
- = X
E TS MR measurement
g 5 spectrometer 1
5 2 ; : procedure 2
E _g mend-user's governmg QNME
= E laboratory = Gl
5 E mazs fraction of working
£ - sodium acetate in librator 2
= working calibrator 2 ca'lbrator -
= wa=0.0605 sodimm acetate
N NMR. spectrometer
\ 2 measurement
i  nepr procedure 3
Eb&r:it;iﬂ : govemning QNME

mass fraction of sample of
glyphosate in sample
= 0964 glvphosate

MEASUREMENT QUANTITY MEASURING MEASUREMENT

UNCERTAINTY QUANTITY VALUE CALIBRATOR ~ ACTION SYSTEM PROCEDURE
- 4
—
MEASUREMENT RESULT

measurement model for end-user

h( Weample gly: Weal 2: Mlcal 2. :\'cal_:-: call = ﬂ‘d;al:l-: Isamplalgl}w 11 5 arapls gly: -"""'samplalgl}' 2L sampla:gl}') =0

Figure11.4.2—-1. Metrological traceability chain of the measurement result of the mass
fraction, w, of asample of the agricultural chemical glyphosate. | = indication of the NMR
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spectrometer, m = mass, M = molar mass, n = number of protons contributing to the NMR
signal. GC = gas chromatography, DSC = differential scanning calorimetry, TGA =

thermogravimetric analysis, KF = Karl Fisher.

11.5 Amount-of-substance concentration of creatininium in blood plasma

The amount-of-substance concentration of creatininium in blood plasma is an important
inverseindicator of renal function. (* Creatininium” is the IFCC-IUPAC term for the sum of

the species ‘Creatinine and ‘ Creatininiumion’.)

A current commercial measurement procedur e uses a four-stage enzymatic reaction scheme

[46, 47]. Thereactionsinvolved are

creatininase (EC35.2.10)

creatininium + H,O ————=2" creatine
Cregtine + H,O —2re=Ecissy , sarcosine + carbamide

. sarcosineoxidase (EC153.1) .
sarcosine + O, +HO > glycine+ HCHO + H,0,
H,0, +4-aminophenazone + 2,4,6-triiodo-3-hydroxybenzoic acid
peottee@LLD quinone imine chromogen + H,O + HI

where the colour intensity change of the chromogen is directly proportional to the
creatininium concentration and is recorded at an endpoint by absorbance at 552 nm corrected

for blank at 659 nm [48].

The measurement may be performed on a Roche COBAS INTEGRA 800 and the
metrological traceability to an Sl unit is documented [49, 50]. The calibration hierar chy

shown in Figure 11.5 — 1 should reflect this information.
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Figure11.5—1. Metrological traceability of a measurement result for amount-of-

substance concentration of creatininium in human blood plasma using a commercial

measuring system

amsc. = amount-of -substance concentration.

Only data below the broken line are available to the end-user.

11.5.1 Primary measurement
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A primary measurement procedur e involving an isotope dilution-mass spectrometer (1D-
MYS) in areference measurement laboratory is applied to aprimary calibrator, called
“masterlot calibrator”, and to five serum pools; both primary calibrator and serum pools are
produced according to the manufacturer's standardized protocols. Thesix quantity values

can be assumed to be near correct.

11.5.2 Secondary measur ement

Theprimary calibrator is used to calibrate the manufacturer's measuring system operating
according to his standing secondary measurement procedure. Both equipment, ie COBAS
INTEGRA 800 with reagents, and secondary measur ement procedur e are essentially
identical with those employed by the end-user, except that only the manufacturer has access
to the stored primary calibrator whereas the end-user uses the manufacturer's product

calibrator; this, however, isproduced in the same way asthe primary calibrator.

The manufacturer's standing secondary measur ement procedure and COBAS INTEGRA
calibrated with the primary calibrator are used to assign a second set of quantity value and

measur ement uncertainty to each of thefive serum pools.

11.5.3 Adjustment of quantity value of primary calibrator

For the five serum pools, the ID-M S quantity values on the abscissa and manufacturer's
COBAS quantity values on the ordinate allow the calculation of aregression line (y = bx +
a). ThentheID-MS quantity value of the primary calibrator viathis regression line
corresponds to an ordinate quantity value that may be different from that on the abscissa. In
that case, theprimary calibrator’s quantity value, is adjusted so that theregression line
within a reasonable interval around the adjusted quantity value goes through 0.0. The
measur ement uncertainty of the adjustment depends on the relative magnitudes of the
constants a and b and must be a part of the combined standar d measur ement uncer tainty

of the primary calibrator’s adjusted quantity value.
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Therationale of thistype of adjustment is that it should reduce the effect of the lack of any
analytical specificity of the manufacturer's standing secondary measurement procedure and
measur ing system as well as any lack of commutability of the primary calibrator. The

relative magnitude of the adjustment is not available to the end-user.

Another perhaps more transparent approach would be to apply a correcting algorithm on the
actual indications of the manufacturer’s measuring system, involving both constants a and
b, thus keeping the ID-M S-assigned primary quantity value.

