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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
norj-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
Intgrnational Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

Intgrnational Standards are drafted in accordance with the rules given in the ISO/IEC Diregtives, Pdrt 2.

Drdft Guides adopted by the responsible Committee or Group are circulated to the méember bodieg for voting.
Publication as a Guide requires approval by at least 75 % of the member bodies_casting a vote.

Attention is drawn to the possibility that some of the elements of this docurment may be the subje¢t of patent
rights. ISO shall not be held responsible for identifying any or all such patentrights.

ISQ Guide 35 was prepared by the ISO Reference Materials Committee’ (REMCO).
Thip third edition cancels and replaces the second edition (ISO'Guide 35:1989), of which all clausgs referring

to the estimation of measurement uncertainty have been thoroughly revised. This revision also provides an
up-fo-date description of the technical issues related to the production and certification of reference mpaterials.

© I1SO 2006 — All rights reserved \4
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Introduction

The production, characterization and certification of reference materials (RMs) is a key activity in improving
and maintaining a worldwide coherent system of measurements. As detailed in 1SO Guide 32 and
ISO Guide 33, certified reference materials (CRMs) are used for calibration, quality control and method
validation purposes, as well as for the assignment of values to other materials, which in turn can also be
CRMs. Furthermore, CRMs are used to maintain or establish traceability to conventional scales, such as|the
octane number, hardness scales and pH. Last, but not least, selected pure substances are also_ Used to
international temperature scale.

rs of CRMs, there are three ISO Guides that assist the set-up of a facility to produce and ceftify
RMs and fo ensure that the quality of thus-produced CRMs meet the requirements of“the end-users.
ISO Guide (34 outlines the requirements to be met by a CRM producer to demonstrate competence, whergas
this Guide| provides assistance on how to meet these requirements. At a fairly genéric level, this Guide
provides njodels for homogeneity testing, stability testing, and the characterization)of the candidate CRRM.
ISO Guide[31 describes the format and contents of certificates for CRMs.

In some wpys, this Guide can be seen as an application of the Guide to,the Expression of Uncertainty in
Measurement (GUM) with respect to the peculiarities of the production ef CRMs. Where possible, this Gyide
makes refgrence to the GUM, as the latter describes in detail how to évaluate measurement uncertainty of a
value obtained from measurement. This Guide complements the GUM in a sense that it provides additignal
guidance With respect to the inclusion of the uncertainties due to‘the (remaining) batch inhomogeneity gnd
instability gf the CRM in the uncertainty of the property values~and the determination of these uncertajnty
contributions.

Although this Guide has been developed to support best practice in the production and characterizatiof of
RMs, usind it without carefully considering whether spécific parts are applicable to the particular CRM may/still
cause its property values (and their uncertainties).to be established on a wrong or faulty basis. A user of fhis
type of dogumentation should consider that it-cannot substitute for “critical thinking, intellectual honesty and
professional skill” (GUM:1993, 3.4.8). The quality of the “product” CRM depends as much on these aspects as
on the use |of proper procedures and methods.

Thorough knowledge of the material~and its properties, and of the measurement methods used dufing
homogeneity testing, stability testing.and characterization of the material, along with a thorough knowledgée of
the statistigal methods, are needed for correct processing and interpretation of experimental data in a typjical
certification] project. It is the combination of these required skills that makes the production and certification of
RMs so complex. The greatest challenge in these projects is to combine these skills to allow a smqoth
implementation of the pfeject plan.

Most of th¢ contentsvof this Guide can be applicable to the production of RMs. Requirements such as [the
traceability|of the property values, the necessity of a full evaluation of measurement uncertainty, among ottjers,
apply to most.categories of RMs to serve, for example, as calibrants or as a means to check the performance

of a methc H Ar ta gccian 9 valhiia ta annthar matarigl
o-o0aSSIighaYatdetoaRomerhateHar-

Pharmacopoeial standards and substances are established and distributed by pharmacopoeial authorities
following the general principles of this Guide. Specific guidance for the production of these kinds of RMs exists.
It should be noted, however, that a different approach is used by the pharmacopoeial authorities to give the
user the information provided by certificates of analysis and expiration dates. Also, the uncertainty of their
assigned values is not stated since it is not permitted by the prescribed use of these RMs in the relevant
compendia.

Vi © I1SO 2006 — All rights reserved
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Reference materials — General and statistical principles f
certification

or

1 | Scope
Thi
assy
and
Gu
will
con

5 Guide gives statistical principles to assist in the understanding and development{ef.Valid

establish their metrological traceability. Reference materials (RMs) that undergo:all'steps desc

de are usually accompanied by a certificate and called a certified reference material (CRM).
be useful in establishing the full potential of CRMs as aids to ensure the“comparability, ac
npatibility of measurement results on a national or international scale.

In grder to be comparable across borders and over time, measurementsS.need be traceable to appr|
stated references. CRMs play a key role in implementing the concept of traceability of measureme
chgmistry, biology and physics among other sciences dealing withrmaterials and/or samples. Labor
thepe CRMs as readily accessible measurement standards to’ €stablish traceability of their me
resplts to international standards. The property values carriedby a CRM can be made traceable tg
othgr internationally agreed units during production. This Guide explains how methods can be dey
willllead to well established property values, which are'made traceable to appropriate stated re
covers a very wide range of materials (matrices), ranging from gas mixtures to biological materials,
wide range of properties, ranging from chemical composition to physical and immunoassay properti

The approaches described in this Guide areynot intended to be comprehensive in every res

methods to

ign values to properties of a reference material, including the evaluation of their associated dincertainty,

ibed in this
This Guide
curacy and

bpriate and
nt results in
atories use
pasurement
Sl units or
eloped that
erences. It
and a very
eS.

bect of the

profduction of an RM and the establishment of its property values, including the associated uncertainties. The

apgroaches given in this Guide can beregarded as mainstream approaches for the production
asgignment of large groups of RMs, but appropriate amendments can be needed in a particulan
stafistical methods described exemplify the outlined approaches, and assume, e.g., normally distri
In particular when data are definitely not normally distributed, other statistical methods may be
obthin valid property values and-associated uncertainties. This Guide describes in general terms th
projects to produce a CRM.

2 | Normative references
The
refe
dod

followingyreferenced documents are indispensable for the application of this document.
rences;-only the edition cited applies. For undated references, the latest edition of the
ument (including any amendments) applies.

and value
case. The
buted data.
referred to
e design of

For dated
referenced

ey D N

IS

4
T

LA 4 oY P PN H \L oyl al ol D IR HY al L bodiads L4
DJIOFT T, olalioliLo — voutauvdialy arrfd Syrriovio — I darltl Frovaunity arrid yCricrar statistriear tcrii

ISO Guide 30, Terms and definitions used in connection with reference materials

o

Guide to the expression of uncertainty in measurement. BIPM, IEC, IFCC, ISO, IUPAC, IUPAP, OIML, 19931

1)

This edition was corrected and reprinted in 1995.
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International vocabulary of basic and general terms in metrology. BIPM, IEC, IFCC, ISO, IUPAC, IUPAP,
OIML, 1993

NOTE
the “Internat

3 Term

ional vocabulary of basic and general terms in metrology” will be referred to as “VIM”.

s, definitions and symbols

The “Guide to the expression of uncertainty in measurement” will hereafter be referred to as “GUM”, whereas

For the purposes of this document, the terms and definitions given in ISO 3534-1, ISO Guide 30 and VIM,

together with the fnllnwing apply The Qymhnlq to be used are givpn in Clause 4

3.1

reference material

RM

material, spifficiently homogeneous and stable with respect to one or more specified properties, which has
been estabjlished to be fit for its intended use in a measurement process

NOTE 1 RM is a generic term.

NOTE 2 Properties can be quantitative or qualitative (e.g. identity of substances or species).

NOTE 3 Uses can include the calibration of a measurement system, assessmént of a measurement procedure,

assigning va

lues to other materials, and quality control.

NOTE 4 An RM can only be used for a single purpose in a given measurement.

3.2

certified reference material

CRM

reference naterial, characterized by a metrologically valid procedure for one or more specified propertjes,

accompanied by a certificate that provides the value of-the specified property, its associated uncertainty,
a statement of metrological traceability

NOTE 1
attributes m

he concept of value includes qualitative”attributes such as identity or sequence. Uncertainties for g
y be expressed as probabilities.

and

uch

NOTE 2 Metrologically valid procedures_forithe production and certification of reference materials are given in, among
others, ISO [Guide 34 and this Guide.

NOTE 3 SO Guide 31 gives guidangé on the contents of certificates.

3.3

property vialue

(of a referg
of a (certifi

3.4
characteri

nce materiah.value attributed to a quantity representing a physical, chemical or biological prop
bd) reference material

pation

(of a reference material) process of defermining the property values of a reference material, as part of
certification process

NOTE 1  The characterization process provides the values for the properties to be quantified.
NOTE 2 In batch certifications, the characterization refers to the property values of the batch.
35

between-bottle homogeneity
bottle-to-bottle variation of a property of a reference material

NOTE

other physical shapes and test pieces.

the

It is understood that the term “between-bottle homogeneity” applies to other types of packages (e.g. vials) and

© 1SO 2006 — All rights rese
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3.6
within-bottle homogeneity
variation within one bottle of a property of a reference material

3.7
blending
mixing of two or more matrix materials to obtain a material with specific properties

3.8
matrix material

material as sampled from nature, industrial production or elsewhere

EXAMPLES Soil, drinking water, air.

3.9
spiking
adding a known amount of a compound or element to a matrix material

3.1p
short-term stability
stability of a property of a reference material during transport under specified transport conditions

3.1
long-term stability
stability of a property of a reference material under specified storage conditions at the CRM-produc

D
=

3.1p
lifeltime
(of | reference material) time interval during which a.reference material may be used

3.18
shelf life
(of pBn RM/CRM) time interval during which-\the producer of the CRM warrants its stability

NOTE The shelf life is equivalent to the period of validity of the certificate, as described in ISO Guide 31.

4 | Symbols

A; bias term (ANOVA)

a number-of groups (ANOVA)

B; biasterm (ANOVA)

b pumber of subgroups (ANOVA)

& error term (ANOVA)?)

k coverage factor

MS mean square (ANOVA)

n number of observations

ng (effective) number of (sub)group members (ANOVA)

2) Throughout this Guide, the term error is used in the strict statistical sense, that is the difference between an observed
value and its mathematical expectation.

© I1SO 2006 — All rights reserved 3
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P number of laboratories in a collaborative study

Sbb between-bottle (in)homogeneity standard deviation

Slor standard deviation due to lack of repeatability

Slts long-term (in)stability standard deviation

Sy repeatability standard deviation

Sstab standard deviation, due to (in)stability

Ssts short-ferm (in)stability standard deviation

Swb within-bottle standard deviation

SS spm of squares (ANOVA)

Upb sfandard uncertainty due to between-bottle (in)homogeneity

Ushar  Sfandard uncertainty due to characterization

UCRM sfandard uncertainty of a property value

Ults sfandard uncertainty due to long-term (in)stability

Usts sfandard uncertainty due to short-term (in)stability

Ucrm ekpanded uncertainty of a property value

Xchar property value as obtained from characterization

XCRM property value of a CRM

OXpb efror term denoting between-bottle (in)homogeneity

OXits efror term denoting long-term (in)stability.

OXsts efror term denoting short-term (in)stability

X result of a single measurementin‘the experiment (ANOVA)

7] pppulation mean (expectation)

NOTE 1 n some clauses, symb0ls are used to illustrate typical approaches to solve statistical issues in certificgtion
projects. These are explained in-the text.

NOTE 2 The symbols:M/S and SS have been adopted from literature, and do not conform the I1SO rules with respe¢t to
the use of symbols. Fafclarity however, it is felt that the convention in the scientific literature should prevail.
5 Design-of a certification project

5.1 General

The production of a CRM requires a great deal of planning prior to undertaking any actual activity in the
project. A substantial part of the planning deals with the amount of material needed, as well as with the design
of the homogeneity, stability and characterization studies. The design also includes the choice of appropriate
measurement methods for these studies. The number of samples to be produced is a very important variable
in the planning process. The number of samples and the amount of raw material depend on all these factors.
In the clauses about homogeneity testing (Clause 7), stability testing (Clause 8), and characterization
(Clauses 9 and 10), guidance will be provided on how to plan and implement these processes as part of the
certification project. A feasibility study may also be part of the project plan.

4 © I1SO 2006 — All rights reserved
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5.2 Project definition

The planning of a project starts with the definition of what CRM is to be produced. A typical exampl
definition reads as follows:

“preparation of a soil CRM containing a series of trace elements at relevant content

e of such a

levels for

environmental analytical chemistry with an uncertainty associated with the certified values of less than or

equal to x %”

This def|n|t|on covers the prOJect qwte well. What is relevant for enwronmental chemlstry may differ from case

eriaI will be fit for its intended use. For example, uncertainties associated with values of
ndards should be considerably smaller than uncertainties associated with values of materials fg
race environmental analytical methods.

The proper choice of the “stated references” whereto traceability of the propertyrvalues is estal
malor design issue; it strongly depends on what references are available, what-is necessary in o
particular CRM to serve the laboratories performing these measurements ‘routinely, and what is
feapible. As CRMs are primarily used to make later measurements traceable, the choice of proper
is grucial to the value of the CRM produced, both metrologically and commercially.

The
img
neg
the

leg

scope for which the CRM is to be used should be stated-as/well. In most cases, the scop
lied by the project definition, but sometimes it needs further elaboration. Such a scope of us
essarily exclude other uses, but it should be kept in mindythat such uses are not (necessarily)
certificate or documentation provided. The scope for ‘which the RM is to be used can bg
slation and/or international treaties.

5.3 Transport issues

Prigr to starting the actual work, it is impartant to consider whether the CRM, once ready, can be
agreement with existing regulations. Many*CRMs impose a risk with regard to health or safety w
are| exposed to the material directly. Proper packaging and appropriate labelling are primary requ
mept regulations for the transport ‘of (potentially) hazardous goods. Sometimes, legislation or

r of options
tage of the
res that the
calibration
r validation

lished is a
rder for the
technically
references

e of use is
e does not
covered by
based on

shipped in
hen people
rements to
regulations

prohibit the transport of materials-having certain properties (e.g. viruses, diseases), which may nyean that a

CRM cannot be sold at all. It-is_recommended to review all aspects of transport and packing prio
the|actual certification project:

Collection of starting material

The first task in_a Certification project is to obtain a sufficient amount of starting material(s) with

to starting

he desired

properties. For,matrix materials, it should be noted that there may be restrictions with respect to the properties
of materials»*"Some material/property combinations are rare, or may be rare in combination|with other
properties."Often a compromise must be found. In some cases, blending and/or spiking techniqueg may solve
thig preblem

The amount of material needed is dictated by the following:

— the number of samples of the (C)RM needed;

— the need for a feasibility study;

— the number of samples needed for the homogeneity study;

— the number of samples needed for the stability study;

— the number of samples needed for the characterization of the candidate CRM;

— the amount of material needed for one measurement.

© I1SO 2006 — All rights reserved 5
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The required number of samples needed of a candidate CRM is a commercial issue and should be carefully
planned beforehand. An important variable is the number of samples likely to be distributed during the lifetime
of the CRM. As lifetime is a function of intrinsic stability, this variable also affects the amount of raw material
that is needed. For instance, many microbiological materials have limited intrinsic stability and, therefore, their
lifetimes are expected to be shorter than, for example, that of a dry sediment certified for trace elements. For
an equal number of samples to be dispatched per year, the number of samples needed for the microbiological
material is smaller than for the dry sediment. On the other hand for microbiological CRMs, many more

samples might be needed for stability testing in the first year(s), or through the entire lifetime of the material.

