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Foreword

3:2023(E)

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
through ISO technical committees. Each member body interested in a subject for which

carried out
a technical

committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of

electrotechnical standardization.

The [procedure documernt 3 oseintended for i 7
desdribed in the ISO/IEC Directives, Part 1. In particular, the different approval criterianes
diffdrent types of ISO document should be noted. This document was drafted in accendan

editgrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

ISO fdraws attention to the possibility that the implementation of this docunient may inv
of (a) patent(s). ISO takes no position concerning the evidence, validity or applicability of

imfenance are

bded for the
ce with the

lve the use
iny claimed

patent rights in respect thereof. As of the date of publication of this decument, ISO had

ot received
noti¢e of (a) patent(s) which may be required to implement this docunient. However, implej}wnters are

cautjoned that this may not represent the latest information, whichkmay be obtained fro
datapase available at www.iso.org/patents. ISO shall not be held responsible for identifyin
such patent rights.

trade name used in this document is information given.for the convenience of users a
titute an endorsement.

Any
cong

For pn explanation of the voluntary nature of standards, the meaning of ISO specific
expy]
the

WWHY

World Trade Organization (WTO) principles in the Technical Barriers to Trade
v.iso.org/iso/foreword.html.

This
Subg

document was prepared by Technical Committee ISO/TC 69, Applications of statistid
ommittee SC 6, Measurement méthods and results.

This
revi

second edition cancels and #eplaces the first edition (ISO 5725-3:1994), which has been
bed. [t also incorporates.the Technical Corrigendum ISO 5725-3:1994/Cor.1:2001.

The main changes are as follows:

Several additionabexperimental designs have been added to this version compared to t
version, some ‘of them from ISO 5725-5. These are orthogonal array designs, split le
Hesigns fortheterogeneous sample material as well as designs across levels.

Furthermore, the standard was supplemented by considerations on the selection of
modelling of the factorial effects, as well as by a section in which the reliability of

the patent
g any or all

nd does not

terms and

essions related to conformity assessment;ias well as information about ISO's adlherence to

(TBT), see

al methods,

technically

he previous

vel designs,

factors and
the various

rterlaboratory test parameters (mean and precision parameters) are considered.

Alist of all parts in the ISO 5725 series can be found on the ISO website.

Any feedback or questions on this document should be directed to the user’s national standards body. A

complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

0.1 SO 5725 uses two terms “trueness” and "precision” to describe the accuracy of a measurement
method. “Trueness” refers to the degree of agreement between the average value of a large number
of test results and the true or accepted reference value. “Precision” refers to the degree of agreement
between test results.

0.2 General consideration of these quantities is given in ISO 5725-1 and is not repeated here. It is
stressed that ISO 5725-1 provides underlying definitions and general principles should be read in
conjunction with all other parts of ISO 5725.

0.3 Many (ifferent factors (apart from test material heterogeneity) may contribute to the Variabililty of
results fror]: a measurement method, including:
a) thelabgratory;

b) the operator;

c) the equli)pment used;

d) the calipration of the equipment;
e) the batth of a reagent;
f) the timp elapsed between measurements;

g) environment (temperature, humidity, air pollution, etc.);

h) other factors.

0.4 Two cdnditions of precision, termed repeatabilityrxand reproducibility conditions, have been f¢und
necessary and, for many practical cases, useful for«describing the variability of a measurement method.
Under repeptability conditions, none of the factors a) to h) in 0.3 are considered to vary, while upder
reproducibility conditions, all of the factors-are considered to vary and contribute to the variability of
the test respults. Thus, repeatability and reproducibility conditions are the two extremes of precigion,
the first describing the minimum and_the second the maximum variability in results. Intermediate
conditions between these two extreme)conditions of precision are also conceivable, when one or more
of the factofs listed in b) to g) are allowed to vary.

To illustratg the need for including a consideration of intermediate conditions in method validafion,
consider the operation of a“present-day laboratory connected with a production plant involving, for
example, a|three-shift working system where measurements are made by different operators on
different equipment. @perators and equipment are then some of the factors that contribute tq the
variability in the test pesults.

The standafd .deviation of test results obtained under repeatability conditions is generally less fhan
that obtainpd-under intermediate precision conditions. Generally, in chemical analysis, the stanflard
deviation under intermediate precision conditions may be two or three times larger than that under
repeatability conditions. It should not, of course, exceed the reproducibility standard deviation.

As an example, in the determination of copper in copper ore, a collaborative study among 35 laboratories
revealed that the standard deviation under intermediate precision conditions (different times) was
1,5 times larger than that under repeatability conditions, both for the electrolytic gravimetry and
Na,S,05 titration methods.

0.5 This document focuses on intermediate precision and alternative designs for collaborative studies
of a measurement method. Apart from the determination of intermediate precision measures, the
aims of these alternative designs include reducing the number of required measurements, increasing
the reliability of the estimates for precision and overall mean and taking into account test material
heterogeneity.
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Indeed, a t -factor fully-nested experiment with two levels per factor (inside each laboratory, there are

t—1 factors) and two replicates per setting requires 2 - 2¢71 test results from each laboratory, which
can be an excessive requirement on the laboratories. For this reason, in the previous version of
ISO 5725-3, the staggered nested design is also discussed. While the estimation of the precision
parameters is more complex and subject to greater uncertainty in a staggered nested design, the
workload is reduced. This document offers alternative strategies to reduce the workload without
compromising the reliability of the precision estimates.

As far as the special designs for sample heterogeneity are concerned, they were discussed in the
previous version of ISO 5725-5. However, it is convenient to have one part of this standard dedicated to

the

uestion of the design of experiments

0.6
acro
whe
For 1
with

0.7

repe
redy
This
to t
corr,

The repeatability precision as determined in accordance with ISO 5725-2 is compute
5s participating laboratories. Whether it can be used for quality control purposes
Fher the repeatability standard deviation can be considered to remain constantacross |
his reason, it is important to obtain information on how the repeatability standard devi
in and between the laboratories under different conditions.

In many collaborative studies, the between-laboratory variability(is large in compa
atability, and it would be useful to a) decompose it into several different precision conf
ce, if possible, some sources of variability which are due to the-intermediate precision|

he variability under intermediate precision conditions$\ of measurement, by quar

manjner, the intermediate precision component of the overall variance is enlarged while th

labo
reas
cond
apa

0.8

is in
relat
relaft

Fatory component of the overall variance is reduced. Only random effects are considery
pnable to model a factor as a fixed effect after asmethod or calibration optimization stu
ucted. In this standard, different relationships:between factors are taken into account, ¢
rticular factor is subsumed under another factor or not.

Estimates for precision and overall:mean are subject to random variability. Acd
hportant to determine the uncertainty associated with each estimate, and to und
ionships between this uncertainty, the number of participants and the design.
ionships are understood, it becomes possible to make much more informed decisions

the pumber of participants and the experimental design.

09
predg
sinc

Provided different factorial effects do contribute to the variability, determining the
ision components mdy make it possible to reduce the required number of participating1
e the between-labotatory variability can be expected to be less dominant. However,

1 as a mean
depends on
hboratories.
ation varies

rison to the
\ponents, b)
conditions.

can be done by identifying factors (e.g. time, calibration, opérator or equipment) whicl contribute

tifying the

esponding variability components and, wherever achievable, decreasing their contribution. In this

e between-
bd: it is only
dy has been
e.g. whether

ordingly, it
brstand the
Once these
concerning

respective
hboratories,
it is highly

recommended to have’a reasonable number of participating laboratories in order to ensurg a realistic
assessment of the)overall method variability obtained under routine conditions of operation.