11.5.4 Tertiary measurement

Using the primary calibrator with adjusted quantity value and combined standar d
measur ement uncertainty to recalibrate the manufacturer's COBAS measuring system
operated according to his secondary measur ement procedure, the manufacturer's product
calibrator obtains its assigned quantity value and combined standar d measur ement

uncertainty, and is delivered to'the customer, the end-user.

11.5.5 End-user's measurement

With the manufacturer's product calibrator with associated calibration factors for the end-
user's measur ing system operated according to his measurement procedur e, routine human
samples can now be measured to give directly a measurement result. The quantity valueis
assumed to be adequately correct for the given purpose because the measur ement system

and measuring procedure used by both manufacturer and end-user are essentially the same.

The uncertainty budget for the end-user's quantity valuefirst of al relies completely on the
adequacy of the measurement uncertainty assigned to the quantity value of the
manufacturer's product calibrator. The uncertainty budget of this calibrator isonly

available to regulatory authorities, but should include sources of variation such as

e definition of quantity,
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e measurement uncertainty of adjusted quantity value for primary

calibrator 1 provided by reference measurement laboratory,

e inhomogeneity and instability of primary calibrator,

e inhomogeneity and instability of serum pools,

e measurement uncertainty of manufacturer's measuring system, twice,

e adjustment procedure,

o . lot-to-lot differences for manufacturer's product calibrator (unless

assigned individually), and

e inhomogeneity and instability of the product calibrator.

The end-user further has the following pre-examinational and examinational sources to

consider and select according to the purpose:

inter-individual variation,

e intra-individual variation,

e sampling,

e transport and storage of sample,

e separation and sub-sampling, and

e intermediate precision conditions (which subsumes some other sources).

The pre-examinational sources may well give the major contributions in this example.

The manufacturer lists the following information for his product calibrator with a quantity

value of 331 umol/L:

u=212umol/L [50]
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CV withinrun 0.7 % [48] (repestability)

CV between run 0.9 % [48] (reproducibility)
With an end-user's quantity value of, say, 230 umol/L, which is about twice the upper limit
of a central 0.95-interfractile biological reference interval in healthy adults, this quantity
value would give the following minimum combined standard measur ement uncertainty,
based solely on the assigned combined standar d measurement uncertainty of the
manufacturer's product calibrator and the standard measurement uncertainty under

intermediate precision conditions of measurement:

12127 +(0.007x 230) + (0009 230 umol/L

=449+ 259+ 428 umol/L = 3.37 umol/L

or CV(intermediate) = 3.37 umol/L x 100/ (230 umol/L) = 1.5 %
The values were obtained in the manufacturer's laboratory and the end-user should expect
somewhat higher values for measur ement-uncertainty and increasing with lower measured

quantity value.
11.5.6 Metrological traceability

A routine measurement result for amount-of-substance concentration of creatininium in the
plasma of a given person at a stated time is metrologically traceable to the SI unit umol/l. As
the calibration hierarchy includes an empirical “holistic” adjustment e ement, it is necessary

to specify the measur ement procedur e and manufacturer's product calibrator.

It should be added that various types of adjustment procedure such as the above are not
infrequent in commercial measuring systems. It would be helpful to the end-user in

evaluating their appropriateness if the data were available on request.
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11.6 Massfraction of proteiningrain

The price of a harvested grain, such as whesat, depends on its protein content. The nitrogen
mass fraction is measured in the field by near infra-red (NIR) spectrometry and multiplication
by a conventional factor gives a measurement result for the measur and “mass fraction of
protein in the sample of grain”. The use of near infra-red spectrometry requires multivariate
calibration (i.e. the whole spectrum is used to calibrate the mass fraction of nitrogen) with a
whole-grain calibrator. Metrological compar ability between measur ement results from
growersin a'particular region is important, and in Australia the industry has commenced work
with the NMI to produce grain calibrators that have metrologically traceable quantity
values to the SI unit one for the kind-of-quantity mass fraction. The primary calibrator
selected isaNIST SRM 723d (Tris = 2-amino-2-hydroxymethyl-1,3-propanediol) that the
NMI, under the powers of the National Measurement Act, hasrecognized as alegal primary
calibrator. The quantity value of this SRM (where SRM isthe NIST initialism for CRM)
has been established by a primary measur ement procedure giving metr ological

traceability to the SI unit.

11.6.1 Description of the calibration hierarchy

M easur ement results are metrologically traceable tothe nitrogen mass fraction of a NIST
standard reference material (Tris). The mass fraction of titratable acid (purity) of the material
has been established by coulometric titration, and the material is claimed to be metrologically
traceable to the SI coherent derived unit onefor mass fraction. ThisCRM is used to
calibrate measuring systems for analysis of nitrogen by the Dumas method, which involves
combustion of the sample followed by gas chromatographic analysis of the nitrogen oxides
that are produced. The protein content of a master calibrator grain (usually taken fromthe
previous year’s harvest) is established in an interlaboratory materials-certification campaign
that is supervised by the NMI, using the calibrated Dumas systems. The result from each

laboratory, and hence the value assigned by the NMI, is metrologically traceable through the
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TrisCRM. Note that a measured nitrogen mass fraction is converted to a protein mass

fraction by multiplication by a conventional factor, k, that has no measur ement uncertainty.