5.5 Feasibility study

When therelz are concerns about the feasibility of producing and characterizing a sufficiently homogeneous

stable CR
example, t
justify the
study is o
equipment
have a bat

5.6 Req

The expect
Another re
of the mec
and/or lifet
too high a

leading to

M, a feasibility study may be considered (see Reference [11]). Questions with respectto,
ne best way of preparing the sample, the stability of the material, or the fithess for purpoese, 1
nclusion of a feasibility study in the project (see References [11], [12]). Sometimes-a feasib
rganized to enable laboratories likely to be involved in the characterization to,fine-tune t
and their procedures. For a feasibility study aiming at the characterization, it:is_-recommende
th of material slightly different from material used for the candidate CRM.

lired lifetime and shelf life

ed lifetime of a reference material is an important variable in theplanning of the certification pro
evant parameter with respect to the stability is the shelf life of the CRM. Depending on the na
nanisms affecting the stability of the material, various actions;may be taken to improve the shelf
me. Adjusting the water activity is one of the first options:to be considered, as excessive dryin
vater content can destabilize the material. In many cases,“moisture plays a key role in mechanig
instability of the matrix and/or parameters. In other<cases, sterilization or pasteurization of

and
for
nay
ility
heir
i to

ect.
ure
life
j or
ms
the

e a
the
ns,
age
the

material mjght be considered in order to stop bacterial activity. However, these measures can also hav
negative efffect on stability. Relevant information regarding-stability and storage conditions can be found in
literature of can be obtained from users of similar types.of-materials (industry, etc.). When preparing solutid
additives npay increase the shelf life and/or lifetime,(The shelf life of a material is a function of the stor
conditions jas well as a function of the quality of the stability study. The latter determines to what extent
results can|be extrapolated (see 8.5).

5.7 Saniple preparation

5.7.1 Prelamble
It is difficul
give guida
aspects ne
project.

to give general guidahce on the preparation of reference materials. This subclause is intended to
nce on some specific aspects without the aim of being exhaustive. It is merely a collection of
eding careful’'eonsideration, which are frequently highly relevant for the success of a certificafion

5.7.2 Synthetic:materials

Synthetic tefefence materials such as pure substances_solutions and gas mixtures are prepared ih a

completely different way from most matrix reference materials. For the preparation of pure substances,
purification techniques may be necessary to reduce the total amount of impurities. The choice of these
techniques depends on the main component of interest, and may include distillation and/or recrystallization
techniques. After a subdivision process (when preparing a batch CRM), the batch should be treated as
described in 5.7 t0 5.9.

Many solutions and gas mixtures are prepared by means of gravimetry, for which a well-established
uncertainty budget can often be obtained. The purity (or composition) of the starting materials enters into the
model for calculating the composition of the candidate CRM, as does its uncertainty. For the preparation of
batches of materials, volumetric techniques are widely used as well. Usually volumetric methods are
somewhat easier to handle, but they are usually also associated with a larger uncertainty than would be the
case when prepared gravimetrically.
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5.7.3 Blending of materials

Blending of two or more matrices may be considered if a particular property value is considered to be too high
or too low. The process is best carried out with matrices of similar kinds, although what is considered to be
“similar kinds” may differ widely. For proper blending, the material should be in such a state that
agglomeration of particles is suppressed. Usually the moisture content of the materials involved is the
dominant factor. If the material is “air-dry”, usually (but certainly not always) agglomerates disappear during a
good mixing process. The same is true for materials that behave like slurries. There is a potential problem
when the agglomerates do not disappear during mixing. Some level of agglomeration of particles may be

inevitable. For instance, soy powder with less than 2 % water is still sticky.

A f]thher requirement for proper blending of different matrices is that the densities and the pprticle size
disfributions of the materials being blended be sufficiently similar and, for the distribution, sufficiently narrow.
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licle size reduction and blending techniques, it is usually possible to obtain a batchvof  mater
d properties with respect to homogeneity and stability.

ase of doubt, the blended material may be subjected to a quick homogeneity.test, where seve

on a small number of portions, but a large enough number to obtain_some idea about the ho
ically, 10 portions should be considered to provide meaningful results for taking a decision as

5 will substantially reduce the segregation risks. With appropriate technology and correct implementation of
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he blended material are investigated for homogeneity of the properties to be\certified. Such a stidy may be

mogeneity.
to whether

the|blend material is suited for further processing.
5.74 Spiking
There are cases where spiking should be considered as a.suitable method for the production of a reference

malerial. Such cases include extracts prepared from sglid-state materials. Another example is
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reference material. Using a proper spiking method can lead to a material that fulfils the require
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e CRMs of PCBs in pork fat, where the CRM at elevated temperatures is a liquid. Other exam
ing is a good method for obtaining CRMs of desired properties are liquids, metals and alloy
kplace atmospheres.

najor problem with spiking is the achievement of sufficient homogeneity and stability of thg

bect to homogeneity and stability, even for solid-state materials. A suitable spiking method for g
mple, an “incipient wetness” technique, where the component to be spiked is dissolved in
bunt of solvent that is just sufficient to completely wet the surface of the solid. The solvent
sen in such a way that its tate of evaporation can be controlled. If the rate of evaporation is tg
e may come out again‘from the pores and cluster. In that case the spike will not be suffi
ded to the surface, which has an impact on the stability of the material. Too low rates of evap
 to migration of othefconstituents present in the matrix, or even their loss.

some groups ofunatrix CRMs, however, spiking is clearly an inappropriate method for obtaining

wit
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anglytescan be expected, leading to differences in, for example, the extraction behaviour. The equ
the| spiked material to naturally (contaminated) material should therefore be checked to make t
representative of real samples.

desired values for properties to be certified, as it may lead to CRMs that behave completely
normal‘routine samples. As a rule, major differences in the binding of the naturally incurred
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5.7.

5 Homogenization and subdividing

The sampled material usually undergoes several preparation steps before it becomes a reference material.
Necessary steps in this process include drying, particle size reduction, sieving, stabilization and
subdividing/bottling. At the design stage of the project, it should be established how far the sample preparation
will be extended. For instance, it is possible to prepare a sampled material in such a way that it can be
measured directly as an extract. In many cases, however, it is preferable that the sample preparation should
leave the sampled material in its original state, although heterogeneity should usually be decreased and
stability should be increased as a result of the sample preparation process.
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The required uncertainty of the property values of the RM and the required lifetime set requirements with
respect to the choice of sample preparation techniques. It should be borne in mind that the way in which the
candidate reference material is prepared influences the possible use of the material. For example, distributing
an extract will make it impossible to check for the accuracy of the extraction step in the customer’s laboratory.
Therefore, the objectives of preparing a CRM should be kept in mind when deciding how the raw material is

prepared to become suitable to be certified in view of the scope of use of the CRM.

5.8 Homogeneity study

A homogeneity study is necessary in batch certification projects to demonstrate that the batch of bottles (units)
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batch between-bottle variation, which is an uncertainty component to be included in the uncerta
the property value of the CRM. Even when a material is expected to be homogeneous,(as-in
utions, an assessment of the between-bottle inhomogeneity is required. When dealing with sq
ence materials, including slurries and sludges, a within-bottle homogeneity study’ should
determine the minimum sample intake. In principle, this homogeneity study does, not add to
of the property value in question. The number of extra samples needed mainly*depends on
pttle homogeneity study. The minimum number of bottles selected at random-is-between 10 and
generally not be smaller than 10.

| number of samples for a homogeneity study can be determined by statistically supported deg
Such methods usually take into consideration the inability of detecting any inhomogeneity,
le to the uncertainty of the measurements. Furthermore, the-nUmber of bottles depends on
so that the number of samples picked from the batch may be‘considered to be “representative
batch. This requirement should be balanced with the uncertainty of the measurements, whic

plicates. The above-mentioned statistical techniquessmay be of help with balancing the numbe
the number of replicates, so that the best approach is'chosen.

ility study
ting aims to determine the remaining degree of instability of the candidate RM after preparation
the stability of the material. Even “stable” materials may show instability for one or more prop
istinction is made between the stahility under specified

e conditions (long-term stability), and

brt conditions.

case of a homogeneity study, quality assurance aspects are as important as determining

uncertaintyf
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budget due t6_jnstability effects. The long-term stability concerns the remaining instability
lues of the_€RM under specified storage conditions. It is therefore important to specify th
accordinglytand to study the stability of the material under the same conditions. A refere
2 should-bé chosen such that it is practically certain that the material is stable at that temperat
gical and environmental reference materials show some degree of instability, despite the effort
/determrnrng opt|mal storage conditions. Transport condltlons should ideally be chosen so that
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Short-term stability is therefore onIy relevant as an uncertalnty component when the stablllty of a CRM is
affected by the specified transport conditions (e.g. from the producer to the user) in excess of the storage
conditions.

The short-term stability study is typically carried out at different temperatures, to study the effect of different
temperatures on the properties of the material. Temperatures of samples can vary during transport between
-50 °C up to +70 °C, depending on the type of packaging and transport modality. Based on the observed
effects, the transport conditions may be defined and packaging instructions drawn up to effectively eliminate
any unwanted side effects. A short-term stability study takes typically 1 to 2 months, but may be extended
when the optimal storage conditions are to be determined simultaneously.
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The stability study requires a considerable number of bottles (units). For each point in time, more than one
bottle should preferably be available. As most long-term stability studies last between 24 and 36 months, with
typically 5 or 6 points in time, at least 10 to 12 bottles are needed per temperature. When the design foresees
multiple temperatures, the number of bottles should be multiplied accordingly. For a short-term stability study,
usually 3 to 5 points in time are used, over 2 weeks. Following the same reasoning as for a long-term stability
study, the number of bottles should be between 6 and 10 for a short-term stability study per temperature. The
inhomogeneity of the material will also influence the number of units needed for the test of stability. If the
material is inhomogeneous, it is advantageous to make single determinations on several bottles rather than
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g the isochronous design (see Reference [13]). All samples are kept at a reference temperaturg

assumed that no instability is encountered (not necessarily the envisaged storage temperT

ples are subjected to the temperature under test in the stability study and kept at this'tempera
ples have been measured. The points in time are defined by the time elapsed bétween the nj
y are put at the temperature under test and the moment that they are measured:

the classical layout (see 8.2), a measurement method should be.chosen with good ref

ntaining good repeatability during a single experiment, the isochronous design is advantageo
bsical design. Apart from this aspect, the uncertainty in the assessment using the classical desi

thronous stability study will (for a given level of uncertainty)<be longer than for a stability stud
bsical layout. These advantages compensate well for the disadvantage of having no data
pility study, in particular for methods with (relatively) poor repeatability and reproducib
rmediate data are required, those measurements.should be taken independently from the ig
ility study. When certifying a single artefact, there,is'no choice but the classical layout.

the number of samples included, may:be based on a statistical design, appreciating, for ex
pility of the measurement method to detect any instability. Furthermore, an empirical model is
5t stability studies, so the number of\points in time should be sufficiently large that a proper ass|
validity of the model can be carried out. For a linear model for example, which has two
ercept and slope), at least 3 on4 points are needed, but often more to make a more accurate a
models with more parameters, the number of points (in time) in the stability study should be
ordingly.

0 Choice of meastirement methods

a stability study where samples are measured on different days, the selectivity and the repro
measurément method are of primary importance. Therefore, methods for homogeneity a
Jies are.not necessarily the same. This is not a problem so long as traceability of the reg
hogeneity and stability studies and characterization to a common reference are establishe
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measurement method used for the homogeneity study should have very good repeatability and selectivity.

Hucibility of
nd stability
ults of the
d. Such a

rence may be a material that is suitable for assessing the various calibrations or results frd

m different

measurement methods. Ensuring the traceability of all measurements in a certification project is an important
requirement (see, for example, ISO Guide 34 and Reference [14]).

For the characterization of the candidate reference material, especially in the case of matrix reference
materials, it is often highly desirable to use multiple methods, and often also multiple laboratories. Both the
methods and the performance of the laboratories should represent “state-of-the-art”, and they should be able
to make their measurements traceable to the references specified in the design of the project.
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The characterization of a candidate reference material may take place in different ways. There are two
mainstream approaches:

a)

b)

characterization by a single method, and

characterization by multiple methods and/or multiple laboratories.

Approach b) includes experimental set-ups known as a collaborative study or a collaborative trial. Both names
underpin the joint effort of the coordinator and participants to characterize the reference material. In all cases,
the measurement procedures used in the characterization should be made traceable to “stated references”,

ual

preferably
measurem
the materig
sample inc

Finally, the
should be
requiremer

with propetlly calibrated equipment, and that the results of these calibrations can be compared one to anot
r, when more laboratories are involved, the use of some kind of standard substance, mixture or
solution may be used to verify the degree of agreement between calibrations. This-aspect is partly an issu

In particuls

ta S| units The aspect of traceability of measurement results goes well beyand the ac
ents; it also includes the transformation of the sample. Transformation of a sample means bring
| (or artefact) from one (physical, chemical) state to another. Examples of such transformations
ude the destruction of the sample, and the extraction of the species to be measured.

measurements of the homogeneity study, stability study and the characterization, of the mats
tombined in order to obtain a proper estimate for the property value and its standard uncertaint
t for the data is that they refer to the same “scale”; that is, that all measurements are carried

ing
bf a
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her.

b of

defining proper references and thus establishing metrological traceability, partly~of being able to demonstiate

the validityland comparability of the results obtained in the various stages of the project.

5.11 Certffification

The certifigation of a CRM is described in Clause 11.

5.12 Summary of project design

In summary, the preparation of reference material inyGlves the following steps:

a) definition of the reference material, i.e. the.matrix, the properties to be certified and their desired levels,
and thg level of uncertainty desired;

b) design of a sampling procedure;

c) design of a sample preparation procedure;

d) selectipn of measurement\methods appropriate for homogeneity and stability testing;

e) design of the characterization of the reference material;

f)  sampling;

g) sampl¢ preparation;

h) choice of suitable methods for the characterization;

i) homogeneity testing;

j)  stability testing;

k) characterization of the reference material;

I) combination of the results from homogeneity testing, stability testing and characterization, including a full
evaluation of measurement uncertainty;

m) design of a certificate and, if appropriate, a certification report.
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6

6.1

Evaluating measurement uncertainty

Basis for evaluating the uncertainty of a property value of a (C)RM

The basis for any evaluation of measurement uncertainty is the GUM. Most of the projects that lead to a CRM
can be evaluated through the approach as given in Clause 8 of GUM:1993. For a CRM, this procedure can be
summarized as follows:

a) Express the relationship between the property value to be certified and all input quantities on which the
property value depends mathematically. The relationship should include all quantities that might
contribute sfgnificantly to the uncertainty of the property value, and 15 catied the measurement model.

b) | Determine the values for all input quantities, based either on statistical analysis of a sefies’of| data or by
other means.

c) | Evaluate the standard uncertainty for all input quantities using a type A evaluation for quantiti¢s obtained
from a statistical analysis of data, or using a type B evaluation for all other quantities.

d) | Evaluate the covariances between any input quantities.

e) | Calculate the property value (x), i.e. the value of the characteristic tobe certified.

f) | Determine the combined standard uncertainty associated with the property value from the standard
uncertainties and covariances associated with the input quantities, using the propagation [formula as
given in Clause 5 of GUM:1993.

g) | Determine a coverage factor £ to obtain an expanded uneertainty U, for which it may be assunjed that the
interval [x — U, x + U] contains a large fraction of.the distribution of values that could reasonably be
attributed to the characteristic being certified. The-choice of a coverage factor should be based on the
required level of confidence (often 95 %), theiprobability density function of y and (if applicable) the
number of degrees of freedom.

h) | The property value should be reported-together with the expanded uncertainty U and th¢ coverage
factor £, following the recommendations of ISO Guide 31.