0.10 In the yniform-level design according to part 2 of this standard, there is a risk thatan o
allow theesult of a measurement on one sample to influence the result of a subsequent mpasurement
on apother sample of the same material, causing the estimates of the repeatability and repfoducibility
standard deviations to be biased. When this risk is considered to be serious, the split—Lvel design
described in this document may be preferred as it reduces this risk. Care should be taken that the
two materials used at a particular level of the experiment are sufficiently similar to ensure that the
same precision measures can be expected (in other words: the question arises whether the precision
component associated with a particular factor remains unchanged across a range of similar matrices).

perator will

0.11 The experimental design presented in ISO 5725-2 requires the preparation of a number of
identical samples of the material for use in the experiment. With heterogeneous materials this may not
be possible, so that the use of the basic method then gives estimates of the reproducibility standard
deviation that are inflated by the variation between the samples. The design for a heterogeneous
material given in this document yields information about the variability between samples which is not
obtainable from the basic method; it may be used to calculate an estimate of reproducibility from which
the between-sample variation has been removed.
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Accuracy (trueness and precision) of measurement
methods and results —

Part 3:
Intermediate precision and alternative designs for
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vro oty

coH

This

b)

Each
follo
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Scope
document provides

h discussion of alternative experimental designs for the determination of trueness ar
measures including reproducibility, repeatability and selected measyires of intermedia
pf a standard measurement method, including a review of the*circumstances in whi

pstimates, and
ivorked examples including specific designs and computations.

of the alternative designs discussed in this docuniént is intended to address one (or sej
wing issues:

h discussion of the implications of the definitions of intermediate precision measures;

h guidance on the interpretation and-application of the estimates of intermedia]
measures in practical situations;

determining reproducibility, repeatability and selected measures of intermediate preci
mproved? determinationefreproducibility and other measures of precision;
mproving the estimate 0f the sample mean;

Hetermining therange of in-house repeatability standard deviations;
Hetermining/other precision components such as operator variability;

determining the level of reliability of precision estimates;

Fedticing the minimum number of participating laboratories by optimizing the r

d precision
te precision
th their use

s necessary or beneficial, and guidance as to the interpretation and application of the resulting

eral) of the

e precision

sion;

bliability of

precision estimates;

j) avoiding distorted estimations of repeatability (split-level designs);

k) avoiding distorted estimations of reproducibility (taking the heterogeneity of the material into
consideration).

Often, the performance of the method whose precision is being evaluated in a collaborative study will
have previously been assessed in a single-laboratory validation study conducted by the laboratory
which developed it. Relevant factors for the determination of intermediary precision will have been
identified in this prior single-laboratory study.

1) Allowing a reduction in the number of laboratories.
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2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

ISO 3534-1, Statistics — Vocabulary and symbols — Part 1: General statistical terms and terms used in
probability

ISO 3534-2, Statistics — Vocabulary and symbols — Part 2: Applied statistics

ISO 5725_1 Accyuracy (Frueonoce and nyocicion) of moacyromont mothande and yocyiltc Doyt 1- Co qeral
uuuuuuuu e et eSSt P EEeoTo 0y ol

principles and definitions

ISO Guide 3B, Reference materials — Good practice in using reference materials
ISO Guide 35, Reference materials — Guidance for characterization and assessment of hoinogeneity| and
stability
3 Terms and definitions

For the pufposes of this document, the terms and definitions given in ISO 3534-1, ISO 3534-2|and
[SO 5725-1 and the following apply.

ISO and [E(fmaintain terminological databases for use in standardization at the following address¢s:

— ISO Onlline browsing platform: available at https://www.i§0.org/obp

— IEC Eleftropedia: available at https://www.electropedia.org/

31
block
group of sefltings (3.7) conducted in parallel or within a short time interval, and with the same samjples

EXAMPLE Two settings:

Operator 1 + Calibration' 1 + Equipment 1 + Batch 1
and

Operator 1 + Calibration 2 + Equipment 2 + Batch 1

Note 1 to enftry: This defihition is more specific than the general definition given in ISO 3534-3:2013, 31.25,
where blocklis defined as'a collection of experimental units.

3.2
factor
feature underexamimationras a potential source of variation

EXAMPLE Operator, calibration, equipment, day, reagent batch, storage temperature, shaker orbit, shaker
frequency.

Note 1 to entry: Strictly speaking, the factor laboratory is a factor just like any other. However, since the ISO 5725
standard focuses on method validation by means of interlaboratory studies, the factor laboratory can be
considered to have a somewhat privileged role. The following characteristics distinguish it from other factors:

— The factor laboratory is indispensable: For each measurement, the name of the particular laboratory where
it was performed will always be provided in a collaborative study.

— The factor laboratory will almost always have more levels than other factors.

2 © IS0 2023 - All rights reserved
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It should also be noted that categories such as measurand, sample/matrix and level may also be
considered to be factors. However, in collaborative studies, they are often not taken into account
as such in the factorial design. The reason is that, for these factors, one is interested in a separate
statistical analysis for each separate factor level. In other words, one is interested in obtaining separate
precision measures for each particular measurand or concentration level, not across measurands or
concentration levels. However, in cases where it is required to quantify precision across, say, matrices,
then the factor sample/matrix should also be included in the design. Accordingly, in this document,
designs are discussed to be applied for a particular measurand or concentration level by different
laboratories all applying the same measurement procedure.

[SOURCE: 1SO 3534-3:2013, 3.1.5, modified — Note 1 to entry was modified and Note 2 to entry was

deleted.]

3.3

factor level

setting (3.7), value or assignment of a factor (3.2)

EXAMPLE Operator 1, Operator 2

Note|1 to entry: In many designs, the majority of factors will be varied acrosstwe'levels.

3.4

fully-nested design

nested design, where there is a nesting hierarchy for every pairof factors (3.2)

EXAMPLE There are 2 operators in each laboratory, and+€ach operator performs 2 calibratjons, i.e., the
study includes 2 operators and 4 calibrations for each laboratory.

3.5

partially-nested design

nestpd design where one factor (3.2) (the factek laboratory) is ranked higher than all other factors (i.e.,
all ofher factors are nested within the factefJaboratory), and there is at least one factor pajr without a
nestfng hierarchy

EXAMPLE There are 2 operatorsiand 2 instruments in each laboratory, and each operator performs
meagurements on 2 instruments, i.e;, the study includes 2 operators and 2 instruments for each labqratory.

3.6

run

actupl measurement carried out for a particular setting (3.7) and for a particular laboratory

EXAMPLE Operator/l + Equipment 1 + Batch 1 + Day 1 carried out in laboratory 1

Note|1 to entry:<Ehis definition is more specific than the general definition given in ISO 3534-3 (3{1.13), where
run is defined@s)specific settings of every factor used on a particular experimental unit.

Note|2 tocentry: “Identical” runs are called replicates, whereby “identical” means that the different tithe points are
closq engugh to each other to allow for the results to be considered as obtained under repeatability fonditions.
3.7

setting

combination of factor levels (3.3), for all factors (3.2) except the factor laboratory

EXAMPLE Operator 1 + Equipment 1 + Batch 1 + Day 1.

4 Symbols

B

Component in a test result representing the deviation of a laboratory from
average (laboratory component of bias)

© IS0 2023 - All rights reserved
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By Component of B representing all factors that do not vary under intermediate precision
conditions - laboratory bias per se

B1),B(z), etc.  Components of B representing factors that vary under intermediate precision conditions

e Component representing the random error occurring in every test result, corresponding
to the analytical, repeatability, model or residual error

m Overall mean of the measurand or test property for a particular matrix; level
m Estimate of the overall mean

n Number of replicate test results obtained in one laboratory at one level for one|sefting
p Number of laboratories participating in the collaborative study

q Number of levels of the test property in the collaborative study

o, Within-laboratory standard deviation of the residual term e

o, Repeatability standard deviation

Og Reproducibility standard deviation

o) Standard deviation corresponding to factor B,

o) Standard deviation corresponding to factor By

0(2) Standard deviation corresponding to factor B,

o4 Standard deviation corresponding tofactor A

O nteraction Standard deviation correspondingto the interaction of two factors

o Standard deviation corresponding to the interaction of the two factors A and B
S Estimate of a standard'deviation

se Standard error

Var(X) Variance of X

w Range of a)set of test results

y Testresult

X Mean of X

|X| Absolute value of X

5 General requirements

In order to ensure that measurements are carried out in the same way, the measurement method shall
have been standardized. All measurements obtained in the framework of an experiment within a
specific laboratory or of a collaborative study shall be carried out according to that standard.