The master grain is then distributed to all growers who useit to calibrate a near infra-red

instrument (NIR) in each of their laboratories, so called master instruments. These master

instruments measure the protein mass fraction of wor king calibrator grain samplesthat are

then used in thefield to calibrate NIR instruments that measure the harvested grain.

A schematic of the metrological traceability chain is shownin Figure11.6.1 - 1.
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b Measuring systems are calibrated and then certify grain samplesin an interlabor atory
comparison

¢ The master instruments each measure grain samples to act as grower’ s wor king calibrator

for field measur ements

Figure 11.6.1 — 1: Metrological traceability chain of protein measur ementsin harvested
grain. M easur ement uncertainties are given as rdative standar d measur ement

uncertainties.
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12 Recommendations

12.1 Recommendations on measur ement in chemistry

Planning and performing a measur ement* should proceed as follows:

1 —definethe measurand (by system, component, and kind-of-quantity with any

specifications);

2 decidethe metrological reference for thefinal measur ement result;

3 select thetarget measurement uncertainty;

4 choose and validate a measurement procedure;

5 establish the calibration hierarchy to enable the creation of a metrological

traceability chain for the expected measur ement result;

6 makeamodel uncertainty budget;

7 evaluate an approximate estimate of the expected measurement uncertainty of the

measur ement result, based on the established calibration hier ar chy;

8 check whether thetar get measur ement uncertainty will be met;

9 acquiretherelevant measuring system and calibrator (s);

! Bold face indicates concepts and terms defined in thisreport, or in VIM3.
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10 carry out the measur ement according to the chosen and validated measur ement

procedure;

11 evaluate, then calculate the actual measur ement uncertainty; and

12 report the measur ement result with measured quantity values and measurement

uncertainty; and

13 specify the metrological traceability.

12.2 Recommendations for the implementation of metrology in chemistry

1 Include basic features of metrology in chemistry in curricula of analytical chemistry.

2 Use concepts and associated terminology given in the International Vocabulary of

Metrology (VIM).

3 Evaluate measurement uncertainty based on the Guide to the Expression of
Uncertainty in M easurement (GUM) as applied, for example, in the

EURACHEM/CITAC guide.

4  State the metrological reference of any (chemical) measurement result.
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Annexel Terms of Reference

1 toeucidate the concept ‘ metrological traceability’ of a measurement result and list its
characteristics, and to describe the relations between metrological traceability and other

concepts such as calibration, measurement uncertainty and comparability;

2 _toformulate requirements for establishing metrological traceability;

3 togive specific examples of metrological traceability of chemical measurement results.
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EU European Union
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Annexe VI Alphabetical index of terms

VIM3~ Concept

actual quantity 2.10-2
calibration 2.39 2.2-1
calibration certificate 6-1
calibration hierarchy 2.40 231
calibrator 5.12 2.6-1
certified reference material 5.14 3.1-2
commutability of areference material 515 3.13
definitional uncertainty 2.27 219
degree of metrological equivalence of S>-7
measurement results
initially estimated quantity 2.10-3
input quantity in a measurement model 2.50 2.1
interlaboratory comparison 81

3.14

international conventional calibrator
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VIM3~ Concept
kind-of -quantity 12 2.1
manufacturer’s product calibrator 3.1-6
manufacturer’s working calibrator 315
measurand 2.3 2.1-4
measured quantity value 2.10 2.1-6
measurement 21 2.1-1
measurement capability 8.4-1
measurement function 2.49 2.1-8
measurement method 2.5 2111
measurement model 2.48 2.1-7
measurement principle 2.4 2.1-10
measurement procedure 2.6 2.1-12
measurement procedure validation -3
measurement result 2.9 2.1:3

5.1 251

measurement standard
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VIM3® Concept
i 2.26 2.7-1
measurement uncertainty
measuring system 3.2 21-13
metrol ogical comparability of measurement 2.46 121
results
metrological compatibility of measurement 2.47 5-6
results
' i 55
metrol ogical equivalence
N " _ 21
metrological institutional hierarchy
metrological reference 2.4-1
metrological traceability 241 1.1-2
metrological traceability chain 2.42 2.3-2
ordinal quantity 1.26 21
primary calibrator 3.1-2
primary reference measurement procedure 238 3.2-2
primary measurement standard 5.4 252
1.1 2.1-2

quantity
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VIM3~ Concept
quantity equation 122 2.1
quantity value 1.19 2.1-5
recovered quantity ratio 2.10-4
reference material 5.13 311
reference measurement procedure 2.7 3.2-1
reference measurement standard 5.6 2.5-4
reference quantity value 5.18
secondary calibrator 3.1-3
secondary reference measurement procedure 3.2-3
secondary measurement standard 55 2.5-3
target measurement uncertainty 2.34 281
validation 245 5.2
validation of a measurement result 5-4
verification 244 5-1

5.7 2.5-5

working measurement standard
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" Absence of a number indicates a definition from another source or proposed within this

document.
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