In {he vast majority of the cases, the approach as described can be followed. There are however some

situations, where other approachesshould be chosen, as discussed in the GUM. Such situations inglude

— | cases where there is no.closed mathematical form for the model describing the relationship between the
property value and the input quantities, and

— | cases where thelinear approximation, as obtained by applying the formula for combining and gropagating
uncertainties)is-clearly invalid.

OtHer statistical techniques, including Monte Carlo or bootstrap methods, may be used to determine the

undertainty~associated with the property value of a CRM in these cases. For the purposes of this |Guide, it is

asqumeéd ‘that the approach as outlined can be followed. Other cases should be dealt with in agreement with
the|GUM.

The details on how to evaluate single components of uncertainty are covered by the GUM. In many cases,
aggregated uncertainty components can be defined in order to take advantage of existing data, such as the
results of validation studies, as described in Chapter 7 of Reference [15].

Uncertainty components that need specific guidance on their evaluation include the uncertainty due to batch
inhomogeneity, long-term stability and short-term stability issues. The evaluation of these uncertainty
components is covered in this Guide in Clauses 7 (homogeneity testing) and 8 (stability testing). Some
additional guidance is given in Clauses 9 and 10 on the evaluation of measurement uncertainty of the
determination of the property value for the batch.
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The uncertainty of property values from single-artefact CRMs that are certified based on a single calibration
may be carried out using the normal procedures as outlined in the GUM. It should be noted, however, that the

uncertainty

budget of this type of CRM should also include long-term stability effects.

6.2 Basic model for a batch characterization

Modelling a characterization process for the evaluation of uncertainty is neither a routine task nor a strictly
mathematical one. The establishment of a proper model for a property value of a specific candidate CRM is a
complex task, which should be carried out with great care to account for all relevant details of the procedures
followed to produce and certify the material. One of the basic requirements of the model is that all factors are

included tt
Therefore,
acknowled

to the characterization of the batch. Therefore, the uncertainty of a reference material can be expressed

follows:
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in order to be complete, the combined standard uncertainty on a reference material-~shg
e that homogeneity and both long- and short-term stability also play an important role in“addi

hinty of the certified value as obtained for the batch (characterization);

rred to a single package (homogeneity);

ime of sale (long-term stability).

on of the uncertainty associated with a property value of a.€RM considers the following factors:
pbrough) characterization of the material is accompanied by an uncertainty;

pr will (as a rule) use only one sample at a time;

terial will be stored for a longer period of time by the producer/seller;

terial must be transported to the user.

brs could all significantly contribute to the uncertainty associated with the value assigned to
(i.e. the value to be certified):for a CRM. Appreciation of these influencing factors does not go

mistakes, improper use, improper transport, etc., of the CRM. This approach is in agreement
3.4.8.

can be expresséd-as follows:
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Xehar denotes the property value obtained from the characterization of the batch or, in the case of a

5xbb

single artefact characterization, the property value obtained for this artefact;

denotes an error term due to the between-bottle variation;

Oxjs and Oxgs are error terms due to the long-term and short-term instability.

Usually, the homogeneity and stability studies are designed in such a way that the values of these error terms

are zero, b

ut their uncertainties are not.

12

© I1SO 2006 — All rights reserved


https://standardsiso.com/api/?name=0ef6095fde898b1ea8e9beca2aada189

ISO GUIDE 35:2006(E)

Assuming independence of the variables, the uncertainty associated with a property value of a CRM can be
expressed as

2 2 2 2
UCRM :\/”char +upp +ujig + gt (2)
using the error propagation formula in GUM:1993, E.8, the uncertainty components u,, (between-bottle
standard uncertainty), u;s (long-term stability standard uncertainty) and ugg (short-term stability standard
uncertainty) correspond to the error terms in the model. The combined standard uncertainty associated with
the property value of the CRM may be related to the shelf life of the material (see Clause 8).

certified for
alue of this

Sometimes, the long-term stability term is a function of time, such as for reference materials
radjoactive isotopes. The model used for evaluating the uncertainty associated with the property Vi
type of CRM should account accordingly for the time dependence of the certified value.

in several
delling and
f reference

Geperal recommendations on modelling measurements can be found in the GUM and
sugplementary documents, for example Reference [15]. Some specific guidance with.respect to mg
dath evaluation is given in Clauses 7 to10 with respect to modelling key steps in the certification g

majerials.

umstances

Undler some circumstances, it is possible to deviate from the basic model as stated. Such cirg

include situations where no transport of samples takes place, or Where it is explicitly statq
undertainty on the certificate does not include the transport of/the” samples. Specific guidan
estimation of these uncertainty components is given in ClausesZ (homogeneity testing), 8 (stabil
9 ahd 10 (determination of the property value).

If, for example, a sample that is sensitive to elevated temperatures travels for 6 weeks from the pr
cudtomer, where the producer foresees only 1 weekat’maximum, the properties of the CRM
undergone severe changes. Provided that the producer specifies on his certificate or, if deq
appropriate, in additional documentation, the préducer is entitled to limit the short time sta
acdordingly.

Uncertainty sources

Apart from the uncertainty sources” mentioned, the uncertainty sources commonly enco
mepsurement procedures, should‘also be included in the model. Both the GUM and Reference [1
undertainty sources. When cofnstructing a model, it is recommended to follow such a generic list

d that the
ce on the
ity testing),

bducer to a
may have
med more
pility study

untered in
b] list these
in order to

reduce the effort of getting. all relevant uncertainty components. Often, the measurement methods have

alrgady been evaluated in terms of measurement uncertainty, and the models available for these m
be ppplied for the evalltation of the uncertainty of a property value of a CRM as well. It should bg
any change in a pafticular measurement procedure should be accompanied by a review of the
mofel.

Often, uncertainty models of measurement methods contain aggregated components, i.e.
components“which depend on several others. These aggregated components may lead to d
(sep 64),‘even if these do not appear when the measurement method is used for a routine measur

ethods can
noted that
uncertainty

uncertainty
ovariances
ement. The

evdltation of covariances and correlations is crucial to obtain a correct estimate of the combing

d standard

uncertainty associated with the property value of a CRM. To facilitate the process of detecting covariances, it
is recommended to document which uncertainty components are contained in the aggregated uncertainty
components. This documentation allows relatively quick identification of possible sources of covariances and
correlations. In GUM:1993, appendix F, some further guidance is given on how to evaluate the resulting
covariances.

6.4 Issues with distribution functions

Most statistical techniques require implicitly or explicitly assumptions concerning the probability density
function of the variable under study. The approach of the GUM does not form an exception, because
somewhere in the evaluation process, the probability density function will have been determined or assumed.
The models in use for the certification of reference materials do not form an exception to this principle, as they
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build forth on basic statistical theory. Frequently, these assumptions are made implicitly (e.g. by using a
particular statistical estimation/type B evaluation technique) rather than explicitly. Many statistical methods
assume, for example, normally distributed data. This assumption is also underlying most of the statistics in
this Guide. For most data from composition measurements, this approximation is fair, whereas for other
measurements, such as counting of small numbers, this assumption may be invalid.

Regression analysis and analysis of variance are based on the assumption of normally distributed data.
Nevertheless, these statistical tools work well on data that have a unimodal distribution function, as long as it
is used to estimate variances (see, for example, Clauses 7 and 8, and Reference [21]).
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In the worst case, this means that the material cannot be certified due to lack of agreén
ults from laboratories and/or measurement methods. Assigning a single property value\is ¢
n there is agreement among methods and/or laboratories. Small discrepancies may be resolved
an additional uncertainty component, appreciating this effect. If there is agreementvbetween
5 using a particular method, then a method-dependent certification may be considered, resultin
bendent property values. If there is no agreement between the laboratoriesi@nd grouping
bes not solve the problem, then the characterization data are unsuitable for. establishing prop

of ratios

problem exists in using ratios, for instance in stability studies ['61:t should be noted that the rati
y distributed variables is not necessarily also normally distributed [17]. The actual distribution of

variables depends on both distributions of the two variables involved, as well as on the ac
e parameters of these distribution functions. In particularwhen a property value can be zero, ag
th some colour measurements, the use of ratios maydead to problems, as the ratios will follow
tribution [171. This distribution has no moments, which'means that, for example, the variance is

a consequence, it is not possible to evaluate.the measurement uncertainty on the basis of
robability distribution.

zation of the effect of random error components due to measurement can also be obtained thro
lication of the law of propagation of-uncertainty; i.e. the inclusion of the necessary covaria
en the two variables forming the ratio. This “reduction of uncertainty” is often the desired effeq

be achievdd by using ratios [16l; using the-law of propagation of uncertainty on the observed data has
advantage |of being safe with respect to artefacts in the distribution function of the ratios and, at the same t

leads to th
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hge factor used in” step g) of the approach outlined in 6.1 is determined on the basis of
function asstimed for the property value (often the normal distribution) and the level of confide
)- As a consequence, a coverage factor k£ = 2 is often assigned on this basis (normal distribut
of confidence). When the (effective) number of degrees of freedom is considered to be |
distribution may be used instead to assign a coverage factor.
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hore the accignnr'l distribution of the prnpnrfy value is considered to be acymmnfrir‘al such as in
H

case of the result of a count following the Poisson distribution, a confidence interval should be stated rather
than the expanded uncertainty and a coverage factor.

6.7 Recertification

Over time, the actual property value of a CRM may drift from the certified one. When the actual property value
of a CRM lies outside the range indicated on its certificate, there are two basic ways to deal with the problem:

to with

draw the CRM/RM, or

to do a recertification of the material.

14
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The choice between the two options is based on both economical and technical factors. Technical factors for
withdrawal may include, for example, a deterioration of the matrix or one or more of its constituents, which
might be the conclusion drawn from a stability test or a stability monitoring (see 8.4). A withdrawal of a CRM
from the market may be preferred when the remaining batch of items has become too small to do a
recertification.

A recertification implies that (relevant parts of) the homogeneity test, the stability test(s), and/or
characterization of a reference material are carried out again. Improvement of the measurement capability in a
particular field may also be a reason for a recertification (when economically feasible). The material as
produced may still be good enough, however the establishment of the property values should be improved to

redf@Mﬂ&MWWMMM&M—
Angther type of recertification observed in practice is due to a gradual change of a property ef.a n

exgmple of this type is the calorific value of coal, which changes over time even when coal is store
bedt possible conditions.

haterial. An
H under the

A
g

7 | Homogeneity study

7.1 Preamble

Mogt RMs are prepared as batches of items (e.g. bottles, vials or test pieces). The final step in the
of any RMs is the subdivision into usable items. A subset of the"batch of items, typically 10 to 30
by B sampling scheme to undergo a homogeneity study. Theré.are various methods for selecting

breparation
, is chosen
the subset

from the batch (e.g. random sampling, stratified random sampling or systematic sampling). Random sampling

or gtratified random sampling schemes are mostly used in“practice and usually provide a subset
regprded as representative of the whole batch. If it is.egrtain that inhomogeneity will not be detd
batth, systematic sampling schemes may be used too.

The results of the between-bottle homogeneity. study 3) provide for the evaluation of one of the
components in the certification model (see Clause 6). The magnitude of this uncertainty compone
widely, mainly depending on the nature of.the’RM. This type of homogeneity testing is only applica
cerjificate valid for a batch of items is issued.

A second important type of inhomogeneity is within-bottle homogeneity, the impact of which may
corlsiderably by providing properiinstructions for use. These instructions may include remixing of
and, for granular materials, @ minimum sample intake. This is the smallest test portion which, w
corfectly, may be considered.as being representative of the RM within the certified uncertainty.

7.2 Materials

RMs prepared as'solutions or pure compounds (if certified for purity; not for impurities) are expecte
high degree<f)homogeneity on physical (thermodynamic) grounds. These materials can, however

hat can be
cted in the

uncertainty
nt can vary
ble when a

be reduced
the sample
hen drawn

d to have a
also show

some heterogeneity, for example due to a density gradient or metals containing occluded gases. Th

e objective

of the test for homogeneity for these materials is mainly to detect any impurities, interferences or ifregularities
that may be due to undetected problems during the preparation. In these cases, a very small if nqt negligible
uncertainty contribution IS expected from the between-bottle homogeneity study. Even in these cases, where
perfect homogeneity may be assumed, such an assumption should be verified experimentally by a
homogeneity study.

Materials such as mixed powders, ores, alloys, etc. are heterogeneous in composition by nature. RMs
prepared from such materials should therefore be tested to assess the degree of inhomogeneity. The
magnitude of the uncertainty component due to between-bottle inhomogeneity can still be small or even

3) Where reference is made to “between-bottle homogeneity”, it is understood that the same applies to other physical
shapes of an RM, such as vials or test pieces.
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negligible in comparison with the uncertainty associated with, for example, stability testing or characterization,
but in some cases it is inevitable that it is of the same magnitude as the uncertainty component from the
determination of the property value (characterization). Much depends on the options available during
preparation to reduce the batch inhomogeneity.

7.3 Concept of homogeneity

In theory, a material is perfectly homogeneous with respect to a given characteristic if there is no difference
between the values of this characteristic from one part (item) to another. However, in practice, a material is
accepted to be homogeneous with respect to a given characteristic if a difference between the values of this

characteris
from, for e

There is a
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In particule
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ample, characterization.

n experimental limit to the detection of batch inhomogeneity (). Care should be, taken no
ate this uncertainty component due to limitations arising from, for example, the measurement meth
r, when only methods with poor repeatability are available, such an underestimation risk exi

Furthermo
this type

measurement (see also 7.10).

e, whenever possible, the subsamples taken for measurement should be sufficiently large, so
f subsampling does not contribute significantly to the uncertainty dueto repeatability
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alid

This subclpuse deals mainly with bulk inhomogeneity, since for most referefice materials this type
inhomogerieity is the most relevant one. There are important exceptions, however. For example, in surf]
analysis, rg¢ference materials may be wafers or foils. The relevant inhomogeneity is, of course, that across
surface, arjd not in the direction perpendicular to the surface. Most considerations in this clause can be v

for other t
literature, i

7.4 Prad

Ideally, an
interest. Fd
inhomogen
cases, unf
things) on

In practice

es of inhomogeneity as well, but the guidance offered should be compared with more speciali
cluding International Standards describing the relevant‘measurement methods.

tice

RM should be characterized with respect to the degree of inhomogeneity for each characteristi
r RMs with a relatively large number of properties to be certified, the assessment of the degre
eity for all characteristics may be burdensome both economically and physically and, in sd
asible. It should, however, be realized- that the quality of the RM produced depends (among o
he correct assessment of the batch inhomogeneity.

the degree of homogeneity of such RMs may (under certain conditions) be assessed only

selected ¢
be approp

aracteristics when the preferred approach is not feasible. It is essential that these characteris
ately selected on the basis of established chemical or physical relationships; for example, an in

ved

C of
b of
me
her

for
tics
ter-

element cgncomitance in the mineral phases of an RM makes reasonable the assumption that the RM also

has a simil
characteri

r degree of homogeneity for the non-selected elements. Other examples where a reduction of
ics included din‘ythe homogeneity study is possible include hard and brown coal, wh

the
ere

atch

red
Ligh
ative
transfer of the magmtude of |nhomogene|ty observed for one characterlstlc to another, with sufflc:lent ewdence
that the degree of inhomogeneity is not underestimated.