NOTE The terms collaborative experiment, collaborative trial and interlaboratory experiment are

used interchangeably to denote a collaborative study conducted in order to characterize and/or assess the
performance of a measurement method.

4 © IS0 2023 - All rights reserved
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6 Intermediate measures of the precision of a standard measurement method
6.1 Factors and factor levels

6.1.1 Definitions and examples

In this document, the term factor denotes an identifiable and quantifiable source of variability such
as time, calibration, operator or equipment (see 3.2). In order to investigate a factor’s contribution to
variability, it is necessary to conduct measurements under different conditions or states. For instance,
measurements shall be carried out with different pieces of equipment, or with different operators. The

diffdrent states associated with a particular factor are called factor levels (Se€ 3.3). Tablg 1 provides
typital examples of factors and their factor levels.
Table 1 — Examples of factors
Factor Desc'ription/example of the Comufibnfs
different factor levels

Labg¢ratory The different participating labo-|Some of the special designs presented in this document
ratories, typically between 4 and |allow reliable precision-estimates with as few as 4 partic-
15 different laboratories. ipating laboratories:

Poinjt in time Two different time points (e.g.|Differences befween “measurements made|at different
different days, different weeks, |times”, i.e. separated by a relatively long timeg interval (as
etc) comparedwith the repeatability interval) will reflect effects

which corhespond to uncontrolled changes in environmental
conditions as well as other “controlled” sources pfvariability
such'as the use of different reagent batches, efc.

Calipration Before and after instrument is|€alibration does not refer here to any calibratjon required
sent to the manufacturer for«ajas an integral part of obtaining a test result by tthe measure-
recalibration ment method. It refers to the calibration procefs that takes

place atregular intervals between groups of mgasurements
within a laboratory.

Opefator The different technicians working | In some circumstances, the operator may be, i} fact, a team
in the laboratory of operators, each of whom performs some sp¢cific part of

the procedure. In such a case, the team should|be regarded
as the operator, and any change in membership or in the
allotment of duties within the team should befregarded as
constituting a different operator.

Equjpment Twedifferent pieces of equipment | Equipment is often a set of equipment, and any ghange in any
significant component should be regarded as fonstituting
different equipment. As to what constitutes § significant
component, common sense must prevail (e|g. different
burettes/pipettes, thermometers, pH meters,|centrifuges,
shaker orbits or frequencies).

Congumables (buffer | Different batches or producers |A change of a batch of areagent should be condidered a sig-

solultionts, reagents nificant component. It can lead to different equipment or to

calibrators, cartridg- arecalibration if such a change is followed by calibration.
es)

NOTE 1 In practice, it may not be possible to consider factors in isolation from one another; this is due to a characteristic
of experimental designs called confounding. In theory, it should always be possible to disentangle the effects of different
factors by additional testing. For instance, if Operator 1 always carried out tests with Equipment 1 (e.g. HPLC system 1) and
Operator 2 with Equipment 2, then it would be possible to tell the effects of the two factors Operator and Equipment apart
by adding further runs for Operator 1 with Equipment 2 and for Operator 2 with Equipment 1.

NOTE 2 Further effects called interaction effects are not explicitly considered here. However, some interaction effects are
implicitly taken into consideration. For instance, the effect of skill or fatigue of an operator may be considered to be the
interaction of operator and time. Similarly, the performance of a piece of equipment may be different at the time it is first
turned on and after many hours of use: this is an example of interaction between equipment and time.

NOTE 3 InISO 5725-2, the factor laboratory is implicitly included in the analysis.

© IS0 2023 - All rights reserved
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6.1.2 Selection of factors of interest

In the standard for a measurement method, the repeatability and reproducibility standard deviations
should always be specified, but it is not necessary (or even feasible) to state all possible intermediate
precision measures. The selection of relevant factors is informed by experience and an understanding
of the relevant physical, chemical or microbiological processes.

Practical considerations in most laboratories, such as the desired precision of the final quoted result
and the cost of performing the measurements, will govern the number and choice of factors taken into
consideration in the standardization of the measurement method.

Finally, the
variations h

It will ofter
a detailed §
be carefully
practical m

It is assumdq
itself will h
bias arising

| P £ € 4 4 H .. 3 +1 pa| 3 1. 1d £] 4 RN 4
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etween the laboratories.

be sufficient to specify only one suitable intermediate precision measure, together
tipulation of the specific measurement conditions associated with it. The factors sh
¢ defined; in particular, for the intermediate precision associated with the’factor Tin
ban time interval between successive measurements should be specified.

d that, in the case of a standardized measurement method, the bias‘inherent in the me
hve been corrected by technical means. For this reason, this document only addresse
in connection with different measurement conditions.

6.1.3 RaanLdom and fixed effects
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true value
Equipment

On the othsd
overall mea
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described i

NOTE A

se provides a discussion of the question why, in this document, factors are modellg
her than as fixed effects.

ked effect is used to describe a contribution tg‘the deviation from the overall mean or
e direction and magnitude is predictable and-can thus be determined. Say, for example,
nts always lie below the true value with,equipment 1 or reagent supplier 1 and abovy¢
vith equipment 2 or reagent supplier 2: Then it would be appropriate to model the {3
r Reagent supplier as a fixed effect.

n or true value whose direetion varies — and thus cannot be determined. In such cases
y of interest is the magnitude of the contribution (independently of its direction)
terms of a standard.deviation.

interest in a

the underlyihg populationfrom which the factor levels were selected, the factor is modelled as a random e
In this documnent, it is usually the variability of the underlying population which is of interest, rather tha
individual factor levels included in the experiment - this is the rationale for modelling factors as random.

The rationgle forymodelling factors as random rather than as fixed effects is now illustrated or
basis of sevpral examples.
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Table 2 — Rationale for modelling factors as random rather than as fixed effects

Factor

Discussion

Operator

Effects due to differences between operators include personal habits in operating measurement
methods, e.g. in reading graduations on scales, etc. Thus, even though there is a bias in the test
results obtained by an individual operator, this bias is not always constant. The magnitude of
such a bias should be reduced by use of a clear operation manual and training. Under such cir-
cumstances, the effect of changing operators can be considered to be of a random nature.

Equipment

Effects due to different equipment include the effects due to different places of installation,
particularly in fluctuations of the indicator, etc. Systematic differences should be corrected by
calibration and such a procedure should be included in the standard method (e.g. a change in the

batch ofareagent). Anaccepted reference value is needed for this, for which ISO Gujde 33 and ISO
Guide 35 shall be consulted. Remaining equipment effects are considered random.

Timp

Effects due to time may be caused by environmental differences, such &§'ehanges in room
temperature, humidity, etc. Standardization of environmental conditions)should b attempted
to minimize these effects. Clearly, achieving an ideal degree of standardization wuld make it
appropriate to model the factor Time as a fixed effect. However, it isanore realistic tp model this
factor in terms of random effects.

6.1.4 Statistical model

6.1.4.1 Basic model

For [the reader’s convenience and ease of reference, the basic model described in ISQ 5725-1 is
reprpduced here. For estimating the accuracy (trueness‘and precision) of a measurement hethod, it is
usefl to assume that every test result y is the sum of&€hree components given by Formula|(1):

where, for the particular material tested

For g general discussion-ef'these components, the reader is referred to ISO 5725-1, 5.1.

m is the overall mean (expectation];
B is the laboratory comporient of bias under repeatability conditions;

b is the random error{occurring in every measurement under repeatability condition|

y=m+B+e (@8]

g

NOTE1 Depending'on the context, m denotes either the theoretical (unknown) overall mean or|its estimate.
It is possible to use/different symbols (e.g. m versus m) in order to distinguish between a theoretiical quantity
and {ts estimate,\However, this type of notational nuance seems unnecessary in this document. The same holds
for the other\symbols used to denote quantities which are to be estimated - though the symb¢l o will be
resefved fortheoretical standard deviations and s for their estimates. The reader is referred to IS 5725-1 for a

discyssion of this issue.