7.5 Measurements

Measurements in a homogeneity study should be carried out under repeatability conditions (see
ISO 5725-1 [] for a definition of repeatability conditions). Furthermore, the repeatability standard deviation of
the measurement method should be small. If possible, a situation should be achieved where the uncertainty
associated with the determination of a single bottle (sr/\/n) is considerably smaller than the (expected)
combined standard uncertainty from the determination of the property value. In some cases this is not feasible,
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which might require an alternative approach to the one given in 7.9[19 leading generally to a higher

uncertainty estimate.

The measurements should be carried out in such a way that a trend (drift) in the measurements can be
separated from a trend in the batch of samples. This can be achieved by measuring the replicates of the
samples used in the homogeneity study in a randomized order. Alternatively, the order of measuring samples

may also be reversed between the replicates, as in the following example.

EXAMPLE

con

A tr]
of

7.6

The
strg
we
Str.
hor
the

The measurements should be carried out in such g-way that any trends that might be present in t

do
this
in v

the}
sanpple preparation process and, in particular, the subdivision process.

Suppose, 10 samples are used for a homogeneity study, with 3 replicates. A suitable
ducting the measurements reads as follows:

4

scheme for

A
NU.

N

= o 4 o o 4.0
=1 — a5~ U= 0T 1TU

(<o)

10-9-8-7-6-5-4-3-2-1
2-4-6-8-10-1-3-5-7-9

n L 4
MCICatc 1.

Replicate No. 2:
Replicate No. 3:

end due to drift in the measurements can be detected by performing a trend analysis on the ‘results in thd
easurement. A trend due to the sample preparation can be detected by analysing the bottle’averages as
sequence number. It is therefore important that the sequence number of a sample batch is logically r

Statistically valid sampling schemes and trend analysis

sampling scheme, used to pick the bottles (items) for the homogeneity study may be rando
tified or, in some cases, systematic. The sampling schemey'should take into consideratio
knesses in the method of preparing samples, thus allowing/a“critical examination of the prep
tification is recommended in many situations, since this guarantees that the bottles pick
hogeneity study are equally distributed over the wholehatch. Systematic schemes may be ap
e is practically no risk of overlooking systematic effecis’ or trends in the batch.

hot interfere with any trends that might be in\the measurements themselves. In a measureme
can be achieved by, for example, randomizing the order of bottles in combination with changin
hich the samples are measured.

Pri

dath obtained should be inspected for trends. In 8.3.1, a basic recipe for trend analysis is given in
of dtability studies, a methodology:-which can also be applied for the data of a homogeneity study a

r to determining the magnitude of.the between-bottle homogeneity standard uncertainty, the e

exact order
A function of
tlated to the

m, random
n potential
ared batch.
ed for the
plied when
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nt scheme,
g the order

perimental
the context
5 a function

of the bottle number. If a signifieant trend in the bottles is present, then usually the batch produced|is unsuited
for | batch certification. Atrend in the measurement results is something to correct for, irrespective| of whether
it i statistically significanf et not. A method for trend analysis and, if necessary, for developing a cqrrection for
insfrument drift, is the inClusion of a quality control sample that can be fed directly to the instrunmpent. When
obgderving a trend in“the batch, a redesign of the subdivision procedure may be necessary to elimipate such a
trend effectively:
7.7 Evaluating a homogeneity study
A RQasie model for a homogeneity study comprising i =1 ... a bottles and j =1 ... n;, measuremgnts can be
expressed a5 fottows (see,; e.g- References {20710 {221):

X :ﬂ+Ai+5g/ (3)

where x;; is the result of a single measurement in the homogeneity study; u is the (mathematical) expectation
of x;;, which is the value that the grand mean (mean of means) takes up when the number of repeated
measurements tends to infinity. If the measurements are unbiased, then x4 is equal to the true value. The
terms 4; and ¢; are the error terms for the between-bottle homogeneity and the random measurement error.
The variances of these terms are the between-bottle variance and the repeatability variance respectively.
Usually, it can be assumed that 4; and &; are mutually independent, that is, the between-bottle inhomogeneity
does not influence the repeatability of measurement or vice versa. Furthermore, it can often be assumed that
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the variable 4, is normally distributed, with mean zero and variance o,2. Likewise, it can often be assumed

that the random measurement error ¢; is normally distributed variables with mean zero and variance o2 [211.

Various experimental designs can be developed for a between-bottle homogeneity study. In B.2, a case using
a fully nested one-way analysis of variance approach is described.

7.8 Between-bottle homogeneity study

A between-bottle homogeneity study aims to determine the between-bottle variation. The “groups”, as
described in the previous clause, represent bottles (units). Two typical experimental set-ups for a between-

bottle homggeneity studyare visuatizedimFigures—t+amd2:

4 ) ( ) 4 \
Bottle No. 1 Bottle No. 2 Bottle No. &
\ J . J \ J
A 4 n ) ( n ) 4 n 3\
subsamples subsamples subsamples
|\ J (. J |\
(2]
o
>
o) 4 ) ( ) 4 \
5 n n "
c transformations transformations transformations
- \ J . J \« J
=
=
e ~N e N e A
n n n
measurements measurements measurements
\ § y, \ y, \ J

Betweefigroups

A
\J

Figure 1 — Layout of a between-bottle homogeneity study
(from Reference [22])

In Figure 1| an ideal case is shown in which subsampling of the items is possible and has been carried out. In
this design, because multiple test portions have been taken from each sample of the batch and individually
transformefl, the variance “betweén bottles” only includes the between-bottle heterogeneity, while the variapce
“within botfles” includes the .Ungertainty due to measurement, transformation and subsampling. From a
perspectivg of obtaining an Unbiased estimate of the heterogeneity of the material, this is the ideal situation|.

4 ) ( ) 4 \
Bottle No. 1 Bottle No. 2 Bottle No. &
|\ J (. J |\ J
- ~ r ™ ~ ~
Transformation Transformation Transformation
|\ J |\ J |\ J
[0}
o
>
(o) 4 ) ( ) 4 \
& n n "
c measurements measurements measurements
E |\ J (. J |\ J
=

Between groups

A
\

Figure 2 — Alternative layout of a between-bottle homogeneity study
(from Reference [22])
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In Figure 2, a design is shown for the case where subsampling of the items is impossible or just not carried
out, for example for economic reasons. In this design the effect of between-bottle homogeneity is included in
the variance “between groups”, as are any effects arising from the transformation of the sample. The variance
“within groups” covers only the repeatability of the measurement. With test pieces, or “single-shot” samples,
often only one test is possible, so in this case, n, the number of replicates, equals 1. In these cases, there are
no within-bottle homogeneity effects to account for. In those cases where the sample allows multiple
measurements after transformation, »n will generally be greater. In those cases where n > 1, the data can be
treated with an analysis of variance (see A.1 and B.2).

If a one-way analysis of variance approach is used, then s, can be computed in both cases by

MSamong - MSwithin

(4)

no

In these cases, the between-bottle variance s,,,2 is identical to u,2.

7.9 Insufficient repeatability of the measurement method

It i
rep
effd
cer

b not always feasible to perform a homogeneity study with a measurement method that is|sufficiently
patable. In those cases, an alternative approach may be necessary thatiattempts to estimate th¢ maximum
ct. If u,, denotes the uncertainty component due to batch inhomogeneity to be included in th¢ model for
ification, it should be noted that

2
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< utz,b
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analysis of

The repeatability variance can be derived separately,or be set equal to MS, - The right-hand

exgression represents the squared standard uncertainty associated with the result of one bottle. Th
sid¢ represents the “pure” effect due to betweenbottle inhomogeneity, as estimated from an

varfance.

insufficient
e [19]. The

A
rep
infl

iscussion about various approaches ;0 obtain an uncertainty estimate that accounts for
patability of the measurement method' other than the result of Equation (4) is given in Referend
lence of the repeatability standard deviation on s, can be accounted for using

o :\/MS\Zithin 4,

2

VMS inty

(6)

whe wveen-bottle

hor

ere MS,imin 1S €qual to the repeatability variance of the measurements used in the bet
hogeneity study:
nd that the

This expression'is based on the consideration that a confidence interval can be developed for sy, 2

hal
the
ina

-width 8f the 95 % confidence interval, converted to a standard uncertainty, can be taken as a
impact of the repeatability of the method on the estimate of s, The expression is an example

measure of
of how the

ility of estimating inhomogeneity can be accounted for. Alternatives can be developed but t

hey should

meet the criteria as given in Equation (9).

7.10 Within-bottle homogeneity

Within-bottle homogeneity is an issue that only arises when the bottles (units) of the candidate RM can be
subsampled. In many cases, it is not possible to obtain an exact estimate of the variance due to within-bottle
heterogeneity. The repeatability of the test method will to some extent always be contained in the estimate for
within-bottle homogeneity. This makes the estimate for s, always “safe”, i.e. greater than the actual
uncertainty. Figure 3 shows the layout of a within-bottle homogeneity study.
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Figure 3 — Layout of a within-bottle homogeneity study
(from Reference [22])

t portions are drawn from a sample, which can usually ©nly be transformed once (Figure 3). Th

exceptions (e.g. the use of X-ray fluorescence) where multiple measurements on the same
possible. In these cases, a one-way ANOVA appreach may be considered, just as in the case
pttle homogeneity (see A.1). The relevant standard deviation is the standard deviation betw
ere a group represents a subsample.

Um sample intake is determined by carrying out a within-bottle homogeneity study for different
5 the within-bottle homogeneity standatd deviation depends on the number of particles carryin
perty, it is possible to determine the minimum number of particles (or minimum test portion). 1
5 the smallest sample intake for~which the standard deviation of the test portion equals
y standard deviation of the measurement method.

Um sample intake may be.determined experimentally or through extrapolation. Extrapolation of
e standard deviations(obtained from different subsample sizes may be used to find the smal
size that does notaffect the repeatability of measurement for that particular parameter. Due to
e within-bottle hemogeneity standard deviation is usually an overestimation, the minimum san
sually be an.overestimation too.
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pf a
ben

fest
g a
[his
the

the
lest
the

ple

Another approach to.the problem is to demonstrate for a particular sample intake that the standard deviafion

over the tg¢st pertions equals the repeatability standard deviation of the measurement method. Such
assessmer)t can‘be done by comparing the variances with a y2-test (see I1SO Guide 33 for details).
sample intake“used in such an experiment may be set as the minimum sample intake.

an
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8 Stabi

8.1

There are t

lity study

Types of (in)stability

wo types of (in)stability to be considered in the certification of reference materials:

the long-term stability of the material (e.g. shelf life), and

the short-term stability (e.g. stability of the material under “transport conditions”).

20
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The long-term stability of a reference material is associated with the behaviour of the RM on the shelves of the
producer. The short-term stability is associated with any extra effects due to transport of the samples. In some
cases it is not possible to maintain appropriate conditions with respect to the stability of the RM during
transport and, in this case, allowance should be made for some extra uncertainty in the property values.

For the validity of the uncertainty stated on the certificate of a CRM, a correct estimation of the effects due to
both long-term stability and short-term stability are as important as the correct assessment of the batch
inhomogeneity (see Clause 7). During the lifetime of the CRM, the validity of the uncertainty on the certificate
should be demonstrable, so that the CRM can meet the requirements with regard to stability.

less. This
er product.
ciated with
itions (see

Designs of experiments

g¢re are two basic experimental layouts for stability studies [13. [23]
the classical stability study, and

the isochronous stability study.

In ]
cor
rep
Sys

The
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em
spd

Thd
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tha
rep
whi

he classical stability study, individual samples prepared at the same time (i.e. as a batch), und
ditions, are measured as time elapses. In this case, the work is carried out under (within
roducibility conditions, which leads to a relatively high uncertainty, as the instability of the me
tem is also included.

isochronous stability study has been.introduced to allow all measurements of the stability st
ce under repeatability conditions [1317.e. in one run with one calibration. The word “is
bhasizes that the measurements arejall taking place at the same time, rather than distributed o
n of the stability study, as is the Case in the classical approach.

isochronous approach reduces the scattering of the points over time, thus improving the “re
stability study. As a consequence, the isochronous stability study will usually lead to a smaller
N the classical ones-depending on the difference between the repeatability and the (within

er identical
laboratory)
pasurement

Lidy to take
bchronous”
er the time

solution” of
uncertainty
laboratory)

roducibility of the-méeasurements. A prerequisite for this layout is that conditions can be defined under

ch degradationddqes not occur, or at least occurs at a different rate from the conditions selected

for storage.

case where

¢ isochronous.Jayout is specifically designed for batch certifications, as it cannot be used in the

rm stability
ifimum) the
- , nditions for
transport, the smaller the short term stab|I|ty study may be kept. It is recommended to apply conditions for
transport for which the instability of material is not greater than in the long-term stability study, so that no
uncertainty contribution for short-term (in)stability needs to be included in the certification. For several kinds of
reference materials (e.g. clinical, biological and environmental reference materials), it is not always obvious
that transport conditions can be maintained which allow the effect of transport on the material to be ignored.
When no previous experience is available concerning a particular matrix/property combination, a short-term
stability study might be carried out at different temperatures, to gain information concerning the appropriate
storage conditions, and the necessity to take precautions during transport.

Such a study typically takes about 2 months, but may be extended to 6 to 12 months to obtain additional
information about the long-term stability. The range of temperatures for such a continuation may be reduced
as appropriate, as the study after 2 months concerns only the storage conditions. Any transport of a CRM can
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and should be organized in such a way that the time needed for transport is as short as possible. Experience
has shown that 2 weeks are feasible, but exceptions may exist. In any case, the short-term stability should
include temperatures that might occur during transport (e.g. up to 70 °C and down to —50 °C) for a period that
is at least as long as that allowed for transport of the CRM. If such as period is restricted to, for example,

3 weeks, a

short-term stability study of 3 to 4 weeks will suffice.

8.3 Evaluation of results

8.3.1 Tre

nd analysis

The first stgp in the evaluation of data from a stability study is a check of whether any trend in the data car
For small instability problems where the underlying kinetic mechanism is unknown, axln

observed.
approxima
such a mag
complex fol
test the tre

In the abss
as

Y = ﬁo
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mechanism,
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ion is a suitable model. In cases where a well-defined mechanism is the reason for the-instabi
del is to be preferred over the (empirical) linear model. The mathematics are soméwhat m
' models other than the straight line, but the evaluation runs in the same fashion, using the F-tes
nd for significance.

nce of a well-defined kinetic mechanism, the basic model for a stability study‘¢an be expressed

+f1X +¢

nd £, are the regression coefficients, and ¢ denotes the randofmerror component.

An RM containing a radioactive isotope is an examplesof a parameter with a well-defined kin
in this case a radioactive decay.

factors. In the case of stability studies, X denotes time, and Y the property value of the candiq
a stable reference material, $, is expected-to be zero. The development of expressions
pr the parameters 5, and 54, as well as theycomputation of variances of different kinds, follows
5 as the development of the expressions for analysis of variance, as shown in Reference [20].

of n pair-wise observations of Y versus X, for each Y; the following expression can be develope
+B1X; +¢g;

e than one value of ¥ Wwill be available for each X;, due to repetition of measurement, the us¢
one bottle per point-in time, etc. These aspects should be included in the model of the partic
dy. For the trend‘“analysis however, the average result of all bottles at time X; can be used. Ba

se and Reference [20], these extensions can be developed quite straightforwardly.

sion parameters can be computed from the following expressions. For the estimator for the slig
g expression can be used:
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The estimate for the intercept can be computed from
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From error analysis, the expressions for the standard deviations in 5, and by can be computed. The estimated
standard deviation of b, is given by

s(b1):ns—2 (11)
X, -X
2.(%:-%)

where

— t:'l

n—2

(12)

The¢ estimated variance of b is given by

2
(ko) =7 (T-y¥)-e2| Lo K| L (13)

where it should be noted that 4 and Y are uncorrelated [24],

Baged on the standard deviation of b,, a judgement can bermade. Using Equation (11) and an fppropriate
t-fator (the relevant number of degrees of freedom equals n — 2), b4 can be tested for significance. Although
thig method is quite uncomplicated, it requires thexgomputation of s(b4), a parameter that i often not
calgulated by software. Most software does, however, compute an F-table, which can also be used for
evdluating the significance of regression (see Table’1).

Table 1 — Analysis of variance table for linear regression

e Degrees of Sum of squares Mean square
Source of variation freedom SS MS F
no. _\2 MY
Due to regression 1 (Y,» - Y) MSieq F= _;e_g
i=1 N
S 52 Ss
About regression (residual) n—2 (Yi - Y,-) 52 = 2
i=1 n-
n _
Tptal, corrected for mean ¥ n—1 (Yi - Y)
i=1

Themean square due 1o regression is often denoted as S5(b41bg), 10 be read as 'sum of squares for b4 after
allowance has been made for b,". The mean square about regression (s2) is an estimate for the property
denoted by o2, , and called the variance about regression.

The ratio MSg: s? can be tested for significance using the F-tables. Table 1 provides the necessary
information with respect to the degrees of freedom. The advantage of using the F-table instead of the method
using the #test is two-fold:

— the F-table is generated by most software systems by default, and

— the F-table can readily be extended to other regression models, which makes it more widely applicable.
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Irrespective of what kind of test is used, it should be noted that the outcome is only meaningful if the
repeatability standard deviation of measurement, possibly in conjunction with the between-bottle homogeneity,
is sufficiently small. It can be demonstrated that if the repeatability standard deviation is comparable to that of
the homogeneity study and the characterization of the material (e.g. the determination of the property value),
this requirement is met as far as the repeatability of measurement is concerned. The effect of the
between-bottle inhomogeneity can be reduced by taking multiple bottles at each point in time. Such an
approach can be necessary when s, is equal to or greater than the repeatability of measurement. If a trend is
observed, this usually means that the material cannot be certified. A criterion for such a decision should be
based on the (expected) uncertainty associated with the property value of the reference material, the (desired)
shelf life, and the trend over this period of time. If the trend is meaningful over the period of the (desired) shelf
life with respect to the uncertainty associated with the property value of the RM, then either the material
cannot be ¢ertified due to lack of stability, or the shelf life should be decreased.

8.3.2 Ungertainty evaluation in absence of trend

A stability gtudy includes the following uncertainty components:
repeatability of measurement;

instability of the material;
instability of the measurement system (in the classical design);
reproducibility aspects (e.g. operator, equipment), including calibrationy’(in the classical design);

betwegn-bottle homogeneity (in batch certifications).

From this |

classical onfe, as it reduces the number of components todook at. In a typical isochronous stability study,

three comg
variance [2

(s,
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st, it can be seen that, whenever possible, the jsochronous design should be preferred over

onents of uncertainty are left, which can be-séparated through a fully nested two-way analysi
1. [23]. The uncertainty for a single measurément in such an experiment can be expressed as

2 2 .2
k):Sstab tSpp t S,

is the standard deviation due-to instability, s, denotes the between-bottle standard deviation,
htability standard deviation.,;The index i runs over the points in time, j over the bottles, and & ¢
d measurements.

pse of the homogeneity study, the quality of the estimator s,,, depends on s, (and s,). Thus,
pttle homogeneity affects the quality of the estimator for instability. This is inevitable, as it i
analysis of ‘Variance [20l. [30], The processing of the results can be carried out by a two-

p from-a stability study [23. When there are multiple temperatures in a stability study, the
btained~for the reference temperature will often be the best one, as for this temperature

nat the material is stable. At temperatures where the material is clearly not stable, the changep
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The assumption has been made that the homogeneity and stability of the material are independent. This is
often the case, but there can be exceptions. When there is considerable between-bottle heterogeneity, it can
also be expected that the stability of the material will differ from bottle to bottle, as the stability of the material
depends (among others) on the composition of the material. The presence of some destabilizing component,
quite heterogeneously through the batch, may also be a reason for such a correlation.

In the classical design, the expression for the uncertainty of a replicate reads as

2 2 2 2 2
u (yij'k):Sstab+slor+sbb+Sr (15)
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where one term has been added, the variance due to lack of repeatability?), s,,2. This term represents the
stability of the measurement system. The measurements in a classical stability study take place under (within-
laboratory) reproducibility conditions, which leads to the complication that the stability of the measurement
system cannot be separated from that of the candidate reference material. As a result, the uncertainty for

inst

ability will always be greater for the classical design than it will be in the isochronous case.

Another option is to estimate uncertainty of stability via the uncertainty associated with the regression line with

asl

ope of zero [16]. This approach gives a “safe” estimate of possible degradation of the material.

The various budgets (sgigp, Spp, 5,-) Can be determined from the respective mean squares (M). In A.2 the two-
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erences [20] and [21].
Stability monitoring

1 Experimental

hitoring should be envisaged during the lifetime of the CRM. A fundamental problem of stabilit
theoretically they only account for the past, not for the present or futuréy Some kinds of deg
br instability problems proceed very slowly and gradually, but in many cases some abrupt
perties take place at some time, practically ending the lifetime of'the CRM. As these mech
nly unpredictable, it is necessary to monitor the stability.

hitoring usually takes place using the classical design. This”is because the isochronous ¢
vides data at the end of the stability study, whereas for monitoring it is essential that informati
ilable during the lifetime of the CRM. This has no further.consequences for the uncertainty assq
property value of the CRM, in contrast to the other.fwo’ stability studies, since monitoring only i
nonstration that the uncertainty on the certificate is still valid. This should obviously be carried o
that not too much uncertainty is added duringsthe verification of the CRM, but there is no n
ount for these results in the combined standard Uncertainty associated with the property value o

mportant alternative to classical monitoring is to use the isochronous experiment design to carr
emi-continuous stability study. An example of this kind of stability monitoring is shown in Figure

uld be measured under (ideally) repeatability conditions. Sometimes the measurements take
hy, which means that working under strict repeatability conditions is not possible. The s
ermined from the data~(see 8.5). It is important to note that the measurements in a subsed

prent stability studies,; as the estimators will only slightly improve.

reason that«this type of stability testing cannot be continuous is because of the use of i
hsurementssince these are carried out in a single run after the period of stability testing, it is n
Ke a “cutlin the stability testing. After such a cut, the uncertainty associated with the property
M may-be reviewed as well, since these new stability data may be used as a renewed estim
ertainty due to instability. In essence, the “cut” is due to the fact that each isochronous stabi

r example,

y studies is
radation or
change in
anisms are

esign only
bn become
ciated with
hvolves the
it with care,
ecessity to
f the CRM.

out a type
4.

he logistics phase, the samples -are stored at the relevant temperatures. After this phase, all samples

more than
helf life is
uent study

uld take place before the shelf life has ended. Using this design, there is little need to combine rfesults from

sochronous
bcessary to
alue of the
htion of the
ity study is

e wWith a cingln calibration. Such g calibration is necessary for each new st 'd‘,’, whereas in tH

e classical

des

ign every data point usually requires a new calibration, giving rise to a “lack of repeatability”.

4)

“Lack of repeatability” means that there exists a reproducibility effect between the points in time in addition to the
repeatability of measurement.
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Figure 4 — Semi-continuous stability testing (from Reference [23])

8.4.2 Ungertainty evaluation

The uncerfainty evaluation of stability monitoring“is quite different from long-term and short-term stability
studies. Fifst, it should be noted that stabilityymonitoring does not affect the uncertainty statement of |the
reference [naterial on the certificate, uqgy. This is logistically impossible and is unnecessary, as willf be
demonstralled. Ideally, the uncertainty associated with the measurement (u,o,5) is Substantially smaller than
ucrwm» but this situation may not always-be feasible. Furthermore, the measurements should be carried oyt in
such a wayf that their validity is not. demonstrated by using the CRM. One cannot check two things at the sgme
time with pne experiment. The ‘validity of the CRM is to be reconfirmed, which can only be valid if [the
measurement is demonstrablyreliable.

If the condition

2 2
xCRM_xmeas|Sk\/“CRM+”meas 16)

is met, wheére_x~py denotes the property value of the CRM, x,.... the observed value during measuremgnt,
and k is an appropriate coverage factor at a level of confidence of 95 %, then the material may be considered
to be sufficiently stable, and the stability is demonstrated (provided that the method of measurement is
unbiased).

If these experimental conditions are fulfilled, both the property value and its expanded uncertainty are
reconfirmed. Under these conditions there is no need to increase ucgy, as the uncertainty from measurement
is something which must be accounted for separately. This is true both for monitoring and for the normal use
of the CRM. It should, however, be noted that for the sake of the validity of the monitoring measurement,
Umeas Should be as small as possible, and should certainly not exceed u,.,5 from a typical user of the CRM,
who will use a similar approach for verifying his measurements.
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If the monitoring or continued isochronous stability testing indicates that the property value is no longer valid
within its uncertainty, there are two legitimate options (see also 6.7):
— withdrawal of the (certified) reference material, or
— recertification.
8.5 Determination of the shelf life in relation to the long-term stability
The shelf life can be related to the standard uncertainty due to long-term stability, as follows. The basis is the
abdence of a significant trend In the stability data. Given

Y(bg,b, X)=Yy(1+b'X) (17)
where it is assumed that the property value Y decreases linearly from the initial value Y, with[a constant
relgtive degradation rate 4’ as a function of time X. The uncertainty associated with:the property Jalue of the
CRM can be estimated by propagating the uncertainties u(Y), u(X) and u(b') of .the” dependent variable Y to
the[independent variables Y,, Xand 5’

2 oY 2 2 oY 2 2 oY 2 2
u“(Y)=|— | -u“(Yg)+|—| -u“(X)+|— | -u“( 18
(Y) [GYOJ (Yo) (ax] (X) [ab'j (b (18)

As [shown in Reference [25], the last term may be taken as a basis to relate the standard uncertginty due to
long-term stability to the shelf life. It should be noted that the partial derivative equals X, the time elapsed
singe the certification. Using a first-order approach, at a time- X

u|ts = YoXub (19)
Thip expression forms a basis to make allowance for the uncertainty due to long-term instability of the
samples, in absence of significant degradation-for a given shelf life X.
9 | Determination of the property values
9.1 General
Thegre are a number of-technically valid approaches to the assignment of property values. These include
mepsurement with obe,or more methods involving one or more laboratories. An appropriate appropch can be
chgsen depending. on the type of reference material, its end-use requirements, the qualifications of the
labpratories involved, the quality of the method or methods, and the ability to estimate the juncertainty
asdociated with‘the characteristics realistically.
Both this'clause and Clause 10 are limited to the case where single property values are determined. In several
are e contents

for property

values. It reqwres a good knowledge of stat|st|cal modelllng technlques to apply the concepts as given in this

Guide. The aspects of between-bottle homogeneity, long-term stability and, if applicable, short-te
are also applicable to the cases where properties such as spectra or curves are concerned.

rm stability
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9.2 Establishing and demonstrating traceability

In its role as a measurement standard, the property values of a CRM need to be traceable to appropriate units
and/or references. There are several possibilities to achieve this; the appropriate choice should be made
based on the intended use of the CRM. The following models exist:

a)
units;

b)
made

proced

c) RMsgc
There are

for exampl
agreed pri
maintained

recipe sholld be strictly followed.

For many

property value itself can be made traceable to appropriate units through, for example, calibration of

measurem
to another
themselves
projects to
among diff
basis of ag

raceable to a result obtained h\Jl cfrir‘ﬂ\]/ fr\lln\l\ling this standard method and/or a standard opera

ure developed on the basis of the standard method;
an be made traceable to other measurement standards or artefacts, including CRMs and RMs.

Blso conventional scales that are maintained at least partly through reference materials includ
b, the scales for pH and octane number of gasoline. For the pH measurement,(the internation
mary realization is through a Harned cell [26]. Often, but not always, conventional scales
by following a fixed recipe to prepare RMs to establish such a scale, When available, suc

matrix reference materials, the situation is more complex. Although the determination of

ent equipment used, steps like the transformation of the sample/from one physical (chemical) s
cannot. Such transformations may only be compared with.a‘reference (when available), or am
. For some transformations, reference methods have been defined and may be used in certifica
evaluate the uncertainty associated with such a transformation. In other cases, only a compari
brent laboratories using the same method is possible: In this case, certification takes place on
Feement among independent measurement results, (see Clause 10).

of results of measurements is usually assured through calibration against appropriate standa

Traceability
For many

instrument
where it s

use of oth
traceability
as a samp
value (and
demonstra

The transfq
measurem
chain. In R
result are s

easurement systems suitable for use in*Certification projects, this may be achieved by calibra
using measurement standards. These measurement standards may include other CRMs or R
uld be noted that since the traceability of CRMs is explicitly stated, their use is preferred over
r RMs. The adequacy of the measures taken to ensure proper calibration of equipment and
of results can be verified by, for example, specially designed and prepared control samples (s
e otherwise used for calibration). For this specific purpose, these samples are provided with
uncertainty), thus allowing) assessment of the calibration procedure. CRMs may also be use
e the validity of the result‘obtained from a measurement in a measurement campaign.

rmation of a sample from one physical (chemical, biological) state is often an important part
ent method. Jnsome cases, no options are available to verify these steps in the measuren
igure 5, some- typical options for establishing and/or verifying the traceability of a measureni
ummarizéd)[271. (28],

if possible, property values should be made traceable to Sl units, and expressed in the corresponding

many RMs form an (accurate) realization of a unit defined by a standard method; these RMs should be
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Sample
Matrix CRM/
Subsample QC material
< Blank material
Digestion < | Spiked sample/
Extraction extract
Derivatization A
Separation Blank extract
Calibration<y
Measurement reference
materials
Calculation of Corrections
result
+ uncertaint
( X Blank values

Reporting of
result
(+ uncertainty)

Figure 5 — Part of a measurement chain

Matrix CRMs,_mratrix RMs and quality control (QC) materials may be used to demonstrate the validity of the
mepsurement result when measured alongside the unknown to be characterized. The use of thesg materials
maj support the traceability of the results, but cannot be considered as a direct demonstration of fraceability.
They demonstrate to a certain extent (see, for example, ISO Guide 339 for details) contrgl over the
mepsurements, which is a prerequisite for achieving traceability of the results used for the certification of the
candidate reference material.

Blank matrix materials, blank extracts, etc., may be used to demonstrate that the measurement method
provides a result not significantly different from zero when the characteristic of interest is not present (as often
done in composition measurements), or to establish a correction or correction factor (+ uncertainty).

Calibration should take place against measurement standards that are traceable to appropriate references.
CRMs may be used for this purpose, as long as they are suited for this purpose. The calibration should be
appropriate for accurate measurements, thus not introducing any unnecessary extra uncertainty. The
reference chosen may be an Sl unit (e.g. for composition measurements and many physical quantities), or a
conventional scale (e.g. for method-defined characteristics).
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Spiked materials, spiked blanks, etc., may be used to validate parts of the measurement chain, or to assist in
the process of assigning values to a material. The degree to which this step establishes or demonstrates

traceability

depends on how these spiked samples are prepared and how their values have been assigned.