NOTE 2

In ISO 5725-4, the bias is further decomposed into two parts: method bias and laboratory bias. While

laboratory bias is modelled as a random effect, method bias is modelled as a fixed effect.

6.1.4.2 Partitioning the laboratory bias term

The model described in Formula (1) is appropriate for the situation described in ISO 5725-2, where,
within each laboratory, results are obtained under repeatability conditions (i.e. within a short period
of time, by the same operator, etc.). Under these conditions, B can be considered constant and is called

©1S0 2023 - All rights reserved 7
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the “laboratory component of bias”. In practice, however, B arises from a combination of a number of
effects. The statistical model as given in Formula (1) can be rewritten in the form given by Formula (2):

y:m+BO +B(1) +B(2) +...+€e

where B is

By, B, ..

partitioned into contributions from variates

the residual component of the laboratory bias;

6143 T

Under repe
Under inter

i.e.it charad
taken into

the laborat
terms B(q)

design (the
rather, they
repeatabilit

The variang

Var(B)

In addition

effects of changes in the intermediate precision factors included in the experimental design. Thug

quantity V|
intermediat

Var(B)

The variang

Var (B,

Var(B(]

pry-specific bias which cannot be explained by m, e, or any of the terms B(l) ,B(Z) , etc.

erms By, By, B), etc.

htability conditions, these terms all remain constant and add to the bias of the test reg
mediate precision conditions, B is the effect corresponding to the residualdaboratory

terizes the background component of laboratory bias which remains inyatiant as the fac
ronsideration in the design are varied across their respective factor lévels. By, repres

B(Z)' etc. are random effects corresponding to the factors inc¢luded in the experimsg

intermediate precision factors). These do not contribute-fd the residual laboratory
inflate the intermediate precision standard deviationsp that it becomes larger thar
y standard deviation.

e of B is called the between-laboratory variance expressed as:
— o'%
fo the laboratory component of variancé.per se (i.e. Var(By ) ), this variance also reflect

ar(B) is composed of indeperdent contributions from the factor laboratory and
e precision factors:

=Var (B, )+Var(B(1) )+Var(B(2) )+

es are denoted:

2
:O'O ,

(2)

effects corresponding to intermediate precision factors (such as those in Table 1).

ults.
bias,

tors
ents

The
bntal

bias;
the

5 the
, the
the

VQF(B(Z) ) =0

2
4

()

, etc.

Var(B) is estimated in practical terms as s% and corresponding intermediate precision estimates

2 2 2
50,5(1)5(2)

, etc., may be obtained from suitably designed experiments.

6.1.4.4 Errorterm,e

This term represents a random error occurring in every test result.
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Within a single laboratory, its variance is called the within-laboratory variance and is expressed as:

2

Var(e)=o,,

It may be expected that G&, will have different values in different laboratories due to differences e.g.

between the level of competence of the respective operators or between the sensitivities of different
instruments. However, if such differences between laboratories are small, it is justifiable to establish a
common value of within-laboratory variance for all the laboratories using the measurement method.
This common value, which is estimated by the mean of the within-laboratory variances, is called the

“repeatability variance” and is designated by:

52 =Var (e)

This er exclusion

of ou

mean value is taken over all the laboratories taking partin the accuracy experiment aft
tliers.

In ce
vari

whe

labo
larg
This

estimates for 0'5, are systematic or random. Should systematic differences be identifieq

appj

a sin
labo

NOT
appr
Depe
one

is imjportant to note that repeated measurements are not required to obtain an estimate of the r¢

An a
obse
latte
Ont
meas

6.2

brtain circumstances, it may not be sufficient to establish a common value of within
ince for all the laboratories using the measurement method. In othenwords, the questig

ther the value arz =Var(e) as amean value across all laboratorie$.s representative for g

Fatory. In order to investigate this question, it is required,to/implement a design with
e number of test results obtained under repeatability conditions (say, on the order of 10
will then make it possible to determine whether the-differences between the laborat

2

axo,)

2 2

-laboratory
n may arise

ach specific

a relatively
replicates).
pry-specific
, it may be

opriate to report the estimate for the range [mincw ,maxowJ or for the ratio
mino,

gle repeatability value. Such expressions would then be understood as characterizing

Fatory-specific repeatability precision ¥alues for the method under consideration.

[
»

The error term corresponds-te’what is often called the residual term. There are diffe
baches to computing the residual ‘term. One approach is based on repeated measurements
nding on the required level of reliability and on available resources, replicates can be perfor
etting, or for several or all settings, and the number of replicates per setting can be increased

ternative approach copsists in simply computing the residuals themselves, i.e. the differences
Fved values and the values predicted by the model whose parameters have been estimated. No
[ approach, it is netpossible to distinguish the residuals per se from differences due to model i
e other hand, the-former approach is unsatisfactory if the replicates are not truly independ
urements (see‘Glause 8).

Within-laboratory study and analysis of intermediate precision measures

6.2.]

instead of

the range of

‘ent possible
(replicates).
med only for
. However, it
esidual term.
between the
te that in the
hadequacies.
ent repeated

| —Simplest approach

The simplest method of estimating an intermediate precision standard deviation within one laboratory
consists of taking one sample (or, for destructive testing, one set of presumably identical samples) and
performing a series of n measurements with a change of factor(s) between each measurement. It is
recommended that n should be at least 15. This may not be satisfactory for the laboratory, and this
method of estimating intermediate precision measures within a laboratory cannot be regarded as
efficient when compared with other procedures. The analysis is simple, however, and it can be useful
for studying time-different intermediate precision by making successive measurements on the same
sample on successive days, or for studying the effects of calibration between measurements.

A graph of (y, —y) versus the measurement number k, where y,, is the kth result of n replicated
tests and y is the mean of the n replicate test results, is recommended to identify potential outliers. A
more formal test of outliers consists of the application of Grubbs’ test as given in ISO 5725-2:2019, 8.3.5.
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The estimate of the intermediate precision standard deviation with M factor(s) different is given by

Formula (3):

Sin=

n

> (v -y

_1k=1

(3)

where symbols denoting the intermediate precision conditions should appear inside the empty
parentheses.

NOTE

Using this simplest design, and if more than one influencing factor has been changed, the intermediate

words, facto
6.2.2 Altq

6.2.2.1 Ej

An alternat
For exampl
precision f3
until there

on one iden
not essentig
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EXAMPLE
a second op¢

6.2.22 A
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ernative method

kperimental design
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Fical sample (or set of presumed identical samples in the case of destructive testing), bu
] that the materials be identical. It is only required that the ¢ materials all belong tq

est level within which one value of the intermediate, precision standard deviation wit
ferent can be considered to apply. It is recommended that the value of t(n—1) should

One operator performs a single measuremenfon each of the ¢ materials, then this is repeat

halysis
(y]-k —)7]-) versus the material number, j, where y is the k th test result on the

ential outliers. A more formal test of outliers consists of the application of Grubbs' te
5725-2:2019, 8.3.5.¢ither for each group separately or for all ¢t - n test results combing

e of the intermediate precision standard deviation with M factor(s) different is then g

(4):

SIn=

Fned)

LSS (5,

j=1k=1

rator, and possibly by a third operator, and soon, allowing an estimate of S1(0) to be calculated.

ults.

e, within one laboratory, a set of t materials could each be measured, then the intermedliate
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hire n test results on each of the ¢ materials. Each group of 41 test results shall be obtalined
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(4)

For n=2 (i.