Other aspects that may need to be under control for establishing and/or demonstrating traceability of
measurement results include

sample weighing,

purity of reagents, solvents, “pure materials”,

interfe

approg
curves

contan

These are
a certificati
the measu
laboratory
properties)
recommen

9.3 Prad

Where tec

certified value generally represents the present hést estimate of the “true” value. In some cases,

measurem
a specified
but merely
is a calibra

Certified values are not expected to ,deviate from the “true” value by more than the stated measuren

uncertainty

caliertion status of common laboratory equipment and glassware,

rences in the measurement signal,

riate and validated statistical/mathematical techniques for doing calculations ¢(e.g. calibra
, interpolations), and

hinations, losses, flaws in the measurement process.

all aspects that can be brought under proper control by validating the method. Any method use
bn project should be properly validated, and it should be demonstrable that any result obtained

comparison may be part of a method validation. For conventional methods (i.e. method-depend

an interlaboratory validation of the method is essential; for other methods, it is hig
jed to run an interlaboratory validation.

tical approaches

nically possible, candidate CRMs are generally characterized on the basis of accuracy. Thu
bnt cannot be understood in terms of a\itrue value”, so that an assigned property value for use
method is adopted. Here the certification of the RM does not require a measurement campa

a statement of the assigned value.and of the relevant measurement technique for which the C
nt.

. The stated uncertainty of the value of a property should take into account all systematic

rement method meets the specifications established during\the validation of the method|

tion

d in
with

A
ent
hly

5, a
the
wvith
an,
RM

ent
and

random effects inherent in theCmeasurement process, as well as any material variability between samples

(homogene

ISO Guide
in many dif

a) measy

ity) and in time (stability).

34 [10] distingdishes between four basic approaches to the characterization. They are implemer]
ferent variants by producers and certification bodies of RMs, as follows:

rementby a single (primary) method in a single laboratory;

ted

b) measu
c)

d)

rement by two ormore independent reference methodsimone taboratory;

measurement by a network of laboratories using one or more methods of demonstrable accuracy;

laboratories.

a method-specific approach giving only method-specific assessed property values, using a network of

The most important aspect to be considered when choosing an approach for certification is to what extent
different components of uncertainty will contribute to the uncertainty associated with the property value.
Furthermore, it is important that the property value assigned and its uncertainty are demonstrable. Approach
a) for certification is often limited to cases where a calibration of an artefact takes place. For certifying
chemical compositions, 9.5.2 gives a typical example where approach a) has proved to be valid. For most

30
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matrix CRMs, approach a) is associated with the risk of missing matrix effects and/or interferences. For these
CRMs, it is recommended to have at least two independent results from independent (primary) methods,
carried out by different groups, in order to minimize such a risk. The choice of the best approach for the
characterization of an RM thus depends on both the available methods and the matrix of the RM.

9.4 Measurement design

9.4.1 Measurements by one or more (reference) methods in one laboratory

An important group of measurement methods that can be used in particular for approach a), but certainly also
for pproach b) is formed by primary methods of measurement. Tn the field of chemical measuremient, such a
method is defined [29] by CCQM as follows.

“A primary method of measurement is a method having the highest metrological- pfopertjes, whose
operation can be completely described and understood, for which a complete uncertainty stajement can
be written down in terms of Sl units.

A primary direct method measures the value of an unknown without referén¢e to a standard gf the same
quantity.

A primary ratio method measures the value of a ratio of an unknown to a standard of the same quantity;
its operation must be completely described by a measurement gquation.”

From this definition, it follows that one of the strategies of assigning a value to an RM is to us¢ a primary
mefhod of measurement [301. It is, however, not always possible to use a primary method of mepsurement,
singe they do not exist for all quantities. For many RMs, ‘the measurement of the quantity of inferest is so
complex that it cannot be described to an extent necessary for establishing a complete uncertainty statement
in terms of Sl units.
The CCQM has identified several methods with the potential of being a primary method of measurement [31]:
— | isotope dilution with mass spectrometry-(IDMS);
— | coulometry;

— | gravimetry;

— | titrimetry;

— | determination offreezing point depression.

NOTE It is expected that this list will be extended later.
Grgvimetry-i$ extensively used as preparation technique for gas mixtures [32] and solutions. Frepzing point
degresSion may be used as a direct method to determine the purity (as an amount of substance fraction) of a

malerial [33l. IDMS is widely used as a method for assigning values to materials and for high-quality
measurements for other purposes.

9.4.2 Strategies involving multiple laboratories

9.4.21 Concepts

The concept of the determination of the property values of an RM based on agreement among methods
and/or laboratories is based on at least two assumptions:

a) there exists a population of methods/laboratories that is equally capable in determining the characteristics
of the RM to provide results with acceptable accuracy;
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b)

(by implication) the differences between individual results, both within and between methods/laboratories,

are statistical in nature regardless of the causes (i.e. variation in measurement procedures, personnel,
equipment, etc.).

Each method/laboratory mean is considered a priori an unbiased estimate of the characteristic of the material.
Usually, the mean of method/laboratory means is assumed to be the best estimate of that characteristic.
Furthermore, each of the results obtained in the collaborative study shall fulfil the requirements with respect to
traceability as stated in 9.2. In the case of very irregular distributions of results of the campaign, such as may
be found for example in trace element analysis, the use of a more robust statistic such as the median or a
trimmed mean may be more appropriate to estimate the property value.

In practice
most cases
that the as
be handle
methods a
of a single

the size of the method/laboratory population that is available to such a programme is limited
, therefore, a random-design model cannot be fully implemented. Furthermore, it should be ng
sumption that all results of the various methods/laboratories belong to the same population’ shq
i with care. Even at the “state-of-the-art” level, differences in performance characteristicyg
5 well as differences in uncertainty of laboratories can exist, which might invalidate_the assump
population.

e, for this kind of approach to be valid, it must be assumed that all results-of all methods an
involved are made traceable (see 9.2) to appropriate stated references. These references

lude the transformation of test portions (e.g. extractiony destruction of the sample), fur
f the transformed sample (e.g. clean-up), and sometimes also impact of different methods

The management of the collaborativelstudy is primarily the responsibility of the organization responsible
the certification. It should provide sufficient guidance to all involved to ensure the smooth implementatio
the work. Tlo be successful, the collaborative study shall have a well-defined objective, be effectively desig

and efficie
can readily]
to adhere

replicate dg¢terminationis-per unit, measurement methods, test portion size where applicable, etc.

The guidel
into clear i

tly organized withClear, concise guidelines with which participating laboratories and/or opera
comply. Participation, either as operator or as laboratory, in such a programme implies agreenm
fo these guidelines. These guidelines consist of the time objective, number of units, numbe

nes to.be developed should account for the considerations given in 9.2 and 9.3, and translate th
hstructions so that all parties involved are aware of the requirements with respect to quality

. In
ted
uld

of
tion

i/or
are
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for
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traceability

of the measurement results. The guidelines should also contain mechanisms for verify

ing

assumptions being made about the data and the quality thereof.

The organizer shall set the time schedule (i.e. the dates when the samples are to be distributed, the mode of
dispatch) and provide clear instructions to dispatchers and receivers with respect to how the samples should
be stored and treated. The organizer should also indicate when the measurement results are to be reported.

This schedule shall be agreed upon between the organizer and the operators/laboratories involved.
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Figure 6 — Layout of collaborative study

9.4.2.3 Technical requirements

9.4.2.31 Required number of results

Frequently, the number of measurement methods available for the determination of a specific characteristic is
very limited. When possible, the results from different methods should be checked in order to see whether
they agree within their respective uncertainties. If this is the case, then a mean value may be built based on

this agreement among methods.

© I1SO 2006 — All rights reserved

33


https://standardsiso.com/api/?name=0ef6095fde898b1ea8e9beca2aada189

ISO GUIDE 35:2006(E)

When an evaluation of measurement uncertainty of an RM is to be established through randomization of as
many factors as possible during the campaign, then a multilaboratory approach is to be preferred. These
‘laboratories’ may also be different departments or groups within one institute. The minimum number of
participating laboratories in the campaign for the characterization of an RM varies with the complexity of the
necessary measurement procedure(s). The more complex the procedure, the larger the between-laboratory
variation can be expected to be, thereby necessitating an increasing number of participating laboratories to
achieve a property value having a satisfactory uncertainty. In practice, unfortunately, the more complex the
procedure, the fewer are the groups/laboratories capable of performing it. In extreme cases, the certifying
organization may be forced to forego an interlaboratory programme altogether for certain specialized

candidate RMs.

If well-established methods of measurement exist for the properties of interest, then the numbern

laboratorie
acaseist

control is Igss, but still adequate to accept (in principle) every technically valid result, the minimgm numbe

laboratorie
well as tec
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5/groups involved in the characterization can be as small as two or three. A typical example'of s
ne use of primary methods of measurement on matrix RMs. When the statistical and metrolog

5 involved is typically six to eight. Finally, if there is a non-negligible chance of having statistically
hnically invalid results (i.e. limited statistical control), the minimum number of laboratories shoulg

and preferably 15. This minimum number allows data to be scrutinized with*the aid of ou
bchniques, and allows the achievement of an adequate level of uncertainty\for the property val
shed.

ariable to be taken into consideration is the number of methgds available and a balan
ion of these methods should be included in the collaborative study. For the case where no prin
re available, ideally about three methods (when available) should be used by six compe
5/groups.

Number of units and replicate determinations

o0 units are sufficient, with about six replicates distributed over (at least) 2 days. All replicates
carried out with independent calibrations. If thédresults of the collaborative study are to serve g

s of the RM should be determined by &ach participating laboratory in order to have a suffic
Hegrees of freedom for the between-bettle standard deviation to be estimated.

Measurement methods

zer of a collaborative study_may specify the use of a single method to participating laborato
pll-established “standard™-measurement procedure is available. This approach is also valid
that are defined by ,a ‘specific method (e.g. leaching properties). Otherwise, the organizer shq
participating laboratory to propose the method of its choice, provided that he has evidence of
uch methods. The-organizer should strive for good representation of the major methods suitablg
nation of the{particular characteristic, and seek agreement among all parties involved about W
Il be used.byeach laboratory/group.
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e, thererganizer should require that all methods used in the campaign are properly validated, that is,

ria.
ted

standards, to an extent relevant for the particular type of measurement. In many new fields of measurement,
the method(s) available sometimes undergo only a validation by means of an interlaboratory study as
described in the various parts of ISO 5725 [11t0[6] which may be sufficient for method-defined characteristics.

Finally, a meeting with the laboratories/groups involved (prior to distributing the samples and performing the
measurements) may help all parties involved to align all actions to be carried out during the collaborative
study, and to discuss possible problems and/or pitfalls.

9.4.2.3.4 Reporting results

Two reporting methods may be applied, depending on whether or not the uncertainties of results are to be
reported by each laboratory.
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If the participating groups/laboratories are required to state their measurement uncertainty, then the
measurement result, its expanded uncertainty and its coverage factor are sufficient in principle. Preferably,
however, each laboratory should report the complete uncertainty model with all uncertainties, which will
facilitate evaluation of any covariances [34] [38] between results.

If no uncertainty information is requested, then the participating groups/laboratories should report individual
results (not the average). The number of significant figures reported should comply with the guidelines for the
programme.

In both cases, it is recommended that an outline of the measurement procedure used be reported in sufficient

det

il to permit an understanding of all preliminary stages in the measurement process (e.q. i

chemical

ang
lite

9.5

9.5

Tra
mu
und
imp
usd
shd
us§
lab
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lysis, the decomposition of the sample and separation of the analytes of interest). Referer
ature (where appropriate) should be stated.

Property-related considerations

1 RMs for physical properties

ditionally, the most accurate measurements are carried out for fundamental units, their mo
tiples and their sub-multiples, in national metrology institutes (NMIS).) Here, all sources of
ertainties are investigated in great detail; methods of measurementj<often calibration methods,
roved over many years to reduce and estimate uncertainties. /The’ accuracy of these measy
ally well established, especially when they have been the subject of (key) comparisons. R
uld be made for measurements where there have been no comparisons, such as cases where |
in-house validated methods. Demonstrating the performance of a method in comparison W
bratory is one of the cornerstones of assuring quality and-traceability of measurement results,

ure that its own estimates of values and their uncertainties are equivalent and that no impori
tributing to the uncertainty have escaped its attention.

cial attention should be paid to physical preperties that cannot be determined under a calibrat
ally, the uncertainty evaluation of results from the methods and test results as obtained in a

Jy are not as well established as under a calibration regime. This aspect should be consid
racterizing materials for properties_such as thermal conductivity, impact roughness, creep or ¢
ngth. In these cases, a collahorative study (see Clause 10) may be a more appropriate app
racterization. A further complication is that for many of these tests, no (key) comparisons are on
e respects, there is no fundamental difference between the certification of physical properti
mple, chemical compasition.

comparisons, aswell as other types of laboratory comparisons, add confidence to the
nputed by the mietrology laboratories individually. Ideally, the results of such comparisons shoy
mprove uncertainty models and/or estimates of their variables and/or uncertainties. Ever
rovements, of these kinds are necessary, participation in these comparisons is an importan
nonstrating’a (metrology) laboratory’s measurement capability. Comparisons allow detection of]

net sufficiently well controlled and/or estimated.

ces to the

5t common
errors and
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on regime.
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uncertainty
Id be used
when no
means of
errors that

e not\properly taken into account, and situations where some parameters influencing the measurements

Characterizing a reference material on the basis of results of a single (metrology) laboratory may, despite all
efforts, still imply a risk which should not be overlooked. When the certification of a physical property or
quantity is undertaken, it is important to have a (key) comparison between the major metrology laboratories,
followed by a full discussion of the results with all participants to resolve any possible discrepancy. If the NMls
are not themselves involved in the measurement, complete traceability of the participating laboratories to the
respective national laboratories should be established before starting.

If more than one method is possible, and if these methods appear equally valid, it is important to compare
them. They should, however, be of the same level of accuracy as otherwise, for the purpose of certifying a
candidate reference material, the more accurate method is to be preferred.
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At the limit, there can exist situations where a single laboratory, having compared its method with all possible
others and having eliminated most causes of errors, is able to refine its method to reduce the uncertainty while
taking considerable precautions to avoid any accidental source of errors.

9.5.2 RMs for chemical composition

9.5.2.1  Purity of CRMs

Pure substances form the basis for many traceability chains in chemistry. The adjective “pure” refers to an
idealized situation: no substance is 100 % pure, there will always be small impurities. The certification of
are
either used by laboratories to prepare calibration standards, or they are used to certify or prepare other €RMs,
such as, for example, solutions or gas mixtures. For spiking (see 5.7.4), it is essential that the materials uged
have been [thoroughly characterized for purity. Furthermore, to enable the conversion from mass/ractions jnto
amount-of-substance fractions, the full table of impurities and their mass fractions should be stdted.

Apart from|the direct method through, for example, calorimetry (freezing point depression),-the purity is often
determined by difference, involving analytical chemical techniques, as follows:

— a list of possible impurities is compiled, often based on the manufacturing-process that was used to
produge the substance;

— each df the possible impurities is determined in the substance to be certified;
— the purity is computed by difference.

The measyrements necessary to determine the impurities are aftéen difficult, since most impurities will be clpse
to the degtection and/or determination limits. The measurement of impurities may involve mulijple
methods/laporatories, including approaches as outlined>in 9.4.2. This may well result in high relative
uncertainti¢s for the amount-of-substance fractions-\of these impurities. Also, the evaluation of |the
uncertaintigs is far from uncomplicated, as the vicinity of mathematical limits (amount of substance and mjass
fractions afe only defined between 0 and 1) may-create additional problems, including negative estimateg for
such fractigns (see, for example, appendix F of\Reference [15]).

The model| for the amount of substance fraction of the main component y as a function of k& impurities yith
amount of substance fractions x; is

y:1—2xi 20)

Assuming independence among the amount of substance fractions of the impurities (which is often the cage),
the combined standard/tuncertainty associated with the amount-of-substance fraction of the main comporjent
is

u? (v) £ 2200 (x;) 21)

which follows directly from applying the uncertainty propagation formula from the GUM to the model ®). It
frequently happens that some of the amount of substance fractions x; are zero, due to the fact that either
these impurities are truly absent, or that their levels are below the detection limit of the measurement method.
If the detection limit is used to establish the value for an impurity, this limit should also be used to establish a
standard uncertainty, appreciating that this limit determines the highest level of the particular impurity that
cannot be detected.

5) This expression is exact as the model is linear and the xi values are assumed to be independent.
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9.5.2.2 Synthetic RMs and gas mixtures

Synthetic reference materials, such as solutions and gas mixtures, are widely used for calibration. These
CRMs are often made by means of gravimetry. When gravimetry is used to prepare a bulk solution which is
then subjected to a subsampling and bottling procedure, the batch may be certified as follows:

step 1: the gravimetric composition is taken as basis for the certification;

step 2: the gravimetric composition is verified using a suitable analytical method;

$ 2. [SPNCCP NP C-V N TUIP-Y TRP- [WaH Srelad ida - dataroaiaa th baiax B-baitlarariabilibe
13 VA TTUTTTOgCTICTITy  STOUy 1S5 LAl oU OUT TOU U TCTT e e DT T T TTT OUTOC VAT TaoTy,

ep
step 4: a stability study is carried out to determine the long-term stability.

Clauses 7
ese effects
CRM. The
the model,
e property

Thd
ang
are
ver
tog
val

effects in terms of measurement uncertainty from steps 2 and 3 are expected to bexsmall (see
8 for details on these steps) but should be included. If they are negligible, the magnitudes of th
such that they do not impact the standard uncertainty associated with the property value of thg
fication uncertainty is (to an extent depending on the ability to verify the compgsition) included i;l:
bther with the gravimetric uncertainty. The combined standard uncertainty associated with t

e of the CRM would become

2 2 2 2
UCRM = \/”grav TUyer TUpp T U (22)

gas mixtures for example, models have been established for the gravimetric preparation, which may to
ne extent also find application outside this particular aréa. ISO 6142 [35] describes the preparation and
valjie assignment for the gravimetric preparation of gas mixtures. For batches of gas cylinders, however, other
techniques are often used [36]. These batches are theh. certified making use of gravimetrically preépared gas
miXtures, used as calibration RMs. A detailed uncertainty model, based on the methods de¢scribed in
ISO 6142 is given in Reference [32]. Based ontthe preparation, the composition of the mixtyre can be

For
sor

exg
the

The
pre
not

ressed as amount of substance fractions of the components of the parent gases. These paren
gases used for preparation of the mixturej.which can themselves be mixtures or pure gases (se

model of ISO 6142 accounts for the.impurities of the parent gases, which is an important pren
paring gas mixtures that are to be made traceable to an Sl unit, in this case the mole. Some ¢
be incorporated in the model\as given, for example that the composition that enters the cyli

gases are
£ 9.5.2.1).

equisite for
bffects may
nder is not

essarily the same as the one that can be taken from the cylinder. This may he due to
orption/desorption effects. JFurthermore, a quality control check is required for any mistakes| that might
e been made during preparation. In order to accomplish this, the gravimetric amount of substance fraction
ed that the

neg
adg
hay
is disually compared_with measured (“verified”) amount of substance fraction, and it is assum

composition from préparation is not different from that from analytical verification [35] [37],
9.5|2.3  Spiking blanks and blank matrices
The¢ method followed for the preparation of synthetic CRMs may also be used for the spiking of blanks and/or

blapk-matrices. The only extra complication is the verification of whether the material to be spiked is really a
“bldank® or that some small amounts of the substances to be spiked can be demonstrated to be lpresent. In
that case, these amounts should be taken into consideration in the model for the property value, and therefore
also in the uncertainty model.

The approach to certification can be similar to that in 9.5.2.1, but in cases where problems exist in the
transformation of the sample (see 9.2), or in determining the uncertainty of this step, one of the approaches as
given in may be used as well. The actual choice depends very much on the considerations given in 9.2 and
9.3.

9.5.3 Characterization of conventional properties

In chemistry, biochemistry and other areas of measurement, many properties are defined only by a method, a
test procedure or particular equipment. Examples are mechanical properties of materials, activity of enzymes,
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etc. The results of these measurements or tests can be subject to great variability with heavy economic
consequences.

As in any other measurement, the results depend on how the procedure is applied. However, the procedure is
not always described in all necessary details in the written standards and the operator has no means of
verifying if the way he has interpreted and applied the procedure is correct, hence the need for the reference
material.

Similarly, where a test depends on the use of a particular machine or equipment it is possible, but extremely
time-consuming and expensive, to verify that the machine satisfies all specifications. A simple way to by-pass
this inspection is to measure or test a sample of known properties. If the results are satisfactory, it means that
the machipe is in good condition and that therefore the results may be considered traceable to |the
measurement scale established by the relevant written standard.

Of course,|the characterization work to establish CRMs for such properties or measurement scales requjres

application
be mass,

require ext
parameters
calibrationsg
bias that w

10 Data

10.1 Models

of the same principles as explained before. The measurements of these parameters, which 1
bolume, length or temperature, must themselves be accurate and traceable and therefore 1
ensive calibration. Considerable effort is often necessary to investigate the influence of the vari
of the procedures and of the equipment on the measurement results{ The verifications
must be carried out independently in a few, if not several, laboratories in“order to avoid a unif
buld appear as a good agreement and give an illusion of accuracy.

and uncertainty evaluation
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deternjination of reasonable-statistical parameter estimates of the random variables involved.
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ted in (mathematical) equations. For the téchnical purposes considered here, rules

be dealt with.

st is theoretical models describing, established (most often physical) relationships between
tial variables of a measurement procedure and the property value under determination. Equati
nsidered as exact and used for value computation. In a second step, the same measurem
is used for propagating uncertainty estimates attributed to the influential variables.

cond is empirical models describing assumed relationships between random variables and cer
eters of the underlying“(assumed) distribution(s). They are used for developing procedures for

exist models_that are a mixed form of the two, often called semi-empirical models. Example
pirical models. ¢an be found in Annex A, where ANOVA procedures for different numberg
factors are‘developed. Theoretical and semi-empirical models and their use in uncerta
are desgribed in the GUM and in Reference [15].

10.2 Dats
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ost empirical data assessment follows a single or‘a certain set of rules, which can not necessarily

and

s can be expressed in the form of mathematical equations, and are called models. Two basic
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Except for approach a) in 9.3, where the data format consists of one or more single measurement results of
one method and a sensible uncertainty statement (see below), reported data can be formatted in matrices of

data contai

1)

ning

statement, or

2)

a certain number of single measurement results of the property under consideration (replicates),

an appropriate estimate for the property under determination (mean or average) and an uncertainty

for each participating laboratory. Format 1) enables uncertainty-based evaluation (see 10.7) assuming that
participating laboratories have suitable measurement models, while format2) (the more “classical’” one)
requires statistical evaluation based on assumptions with respect to underlying distribution functions.
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The results submitted by the participating laboratories should be evaluated in accordance with the procedure

outlined in Figure 7.

!
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Figure 7 — Data treatment
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For the convenience of processing and for future reference, the results from this type of collaborative study
should be grouped on the basis of the characteristic and tabulated systematically. This table should include
identification of the group/laboratory and the method, individual results, laboratory mean and corresponding
standard deviation. However, if the participating laboratories determined the value of the characteristic for
more than one unit of RM, it is recommended that the within-unit and overall mean and corresponding
standard deviations be presented in a table separate from the individual results. When a participating
laboratory has submitted more than one set of results for a characteristic obtained by different measurement
methods, each set should be treated independently, i.e. as if from another laboratory.

It is also recommended that the results be presented in graphical form.

Two reporting methods may be applied, depending on whether or not the uncertainties of results are(tg be

reported by each laboratory.
If the parjicipating groups/laboratories are required to state their measurement uncertainty, then [the
measurement result, its expanded uncertainty and its coverage factor are, in principle, sufficient. Preferaply,

however, g¢ach laboratory should report the complete uncertainty model with all uncertainties, which |will

facilitate evaluation of any covariances [34l [38] between results.

ual
the

If no unceftainty information is requested, then the participating groups/laboratoriés should report indivig
results (nof the average). The number of significant figures reported should comply‘with the guidelines for
programme.

ent
ical
the

In both cages, it is recommended that an outline of the measurement prdcedure used be reported in suffic
detail to permit an understanding of all preliminary stages in the meéasurement process (e.g. in chem
analysis the decomposition of the sample and separation of the ‘analytes of interest). References to
literature (Where appropriate) should be stated.

10.3 Distributions

Finding appropriate estimators for the expectation of a random variable is closely linked to the (eifher
assumed gr determined) underlying distribution, mostly expressed as a probability density function. In mpny
cases, the|distribution can be observed graphically by preparing a histogram. If no assumptions are mgde,
data evaluation of a certain number of measured values can entirely be based upon

— an invgstigation of their distribution using appropriate estimation procedures (e.g. Kernel estimation), or

— the cajculation of the relevant estimators following the principles laid down in ISO 3534-1 (calculation of
the mgments),

provided a[statistically relevant number of measured values are available.

Other distriputions commonly in use for the quantification of uncertainty contributions are also symmetricallas,

for example, the rectangular or triangular distribution (see also GUM).

ches given in 10.5 and 10.6 always refer to a normal d|str|but|on of data (except for cases wh

ere

available datasets may be necessary to valldate the approach selected.

If most of the results form two or more clusters, no agreement among methods/laboratories can be inferred.
The following possibilities should be considered:

a) if there is correlation of these clusters with measurement method procedures, and if the difference
between the means of these clusters is both statistically and physically significant, then there is no single
property value; in this case, improvement in the measurement method procedures is necessary to resolve
the problem;
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b) if there is no correlation of these clusters with measurement method procedures, and if the difference

between these clusters is statistically and physically significant, a larger pool of results may be
to overcome the relatively poor measurement methods available.

necessary

Slight discrepancies among results from different methods may be overcome by introducing an additional
uncertainty component accounting for this aspect. Whether such an approach is of use can only be judged
after determining the magnitude of this uncertainty component, and verifying the combined standard

uncertainty associated with the property value thus obtained against the criteria set for certification
several approaches to this estimation problem. A useful discussion is given in Reference [43].

If
ob\fious choice as an estimator for the characteristic to be determined is the mean of the results.

If the distribution is unimodal, a decision should be made as to whether an assumption-of n
reagonable. This decision may be based on a visual observation of the histogram, on the/hormality
padt experience with the nature of the determinations.

In gome cases, the results can be transformed so that they become approximately normally distrib
commmonly used transformations include logarithmic, square root and exponential-forms.

It should be noted that, for the estimation of property values and their ‘uncertainties, the assumy
disfribution function is less critical than for outlier testing. However, as most descriptive statistics ar
the|normal distribution, it is recommended to check whether the disttibution of the data agrees reas
the| normal distribution, or that a transformation is possible so that statistical techniques assumir
disfributed data may be used.

10/4 Data screening

Independently of the format, data sets should bé&‘inspected visually and graphically before
progedures of 10.5 and 10.6 are applied. Any ©ebserved anomaly should be scrutinized for pog
(transmission error, misprint, etc.) and non-trivial reasons (drop-out, equipment failure, etc.).
faillires are confirmed, the corresponding results should be rejected.

Furthermore, the results shall be checked for technically invalid results. Technically invalid results
by |carefully examining the reports‘ of the measurements. A technically invalid result is not nej
stafistically invalid result. The result in question may fall well within the range of valid results, but
that the conditions under which.the result is obtained were not in good order. Technically invalid res
be femoved from the data set.

10,5 Data evaluation

10.p.1 Approach A: single method in a single laboratory

When a sifngle value is obtained from the (primary) method of measurement, accompanied by an
statemeént, then this value with associated uncertainty is the result of the characterization. If there is

. There are

The most

ormality is
test, or on

ited. Some

btion of the
e based on
pnably with
g normally

any of the
sible trivial
f errors or

5 are found
cessarily a
t is evident
ults should

uncertainty
a series of

vallies; then usually the mean of such series of values is the result of the characterization. The un

certainty is

then usually based on the uncertainty evaluation or the method of measurement, given the value,

and should

be compared with the standard deviation of the series of values. The standard deviation of the mean and the

complete uncertainty budget as established for the method of measurement should be concordant.
10.5.2 Approach C: a network of methods and/or laboratories

The data format can be either

— a series of values, each accompanied by an uncertainty statement, or

— a series of observations of each laboratory.
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In the first situation, the uncertainty statements should, as part of the data screening, undergo a plausibility
check, for example by checking it with the description of the measurement method. Then the data can be
treated as described in 10.7.

When there is only a series of observations, data can be treated as described in Annex A and in References
[11] and [12]. A procedure can comprise the following:

a) testing for significant differences between laboratory means as a basis for the decision whether a mean of
single values or a mean of laboratory means should be formed;

b) testing_far nnrmalify of and nllflying values in _the data set chaosen arrnrding to the decision made under
a); out]iers can be treated as described in 10.5.5;

c) testing for outlying laboratory variances in the full data set (if necessary, i.e. an abnormal variancg is
presert).

If the datadet is approximately normally distributed, then the mean as chosen under a) is the default choice for

the value filom the characterization. If the characteristic to be certified is just the mean of means, i.e.

Y =—>y, 23)

1
Pli=

then the bgsis for the combined standard uncertainty associated withsthe mean of means is the standard
deviation ap obtained from

2 —\2

52 :_1_2()71._)/) 24)
P15

The combined standard uncertainty equals then

S 29)

u =
char \/;

In these formulae, p denotes the number of laboratories. The validity of this expression depends heavily| on
the indepgndence of the Y; valugs. It should therefore be verified to what extent the assumption of
independence of the results frommethods/laboratories is valid. Especially for large values of p, this verification
is critical (dee also 10.6.2).

10.5.3 Approach B: Muitiple methods in a single laboratory
There are again twa possible data formats

— a serigs of\values, each accompanied by an uncertainty statement, or

— a series of observations of each laboratory.

In the first case, each value and accompanying uncertainty statement is scrutinised as described in 10.5.1, for
each of the methods involved in the characterization. Then the approach as described in 10.7 can be applied.

The approach of 10.5.2 can be used for the second case. At least for one of the methods, a full uncertainty
budget should be available, so that the uncertainty estimated can be verified, and measurement bias can be
assessed. (This does not lead to an additional requirement, as all methods involved should meet the
traceability requirements outlined in 9.2.)
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10.5.4 Approach D: Method-defined parameters

Method-defined parameters may be treated in the same way as described in 10.5.2.

10.5.5 Treatment of outlying values

A single result or an entire set of results is suspected to be a statistically invalid result (an outlier) if its
deviation either in accuracy or precision from others in the set or other sets, respectively, is greater than can
be justified by statistical fluctuations pertinent to a given frequency distribution. Therefore, the effectiveness of
the detection of outliers depends on the validity of the assumption of the frequency distribution. It is equally
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gjements with respect to outliers. The test for outliers should be the statistician’s prerogatiy
bcting valid approaches for outlier testing as well as for carrying out the analysis.

lier results can occur at all levels of a collaborative study: single observations, subgrodps of o
liers should be discarded or, in rare cases (e.g. calculation errors), should be réplaced by corr
enever possible, outliers should be removed only on the basis of the outcome, of more than one
liers in variances should only be removed in extreme cases, that is, when they contradict t
no longer the same for all results.

Ally, it should be noted that distinction is often made betweenétragglers and outliers (see fi

5725-2)[2]. As a rule, stragglers should be retained in the data set, whereas outliers should b
5 will in most cases ensure that the uncertainty estimate does'not become an underestimation.