. , , ) the Fstot . ST

SI0=

2t

t

Z(J’jl _ij)z

j=1

1

An example of the statistical analysis of an intermediate precision experiment is given in K.1.

6.2.3

Effect of the measurement conditions on the final quoted result

(5)

The expectation of y is different between one combination and another of time, calibration, operator

and equipment, even when only one of the four factors changes. This is a limitation on the usefulness of
mean values. In chemical analysis or physical testing, y is reported as the final quoted result. In trading
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raw materials, this final quoted result is often used for quality evaluation of the raw materials and
affects the price of the product to a considerable extent.

EXAMPLE In the international trading of coal, the size of the consignment can often exceed 70 000 t, and
the ash content is determined finally on a test portion of only 1 g. In a contract stipulating that each difference
of 1 % in ash content corresponds to USD 1,5 per tonne of coal, a difference of 1 mg in the weighing of ash by
a chemical balance corresponds to 0,1 % in ash content, or USD 0,15 per tonne, which for such a consignment
amounts to a difference in proceeds of USD 10 500 (from 0,1 x 1,5 x 70 000). Consequently, the final quoted result
of chemical analysis or physical testing should be sufficiently precise, highly reliable and, especially, universal
and reproducible. A final quoted result which can be guaranteed only under conditions of a specific operator,
equipment or time can be inadequate for commercial considerations.

7 Nested design

7.1 | Balanced fully-nested design

A schematic layout of the balanced fully-nested experiment at a particular levél of the tesf is given in
Table 3 and Table 4.

By carrying out the two-factor balanced fully-nested experiment collaboratively in several laboratories,
one |intermediate precision measure can be obtained at the same time as the repeatability and
reprpducibility standard deviations, i.e. 0y, 0(1) and o, can béestimated. Likewise, the three-factor

balapced fully-nested experiment can be used to obtain two”intermediate precision measures, i.e.
00,|0(1), O(2) and o, can be estimated.

The [subscripts i,j and k suffixed to the data y in.Fable 3 for the two-factor balanced fully-nested

expdriment represent, for example, a laboratory and a day of experiment (i.e. the two fa¢tors) along
with the replicate under repeatability conditions;respectively.

The pubscripts i, j,k and [ suffixed to the data y in Table 4 for the three-factor balanced fully-nested

expdriment represent, for example, a laberatory, a day of experiment and an operator (i.p. the three
factgrs) along with the replicate underrepeatability conditions, respectively.

Table 3 — Schematic layout for two-factor balanced fully-nested design
FACTOR
0 (Laboratory) i--- ‘

1 =

residual k ---

yl]k yi11 -yilz yi21 yi22

I'able 4 — Schematic layout for three-ractor balanced rully-nested design

FACTOR

0 (Laboratory) i--- ‘

1 J--

2 k ---

residual [--- |7—‘ _‘ |7—‘ |7_‘
Yijkl Van Vi Vim Yz Von Yoz Vin Viazs
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NOTE1 The factor index on the left corresponds to the subscript of the terms By, B(l) 'B(Z) etc. from 6.1.4.2
and 6.1.4.3.
NOTE 2 Inadesign with ¢ factors, there are £t +1 hierarchical levels (i.e. t+1 ranks and subscripts). This is

because the last level corresponds to replicate measurements - and multiple determination under repeatability
conditions is not a factor. In this respect, there is a difference to the version of ISO 5725-3:1994, where multiple
determination under repeatability conditions was counted as a factor. Accordingly, the two designs shown in the
tables are referred to as three-factor and four-factor nested designs in the ISO 5725-3:1994 version.

NOTE 3  In this document, the first (highest) factor is always laboratory. Since this factor can be considered to
be implicit in every experimental design in this standard, it is numbered 0, and the intermediate precision

factors are n|

NOTE4 T

As explaing
hierarchy a
factors lend
(0,1,..), and
lowest rank
could be thg
out.

Since the arn
in ISO 572

mbered startmg withr 1,2,
he t -factor design is also known as a t -stage design.

d in Annex B, the balanced fully-nested design is appropriate when there’is a nat
mong all factors. The allocation of the factors in a nested design is arranged so tha
ing themselves most to modelling in terms of fixed effects should be in\the highest r
those lending themselves most to modelling in terms of random effects should be i
s. For example, in a three-factor design such as illustrated in Tahle}4’and Table 5, facf
laboratory, factor 1 the operator and factor 2 the day on which the'measurement is cat

alysis is carried out separately for each level of the test (material), the procedure descr
h-2 is, in fact, a one-factor (laboratory) nested experimental design and produces

standard deviations, the repeatability and reproducibility standard deviations. If this desig

increased b
under repe
deviations,

y one factor, by having two operators in each lahpratory, each obtaining two test re
atability conditions, then, in addition to the repeatability and reproducibility stan
the intermediate precision standard deviatigh corresponding to the factor Operator

ural

the
hnks
| the
or 0
ried

ibed
two
n is
bults
dard
can

nt is
ition
ctor

be determined. Alternatively, if there is only one operator in each laboratory, but the experime
repeated om another day, it is possible to determine the intermediate precision standard devis
correspondfng to the factor day. The addition ofjafurther factor to the experiment (i.e. a three-fg
design) makes it possible to obtain two intetmediate precision standard deviations. For instgnce,
if there arg two operators in each laboratory, each performing two measurements, and the entire
experiment]is repeated the next day, it is possible to determine standard deviations corresponding to
repeatability, reproducibility, the facteroperator and the factor day.
ain
E:ent

ness

In the nested design, the variability associated with intermediate factors is considered to re
constant adross the levels of higher-ranked factors. For instance, it is assumed that the equip
variability is constant acrossldboratories and operators. If there are doubts as to the appropriate
of this assumption, then the)design shall be modified.

The conditipns underwhich each participating laboratory is required to perform measurements on the
test items ghould be clearly described in the collaborative study announcement letter. Each selgcted
factor used for the estimation of the intermediate precision should be specified. This will erjable
laboratorie$ to. determine whether they are eligible to participate.

The analysis of the results of a balanced fully-nested experiment should be carried out by means of
the statistical method Restricted Maximum Likelihood (REML). This method is described in general
terms in Annex |. The calculation of the REML requires mathematical-statistical software. If this is not
available, the statistical method Analysis of Variance (ANOVA) can be used instead. This is described
in Annex C. For balanced data, REML and ANOVA estimation of variance components yield the same
results (apart from the fact that the REML estimate can never be below zero).

7.2 Staggered-nested design

The staggered-nested design allows a considerable reduction in the workload. The drawback is
increased complexity in the statistical analysis and larger uncertainties.

A schematic layout of the staggered-nested design at a particular level of the test is provided in Table 5.
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Table 5 — Schematic layout of the three-factor staggered-nested design

FACTOR

0 (Laboratory) i---

The

resullts y;;and y;, are obtained under repeatability conditions, and y;3 underiintermedia

cond
exar]

Ina
vary

Just
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nest

fact¢r 2 the day on which the measurement is carried-out.

The

and
exce
The

1 j--
2 J--
residual Jj ---
Yij Vi Yo Vi Via

two-factor staggered-nested design requires each laboratory i to obtain thtee test 1

itions, e.g. by obtaining y;3 on a different day from that on which y;,dnd” y;, were o
ple of the statistical analysis of a two-factor staggered-nested desigmis given in ].2.

three-factor staggered-nested design, y;, is obtained under intermediate precision cg
ing two factors, e.g. by changing the day and the operator.

hs in the case of the balanced fully-nested design, the allégation of the factors in a stagg
bn is arranged in accordance with the natural hierarchy. For example, in a three-factoj
ed design such as illustrated in Table 5, factor 0 could-be the laboratory, factor 1 the o

t -factor balanced fully-nested design with two levels per factor (apart from the factor

two replicates per setting requires 228 test results from each laboratory, which
ssive requirement on the laboratoriesxThis is the main argument for the staggered-ne
latter design requires fewer test results to produce the same number of standard

3:2023(E)

esults. Test
te precision

btained. An

nditions by

bred-nested
staggered-
perator and

laboratory)

| can be an
sted design.
deviations,

althgugh the analysis is slightly more‘cemplex and there is a larger uncertainty in the estimates of the

stan
NOT
The

REM
of Va

NOT

7.3

dard deviations due to the smaller number of test results.
1 The staggered-nested-design discussed here is fully-nested but not balanced.