6 Uncertainty evaluation

6.1 Approach A: single method in a single:laboratory

uncertainty as determined in 10.5.1 is thesuncertainty from characterization, ug-

6.2 Approach C: a network of methods and/or laboratories

ne values reported by the.laboratories are accompanied by uncertainty statements, then
cribed in 10.7 is used, and the uncertainty computed is the uncertainty from characterization,

e laboratories only repoft a series of values, the standard deviation about the mean is, at least

uncertainty from characterization, ug,,,. If there are common sources of uncertainty and/or big
ndard deviation@about the mean is to be complemented with estimates for these sources of unce

6.3 Approach B: Multiple methods in a single laboratory

ne xalues reported by the laboratories are accompanied by uncertainty statements, then
ctibed in 10.7 is used, and the uncertainty computed is the uncertainty from characterization,

ke proper
e, both for

bservations

. grouped per bottle), or the results from complete methods/laboratories can be gbserved to be outlying.

ected data.
outlier test.
he dataset.
e obtained

br example
b removed.

he method
har:
n principle,

s, then the
rtainty.

he method

har

In the other situation, the standard deviation about the mean is, at least in principle, the uncertainty from
characterization, u.,,,- If the check for compatibility with the uncertainty associated with a result of one of the
methods used indicates that there is a discrepancy, then allowance should be made for such discrepancy in
the uncertainty budget.

10.6.4 Approach D: Method-defined parameters

The uncertainty evaluation of method-defined parameters may be treated in the same way as described in
10.6.2.
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10.7 Uncertainty-based evaluation

10.7.1 Basics

When uncertainty information is available, the primary task of the statistician evaluating the results from
different methods/laboratories is to combine the results, including their uncertainties, into a single value (the
property value) and a combined standard uncertainty. When uncertainties are determined, uncertainty models
for the measurements being part of the campaign are available. In order to obtain the best possible result, it is
highly recommended that these uncertainty models be collected as part of the evaluation of data.

The property vatue s usuatty defimed—as—some—kind—of mreamvatue,whictrmmaybe—weightedusimg—sgme
predefined|weighting scheme, if necessary. When the uncertainty models are available, then the expresgion
for the combined standard uncertainty associated with the property value can be obtained dire¢tly-uging
standard propagation of uncertainty formulae (GUM:1993, Clause 5), after adding an additional source of
uncertainty] that accounts for any significant scatter in the results across laboratories. This.is the most
straightforward method, but it is not always possible to proceed this way.
A possible|alternative is given in Reference [34] and further implemented in Reference{38]. The combihed
standard uncertainty associated with the property value can be defined by
2, 2, 2 2
U char :\/”I +ujl +uf)+ujy 26)

where four|types of uncertainty are considered:
— type I:] uncertainties specific to a laboratory;
— type ll] uncertainties common to all laboratories;
— type lll: uncertainties common to groups of laborataries;
— type I\: the disagreement among values from, participating laboratories.
Implementing this uncertainty evaluation by hand is laborious and quite sensitive to mistakes. Based on|the
measurement models, it is unnecessary to do this by hand, provided that the information gathered as pait of
the collaborative study allows identifyingweorrelated variables in the models. Once all uncertainty compongnts
are properly registered in a database; this database can be used to develop all different types of uncertainfjes.
This can be carried out in differentsways, either by directly determining the necessary expressions for [the
terms [34] dr for instance by y2-fitting 6) [38], [39],
10.7.2 y2-fitting
The y2-fittihg method-rtins as follows. The following matrix-equation can be developed:

1 ( xq

X
Y2 1 27)
Yp LPJ

where a denotes the property value, y; denotes the results of the measurements as obtained in the
collaborative study and x is the design vector. For this particular case, all x; values are known, as soon as the

6)

“least squares fitting” by a scaling factor, allowing evaluation of the statistic 42 after the fitting procedure.

In the literature, this is also known as “least squares” or “least squares fitting”. In principle, z2-fitting differs only from

44

© I1SO 2006 — All rights reserved


https://standardsiso.com/api/?name=0ef6095fde898b1ea8e9beca2aada189

ISO GUIDE 35:2006(E)

fitting problem is defined. For this situation, x4 =x,=...x,=1. The results y are obviously associated with
uncertainties. These will be accounted for in a variance-covariance matrix, defined as

uz(y1) ”(J’w’z) “(J’M’p)
|02 102 e
”(yp,y1) “(yp,m) ”z(yp)

(28)

Its
the
thrdg
thig
inv
dur

nould be noted that this matrix has dimensions p by p, and it is symmetrical (i.e. the upper triang

same elements as the lower triangle). The covariance between each pair of laboratories) is
ugh searching all variables involved in the computation of the result, and identifying thé share
search, it is not of interest whether these components are only shared by the twoylaborat
pstigation, or shared by more. The process of pairwise examining any existing covariances 1
ng this process, no distinction is made between type Il and type lll uncertainties {seé 10.7.1).

After establishing the covariance matrix ¥{(y), the fitting problem may be defined\as

The

wh

and

Th
ar
ung

- T - ~
(p(a):(y—Xa) Vv 1(y—Xa)
property value can be expressed as
G=xgar=CXTV 1y

bre
Ty 1y
C= (X v X)
its variance from
2
V(a) =C =uchar

re exist numerous stable.algorithms for solving the fitting problem as given in Equation (29). F
mark should be made about the matrix V. This matrix is equal to ¥(y), provided that the latter
ertainty components-relevant to the comparison. If this is not the case, an additional variance

matrix should be added 10 V(y). The construction of such a matrix is analogous to that of ¥(y), wh

onl

Thd
the
rec
and

the diagonal is-filled.

method shown here is a straightforward implementation of the framework as described. It is by
only method (see References [40] and [41]). The problem of outliers should be dealt with prior t
pe (see also 10.5.5). Likewise, the uncertainty statements should be critically reviewed for the
, if'hecessary, the weighting scheme should be adapted accordingly [42] (see also 10.5.1). It is

tha

le contains

evaluated
i ones. For
bries under
neans that,

(29)

(30)

(31)

(32)

irthermore,
contains all
covariance
ereby often

no means
b using this
r credibility
well known

72Xitting is sensitive to outlying results as well as problems with weighting.

10.

8 Specific issues

10.8.1 Data evaluation using analysis of variance

For strategies C, D, and as part of approach B, analysis of variance (ANOVA) may be used as a tool to
process the data. The use of ANOVA can be particularly helpful when assessing uncertainty components such
as the between-bottle homogeneity (see, for example, 10.8.2 and A.2), or the between-laboratory standard
deviation (see A.3). Otherwise, the mean of means may be computed for these strategies instead.
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10.8.2 Confirmation of homogeneity as part of the collaborative study

The results of the collaborative study may serve as a final confirmation of the homogeneity of an RM. For this
purpose, a two-way nested design should be followed, in which pg units are used and p laboratories and/or
methods are used which each determine the value of the characteristic of ¢ units with n replicate
determinations per unit (see Clause 7 for details on a homogeneity study). It is important that this design is
strictly followed, to satisfy the requirements for analysis of variance and meeting its underlying
assumptions [201. Clause A.2 provides the necessary statistics to compute the relevant variances.

10.8.3 Combined standard uncertainty of a property value

A whole range of other schemes may be developed to establish a property value based on a sgrieg of
measurements. Such a property value is typically some kind of mean, or sometimes a robust mean{42l. This
subclause priefly discusses how to translate an expression for a mean, including the ones from an ANOVA-
based appffoach, into an expression for the uncertainty of a property value, u,,,-
The mean pf a collaborative study can be defined as follows

X= ZWix,- 33)
where x; gre the results, and w; the weightings. No assumption is made-concerning the nature of |the
weightings] they can be based on the number of observations, the uncertainty“associated with the laboratory
results, or some other scheme. The expression, however, assumes that the weighting scheme is defined in
such a wayf that their sum equals unity.
If from all j; values uncertainty statements are available, then the Uncertainty associated with the property
value can bpe expressed using

2= 2 2 2

u (x =Ughar = Zwi u (xi) 34)
provided that all x; values are mutually independent. This basic method may also be applied to [the
approachesg given in 10.4. When using uncertaifty statements, these should be checked for credibility (see
also 10.6.1). If no uncertainty data are available, then the calculation of a mean of means (see 10.5.2 and
10.6.2) may be used as an estimate of the uncertainty.
11 Certification
The concept of CRM has beén'introduced as a special kind of RM. In addition to the characteristics of an RM
as defined|in 1ISO Guide,30,)a CRM is accompanied by a certificate as described in ISO Guide 31, providing
among others the following information:
— the propertiestof interest;
— their values;

their uncertainties;

a statement concerning metrological traceability of the property values.

There are RMs on the market, accompanied by documentation containing the information as described above
for CRMs, but the documentation is not called “certificate”, for legal or other (non-technical) reasons. As these
RMs must fulfil the same requirements and can be used for the same purposes as a CRM, they are also
covered by this Guide. It is understood that these RMs are included in the term “CRM”. This Guide describes
the process of preparing a candidate RM so that it may either be certified, or marketed as an RM with a
documentation package containing at least the information listed above.
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Furthermore, according to ISO Guide 31, the certificate accompanying a CRM is a summary of an extensive
programme of work involving selection of material, assessing its suitability, and measuring the properties to be
certified. Many users of the CRM will not require any information further to that contained in the certificate but
it should be available, either in the form of a certification report (supplied with the CRM or obtainable on
request) or otherwise supplied on application to the producer. It is essential to include the name of an officer
representing the certifying body indicating that this person accepts responsibility for the contents of the
certificate. It is best left to the discretion of the certifying body whether the certificate should also be signed.
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A.1 One-way analysis of variance (ANOVA)

Consider t
members |
“missing”,

recommen
incomplete

The scatte
squares”.

variance [2
variances a

2
Swithin

%4

These sums of squares express the scattering at various (hierarchic).levels in the analysig

Annex A
(informative)

Statistical approaches

he case that there are a groups, and each of them contains »; members. Ideally, the numbe
h the groups should be equal, but in practice this is not always the case. Some data mayj
and expressions have been developed to account for these missing data [20]: [21] @nd they
jed over other methods for treating incomplete data sets. It should be noted that the m
the data set becomes, the poorer the quality of the estimates becomes.

ring of data can be expressed in terms of sums of squared differences, als@ known as “sum

. The so-called mean squares, as obtained from a spreadsheet program, can be converted
s follows:

= MS\ithin

rSamong B MSwithin

N

where

no = —

S

When ther
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=

n;

P are no missing data, 7y becomes equal to n. The mechanism as shown allows scatter in
ents to be attributed—~to™ the various uncertainty components influencing the material

ental reasons, a slightly negative value would be obtained for sAZ, then it is set to zero.

In a between-bottle homogeneity study, s, is identical with the between-bottle standard deviation
s a group.

(A.

bnt process. In the _absence of any between-group effect, s A2 is expected to be (close to) zerd.

r of
be
are
ore

5 of
of
nto

\.1)

\.2)

the
and
If,

A.2 Nes

edrandom effects in data analysis: Two-way ANOVA

This model may be used when the results of the measurement campaign collaborative study are used to
confirm the homogeneity of the material as well as to characterize it. The experimental scheme is illustrated in
Figure A.1 for the particular case of an interlaboratory study. When a campaign consists of different methods,

the lay-out

for the campaign is essentially the same.

The results can be expressed by the equation

Xk :y+Ai+Bij+g

ik

(A.4)
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where

Xijk is the kth result of sample unitj reported from method/laboratory ;;

4; s the error due to method/laboratory i;

By is the error due to the jth sample unit within method/laboratory i;

& 1s the measurement error.
Th p:\rnmnfnre to he estimated are the grnnrl mean, the bhetween Inhnrnfnry standard deviat
betveen-bottle standard deviation s, and the repeatability standard deviation s,.. They are relateg
to the error terms:

\Var(4;)

Spp = Var(By)

s, = ,lVar(gijk)

S =

ion s, the
as follows

For the between-bottle homogeneity (s,,;,), the same considerations )with respect to the inability to detect batch
inhpmogeneity as for the homogeneity study itself (see 7.9) apply.
All these parameters can be estimated simultaneously by the analysis of variance (ANOVA) mgthod [20] if
there are sufficient results of equal replication (the same number of replicate determinations from each unit
and the same number of units per method/laboratory) after any technically or statistically invalid rgsults have
begn excluded. If this ANOVA requirement cannot;be met because of the number of invalid andfor missing
resllts, the significance of the between-bottle variance should be determined by other means (see Clause 7).
Theoretical details and additional methods for balanced and unbalanced ANOVA are given in standard
tex{books [44]. [45]. A discussion of ANOV/A in the context of the certification of reference materialg is given in
the|literature [181, [20], [22], [23]
Lab No.1 Lab No.2 A Lab No.p
Bottle Bottle Bottle Bottle B Bottle Bottle
No.1 No.2 No.1 No.2 No.1 No.2
Ms- Ms- Ms- Ms- Ms- Ms- Ms- Ms- Ms- Ms- Ms- Ms.
No.1| [No.2| [ No.1| [No.2 No.1| [No.2|| No.1| |No.2 w No.1[[No.2 || No.1||No.2
Key
A between-laboratory variation
B  between-bottle variation
W  measurement repeatability
Figure A.1 — Outline of a collaborative study, combined with batch homogeneity study
[characterization of an RM (2-way layout)]
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The formulae for computing the above-mentioned estimates read as follows (see References [20] and [21]).
The grand mean is computed using

b; 1jj

= P
= Zzzx,,k (A.6)
Z n; i=1 j=1k

i=1 j=1

where p denotes the number of laboratories, b, the number of bottles used by method/laboratory i, and n;
the number of replicate measurements on bottle ij. The variances are computed as follows

Var(‘?i k) = MS yjithin (A.7)

Var(B ) _ MSpc 4 = MSwithin (A.8)
o

Var(A):MSamong nOVar( ) Var( Uk) A9)

(nb)o

where

MS g = =———— Al10)

MSp_ ) == A1)

O Al12)

and
b; g p b )
L i Z 1y
1>—\ g=1 _[:1]:1
4| b; p b;
=10 A ah
LL”UJ L
=1 =1 j=1
ny = —7 =/ (A13)
0 -1
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. p |~
PDRIEDIEA
i=1j=1 i=1 an]

j=1
= A14
I’lo » ( )
Zbi -p
i=1
p (b -
A Z jj
L2 =1\ j=1
o Z ij
i=1 j=1
nb),. = = (A.15)
(n8)g =
The mean squares (MS) can also be obtained using a common spreadsheet program or statistical software
pagkage. The expressions given account for missing and/or removed (invalid) data. For complete data sets,
the|simpler formulae of ISO 5725-3 [3] may be used.

A.3 Nested random effects in data analysis: One-way ANOVA

This

exy

wh

erimental scheme is illustrated Figure A.2. The results can then be simplified to

model is used when the between-bottle homogenéity is verified by other means (see Clalise 7). The

X =pHtAit+e (A.16)
bre

x; is the jth result of method/laboratory i;

A; is the error due to method/laboratory i;

& is the measurement error.

Lab No.1 | Lab No.2 LabNo.3 | | Lab No.4 A Lj)b_'\f" La No.p

Ms'. Ms. Ms. Ms. Ms. Ms. Ms. Ms. ns Ms. Ms. Ms. Ms.
No.1[[No.2[[No.1[[No.2| [No.1[[No.2|[No.1|[No.2 i No.1||[No.2[[No.1|[No.2

Key

A
w

between-laboratory variation
measurement repeatability

Figure A.2 — One-way analysis of variance: lay-out of a measurement campaign collaborative study

[characterization of an RM (1-way layout)]
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