L requires mathematical-statistical software. If this is not available, the statistical meth
riance (ANOVA))can be used instead. This is described in Annex C.

£ 2 Fuptherdetails on the staggered-nested design can be found in References [5] and [6].

Balanced partially-nested design

hnalysis of the results-of'd staggered-nested design should be carried out by means of thle statistical
method Restricted Maximum Likelihood (REML). This is described in Annex I. The calcul

ation of the
od Analysis

A sc

TeMmatic layout of a batanced partiatty-nested experiment witir three factors {laborato

y, operator,

reagent batch) at a particular level of the test and for laboratory, i, is provided in Table 6. Each of the

two

factors Operator and Reagent batch has two levels, denoted 1 and 2.

The structure of the design is identical to the balanced fully-nested experiment and could also
be described by Table 4. However, unlike the nested design, in the paially-nested design there is no
complete hierarchy among the factors: all factors (apart from laboratory) are subsumed under the
factor laboratory, and among these remaining factors there is no hierarchy. A detailed discussion of the
differences between the different designs is found in Annex A.
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Table 6 — Design for partially-nested design with three factors at a particular level of the test

and for laboratory i

The reprod
factors and

The analysi
method An
Alternative

Operator Reagent batch Test result?
1 1 Yi111,Yi112
1 2 Yi121Vi122
2 1 Yi211 Vi212
2 2 Yi2211 Yi222
a  The first three subscripts in y; ,y; o represent the
levels oI the three Tractors Uaboratory, operator, reagent
batch)

icibility variance can be obtained by summing the precision variances corresponding t
the residual variance. The latter may be interpreted as the repeatability variance.

s of the results of a balanced partially-nested experiment is carried out by the statis
hlysis of Variance (ANOVA) separately for each level of the test as deséribed in Anng
y, the statistical technique Restricted Maximum Likelihood (REML) can be used. TH

described i Annex I.

7.4 Orth

Consider th

factor Labo
overall var
operators, {
per setting
design, each

pgonal array design

e case that p laboratories take part in a collaborative. study in which, in addition tq

atory, four factors (denoted A, B, C and D) are investigated with respect to contributi
jability. Within each laboratory, each of the factors has two levels (for instance,
wo instruments, two reagent batches, two batches of cartridges), there are two replic
and there is no complete hierarchy among;the factors. In the balanced partially-ne
laboratory would have to carry out 32 measurements per level (see Table 7). More genel

in the balanced partially-nested design, if there ar'e’(t —1 factors within each laboratory, and if

factor (apat

t from laboratory) has 2 levels, eacli Jaboratory shall perform n - 2D measurement

b the

tical
bx D.
is is

the
n to
two
ates
sted
rally,
each

5 per

level and mpasurand, where n denotes the aumber of replicates.
Table 7 — Five-factor (laboratory, and factors A, B, C and D) balanced partially-nested design at
level i of the-factor laboratory (with 2 replicates)
Factor A tFactor B |Factor C |Factor D Test result?
! 1 1 1 Y Yanz
1 1 1 2 Yz Yan
1 1 2 1 Yitzi1> Viti12
1 1 2 2 Yirz1> Vinizz
1 2 ! 1
Jia111s i1z
1 2 1 2 Y2110 Vi
1 2 2 1 Yiroz11> Virziz
1 2 2 2 Yioa1s Vioon
2 1 1 1 Yot Yizunz
2 1 1 2 Yiat21s Yior122
2 1 2 1 Vo211 Yio1212
3 The first five subscriptsin y; , y; o represent the levels of
the five factors.
14
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Table 7 (continued)
Factor A |Factor B |Factor C |FactorD Test result?
2 1 2 2 Yioi2215 Viz1a2
1 1 Vit Viza112
2 2 1 2 Yin1a1> Vinoia
2 2 2 1 Yioni1s Vizoon2
2 2 2 2 Viann1s Vinoan

ISO 5725-3:2023(E)

Sped
asso
corr
redy

T

As c
Tabl
desi

Orth
each

3 The first five subscripts in y; , ¥; o represent the levels of

the five factors.

ial designs called orthogonal array designs make it possible to considerably réduce the workload
ciated with a particular design without excessive loss of reliability. An orthogonal a
psponding to the above example is provided in Table 8. As can be seé€n, the worklogd has been

rray design

the
fact

I'S¢

bn depends oneotrectly determining which rows to omit.

ogonal array~designs are characterized by the following property: the number of ocd
factor lével combination is the same for every pair of factors. In other words, for each
umber.of measurements in a laboratory is the same for each factor level combination of the two

ced by 50 %.
hble 8 — Orthogonal array design for the five-factor (laboratory, and factors A, B,|C and D)
experiment at level i of the factor laboratory (with 2 replicates)
Factor A Factor B Factor C Factor D Test result?

1 1 1 1 Yit1111. Vit1112

1 1 2 2 Yi11221, Vi11222

1 2 1 2 Yi12121, Vi12122

1 2 2 1 Yi12211- Vi12212

2 1 1 2 Yi21121+ Vi21122

2 1 2 1 Yi21211, Vi21212

2 2 1 1 Yiz2111- Viz2112

2 2 2 2 Yi22221 Vi22222

a  Thefirstfive subscriptsin y; ,y; o representthe levels of the five factors.

hn be seen, an orthogonal array design is obtained by omitting some of the settings (i.e. rows in
e 7). However, the Teliability of the precision estimations obtained on the basis of the reduced

urrences of
factor pair,

Thus, Tn the example shown In Table 8, the factor level combinations corresponding to any factor pair
are 1-1, 1-2, 2-1 and 2-2. For the factor pair Factor A-Factor B, it easily verified that each factor level
combination occurs twice (indeed in the same order as in the previous sentence: 1-1, 1-1, 1-2, 1-2, 2-1,
2-1, 2-2, 2-2). For the factor pair Factor A-Factor C, the factor level combinations occur in a different

order; however, it is easily verified (see Table 9) that each occurs twice.
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Table 9 — Factor level combination occurrences for factor pair Factor A-Factor C

Factor level

Factor A Factor C

combination
1-1
1-2
1-1
1-2
2-1
2-2
2-1
2-2

NN NN R R R R
N R, N R NR N R

Similarly, it
factor pairs

can be verified that each factor level combination occurs twice for each of thefour remaining
(A-D, B-C, B-D, C-D).

The orthog
and the ma
obtained. H

Further red
settings. In
approach c
by the resi
an orthogo
Restricted

requires m
Variance (A

NOTE1l O
Hadamard nf

NOTE2 T
efficient vali

Reference [8].

8 Desigi

8.1 Appl

An example
This is laid
size, so wh

bnal array design discussed here is only an example. Depending on.the number of faq
kimum number of runs one is willing to perform, different orthogenal array designs wi
pwever, they all share the property just described.

Juction of workload can be achieved if 2 replicates arelcarried out only for one or
this case, only 9-10 measurements would have to be.carried out per laboratory. Ang
nsists in abstaining from replicates and determining‘\the repeatability standard devis
lual standard deviation obtained from a restricted 'model. The analysis of the resul
hal partially-nested experiment should be carriéd out by means of the statistical me
Maximum Likelihood (REML). This is described in Annex I. The calculation of the R|
hthematical-statistical software. If this is met available, the statistical method Analyg
INOVA) may be used instead. This is described in Annex C.

Irthogonal array designs can be derived-e.g. from fractional factorial designs, latin squares

atrices.

he presented designs can be extended or adapted to specific requirements. A detailed discussi
dation designs can be found-innReference [7]. An overview of factorial designs can be found ¢

n for heterogeneous material

jcations of.the design for a heterogeneous material

of a heterogeneous material is sand (that might be used, for example, for making concr
dowiny by the action of wind or water, in strata that always contain graduations in par
bi-sand is used the particle size distribution is always of interest. In concrete technd

tors
1l be

two
ther
ition
ts of
thod
EML
is of

and

on of
Lg. in

ete).
ticle

logy

the particle size distribution of sand is measured by sieve testing. In order to test a sand product, a
bulk sample is taken from the product, then one or more test portions are produced from the bulk
sample. Typically, the bulk sample will be about 10 kg in mass, and the test portions will be about
200 g. Because of the natural variability of the material, there will always be some variability between
bulk samples of the same product. Hence, if a uniform level experiment is performed in which each
laboratory is sent one bulk sample at each level, the variability between the bulk samples will increase
the calculated reproducibility standard deviation of the test method. However, if laboratories are sent
two bulk samples at each level, then values for the reproducibility standard deviation can be calculated
that exclude this variation.

This example highlights another characteristic of heterogeneous materials: because of the variability
of the material, the specimen or test portion preparation can be an important source of variation.
Thus, with sieve tests on sand the process of preparing test portions from bulk samples is usually the
major source of variability in the test method. If specimens or test portions are prepared for a precision
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experiment in a way that does not correspond to normal practice (in an attempt to produce identical
“samples”) then the values of repeatability and reproducibility standard deviations produced by the
experiment will not be representative of the variability experienced in practice. There are situations
in which it can be desirable to produce identical “samples” by some special process designed to
eliminate, as far as possible, the variability of the material (for example, for a proficiency test, or when
a precision experiment is used as part of a program of work during the development of a measurement
method). However, when the aim of the precision experiment is to discover the variability that will be
experienced in practice (for example, when vendors and purchasers test samples of the same product)
then it is necessary for the variability arising as a consequence of the heterogeneity of the material to
be included in the measures of the precision of the measurement method.

Carq should also be taken to ensure that each test result in an experiment is obtained by carrying
out the test procedure independently of other tests. This will not be so if some stages 0f tle specimen
preparation are shared by several specimens, so that a bias or deviation introduced by-the preparation
will have a common influence on the test results derived from these specimens.

The design for heterogeneous materials proposed in this clause yields information about th¢ variability
between samples that is not obtainable from the uniform level design deseribed in ISO 5725-2. There
is, irfevitably, a cost associated with obtaining extra information: the ptoposed design requires more
samples to be tested. This extra information may be valuable. In the sdnd example, information about
the yariability between bulk samples could be used to decide if the procedure for taking bulk samples is
satidfactory or in need of improvement.

The [design described in this clause is applicable to experirents involving two factors arfranged in a
hiergrchy (laboratory and sample within laboratory) and teplicate measurements (test results within
sample).

8.2 | Layout of the design for a heterogeneous material

The |ayout of the design for a heterogeneous material is shown in Table 10.

Table 10 — Design for heterogeneousmaterial at a particular level of the test and for|laboratory
i

Sample Test result
1 Vi1, Vitz
2 Yia1,Yiz2

The [p participatingaboratories are each provided with two samples at q levels, and obtain two test

resuflts on each sample. Thus each laboratory reports four test results per level (two test results for
each of two samples).

8.3 | Statistical analysis

The tafictical paadal forthn Ayt vzt o hataragnnanic yaatnial i tlhn capnn o fon the balanced

JTO IO TICUT IITOTCT TUT CHIC  CX P CTTIIIICTIC vy oIt o e teT U s CIIc Ut ot ot 19 e~ iic oS tor ¢

fully-nested design with two factors: laboratory, sample. The reader is referred to Annex B and Annex E.
Let it be noted here that the variance corresponding to the between-sample variability is subsequently
subtracted from the reproducibility variance in order to obtain a corrected reproducibility precision
estimate.

9 Split-level design

9.1 Applications of the split-level design

The uniform level design described in ISO 5725-2 requires two or more identical samples of a material
to be tested in each participating laboratory and at each level of the experiment. With this design there
is arisk that an operator may allow the result of a measurement on one sample to influence the result of
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a subsequent measurement on another sample from the same material. If this happens, the results of
the precision experiment will be distorted: the repeatability standard deviation o, will be

underestimated and the between-laboratory standard deviation ¢; will be overestimated. In the split-

level design, at each level of the experiment, each participating laboratory is provided with two samples
corresponding to two similar materials, and the operators are told that the samples are not identical,
but they are not told by how much the materials differ. The split-level design thus provides a method of
determining the repeatability and reproducibility standard deviations of a standard measurement
method in a way that reduces the risk that a test result obtained on one sample will influence a test
result on another sample in the experiment.

For each lepel—the-data—obtained—in—a—sphtlevel-experimentmay-beusedto—draw—-a—graph{Yoyuden
plot) in whikch the data for one material are plotted against the data for the other, similar, matefial. An

example is given in Figure 1. The data are taken from Table G.1, level 1. Each point in the Yaudén| plot
(displayed here as numbers) corresponds to a laboratory. If the two results lie close to each.other, the
point shoulfl lie on the main diagonal (i.e. the line joining the bottom-left an top-right cerners of the
plot). Pointg lying far from the main diagonal are associated with relatively large random error. Pints
lying far from the center of the plot along with the main diagonal show a systematic bias (i.e. a|bias
across both results). The Youden plot is thus useful in identifying the causes offaboratory errors with
the aim of tpking corrective action.
Y
11,2
2
.
11 3
5
°
* e 4 .-
10,8 L
8
10,6
10,4 L]
10
10,2
9| 9e
10
9,8 o3
9,6
8,5 9 9,5 TO 05 ¢

Key
X  measurement result a
Y measurementresultb

Figure 1 — Youden plot for the split-level design (see Annex G, level 1)

It is common for the repeatability and reproducibility standard deviations of a measurement method
to depend on the level of the material. For example, when the test result is the proportion of an element
obtained by chemical analysis, the repeatability and reproducibility standard deviations usually
increase as the proportion of the element increases. It is necessary, for a split-level experiment, that the

18 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=9affd1807508886ef902bf2c0fd42412

ISO 5725-3:2023(E)

two similar materials used at a level of the experiment are sufficiently similar in the sense that the same
repeatability and reproducibility standard deviations can be expected. For the purposes of the split-
level design, it is acceptable if the two materials used for a level of the experiment give almost the same
level of measurement results, and nothing is to be gained by arranging that they differ substantially.

In many chemical analysis methods, the matrix containing the constituent of interest can influence
the precision, so for a split-level experiment two materials with similar matrices are required at each
level of the experiment. A sufficiently similar material can sometimes be prepared by spiking a material
with a small addition of the constituent of interest. When the material is a natural or manufactured
product, it can be difficult to find two products that are sufficiently similar for the purposes of a
split-level experiment: a possible solution may be to use two batches of the same product. It should
be remembered that the object of choosing the materials for the split-level design is to provide the
opetfators with samples that they do not expect to be identical.

9.2 | Layout of the split-level design

The Jayout of the split-level design is shown in Table 11.

Table 11 — Split-level design at a particular level of the testand for laboratorjy i

Material Test result
a Yia
b Yib

For ¢ach level, the p participating laboratories each test two samples.

The fwo samples within a level are denoted a and_b,"where a represents a sample of one nmaterial, and
b regpresents a sample of the other, similar, matepial.

9.3 | Statistical analysis

The [statistical analysis of the split-level experiment is described in Annex F. Let it be noted here that
the model is a mixed model, i.e. a-‘model with both random and fixed effects (more specifically: two
random effects corresponding 4o the factors laboratory and test result, and one fixed effect for the
fact¢r material). Let it also be'noted that the fixed effect (material) is a nuisance effect in the sense that
it hajs no intrinsic interest. Rather, its inclusion is considered necessary in order to obtain pindistorted
estimates of repeatabiljty.and reproducibility.

The pnalysis of thexgsults of a split-level experiment should be carried out by means of tglﬁi statistical
techhique restricted maximum likelihood (REML). This is described in Annex I. The calculation of
the REML requires mathematical-statistical software. If this is not available, the statisticgl technique
anallsis of variance (ANOVA) can be used instead (see Annex F). An example is provided in Annex G.

10 Design across levels

10.1 Applications of the design across levels

In the split-level design presented in Clause 9 and Annex F, two different (though similar) materials
are tested. While the statistical model assigns a separate mean for each of the two materials, the
laboratory bias is modelled as independent of the material. The rationale for this model is that, for a
properly standardized method, two “sufficiently similar” materials used at a level of the experiment
can be expected to give the same repeatability and reproducibility standard deviations. Indeed,
this requirement constitutes the working criterion with respect to assessing whether the degree of
similarity between the two materials is sufficient. If this requirement is not met, then the split-level
design cannot be applied.
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In such circumstances, questions will naturally arise regarding the relationship between the laboratory
bias and the material tested. More generally, it is sometimes desirable to investigate this relationship
within the scope of the validation. Indeed, it is recommended to include different levels in the validation
study as long as an appropriate statistical model for the estimation of variance components is available.
In particular, an appropriate model would reduce to the model in ISO 5725-2 if only one level is
investigated.

This clause provides a design which allows the inclusion of different levels in the validation study.

10.2 Layout of the design across levels

The layout ¢f the design across levels is shown in Table 12.

Table 12 — Design across levels for laboratory;, i

Level Test result
1 Ji11, i1z
2 Yi21,Vi22
3 Yi31 i3z
4 Yia1, Viaz

and
the

provided here can be applied to investigate the relatiohship between laboratory bias
ver, with minor modifications, the same design can be applied in order to investigatg
between laboratory bias and different materialswithin one particular level.

The layout
level. Howe
relationship

10.3 Statistical analysis

The statistical model for the experiment is described in Annex H. Let it be noted that the model is a

mixed molel, i.e. a model with both random andfixed effects (more specifically: three random ef

correspond
level-specif
Let it also Y
interest.

Once the st
laboratory
variance w
dominated

ng to the factor laboratory, the interaction between the factors laboratory and level (i.g
c effect of the laboratory) and to the residual error, and one fixed effect for the factor l¢g
e noted that the fixed effe¢t-(level) is a nuisance effect in the sense that it has no intr

atistical analysis has_been performed, it will then be possible to compare the betw
variance corresponding to the laboratory biases across levels to the between-laborg
thin a particularsevel. This makes it possible to determine whether the laboratory bi
by level-spec€ific effects. If this is the case, then the methods described in ISO 5725-2:7

Fects
.the
vel).
nsic

een-
tory
as is
019,

8.5 can be dpplied to-determine the relationship between level and precision.

NOTE The statistical model is described in Annex H and an example is described in Annex K.

11 Reliability of interlaboratory parameters

11.1 Reliability of precision estimates

Alternative designs allow a more efficient estimation of precision parameters. This means that the same
level of reliability can be achieved with fewer participating laboratories. The reliability is assessed by
the relative standard error of the precision estimate.

In order to assess the reliability of the reproducibility precision estimate, a simulation can be run on the
basis of resampling (bootstrapping) from the available measured data (say, 1 000 resamples). Note that
this procedure assumes that, for each resample, data are normally distributed. Alternatively, a Monte
Carlo simulation can be run, whereby the parameters for the underlying distributions are estimated
from the available measured data (again, on the order of 1 000 simulation runs). For each simulation

20 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=9affd1807508886ef902bf2c0fd42412

ISO 5725-3:2023(E)

run or each resample, a precision estimate is then obtained. A confidence interval for the theoretical
reproducibility can then be obtained by means of the 2,5 % and the 97,5 % percentiles of the resulting
distribution of precision estimates. All necessary computations are easily implemented in standard
statistical software.

NOTE1 Software capable for this kind of calculation includes RI2] and JASPI10],

NOTE 2  Reliability is used here not in the sense of IEC 60050(192) but in the more general understanding of a
method that consistently produces the same result.

11.2 Reliability of estimates of the overall mean

11.2.1 General

Alternative designs also allow an estimation of the overall mean, e.g. for the deterfmination pof trueness.
In orjder to assess the reliability of the estimate of the overall mean, the formulae'for the standard errors
are provided in the following for the different models. These formulae are basedon the assumption that
two [replicate measurements were performed per setting.

11.24.2 Balanced fully-nested design (2 factors)

2
R L AL e

The tandard error of the overall mean is se (m) =4{|— + %+ — (seeB.1).

P 2Zp  4p
11.24.3 Staggered nested design (2 factors)

o2 56(21) 2
The standard error of the overall mean is se (rﬁ) =L+ —L 4+ (see C.1).

p 9 3p
11.2.4 Balanced partially-nested design

2 2
SN e T O I I

The|standard error of the ©Overall mean is se(m) =4{|—+——+—-+— (see Annex D, the

p 2p 2p 8p
interaction term is omittedhere).

11.2.5 Orthogonalarray design

In the case of the orthogonal array design with five factors (laboratory and factors A,|B, C and D
subqumed under laboratory; see 74), the standard error of the overall mean (omitting|interaction
ternys) is:

107 22—
se(m) :\/—0+—A+—B+—C+—D+—r.
p 2p 2p 2p 2p 16p

It should be noted that the formula provided here is only appropriate for the orthogonal array design
discussed in 7.4. Different formulae must be derived for the standard errors of different orthogonal
array designs.

NOTE In order to compare the reliability of the orthogonal array design and the basic design from
ISO 5725-2, consider the case that 6 laboratories implement the orthogonal array design presented in 7.4 with
one measurement per run instead of two (i.e. eight measurements per laboratory). This case will be compared to
the basic design from ISO 5725-2 with nine laboratories and four replicates. The corresponding standard errors
will now be computed and compared on the following basis:
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Orthogonal array design: Basic design from
G§+oi+0§+0'g+o% - Gf
o’ - o’

For the variance components

0'5:2

2 2

ISO 5725-2:

d
the followin

(0)i
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As can be 3
design fron

11.2.6 Spl

The standa

2 2
A=0p=0¢c=0p=1
2
. =2

g standard error values are obtained for the two designs:

[SO 5725-2 with only two thirds the number of laboratories.

thogonal array design (p=6): Basic design from [SQ-5725-2 (p=9 )|
2 2 2 2 2 2 2 2
oy O o o o ]
(r?z)z\/—°+—A+—B+—C+—D+—r:0,84 se(m) = |-+ —— = 0,85
p 2p 2p 2p 2p 8p p- 4p

t-level design
2 2
: - GO r
'd error of the overall mean is se (m) =+ P (see Anne
p p

een, the reliability of the orthogonal array design is slightly better than that of the basic

x F).
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Annex A
(informative)

Fully- and partially-nested designs

3:2023(E)

Factors can be related to one another in different ways. One fundamental consideration in this regard is

the distinction between the fully and partially nested designs.

Both
nest|
cong
then
sam
high|

the balanced fully-nested design and the staggered-nested design are fully-nested|de

ed designs are appropriate when there is a nesting hierarchy among all factors. F
ider the two factors operator and calibration. If each operator performs his or'her own
the factor operator can be considered to be ranked higher than the factorycalibratio
e argumentation it follows that in collaborative studies generally the/factor laborat
est rank.

Acr
not

appr
ther
two

corr,
calik
calih
leve
calih

icial observation is that, in the presence of a hierarchy among the factors, lower-ranke
behave in the same way across factor levels of higher-ranked-factors. This implies t
opriate to average across factor levels of higher-ranked factors. For instance, take t}
b are two operators and two calibrations per operator irf.each laboratory. For each o
calibrations are denoted C1 and C2. Clearly, it is ‘hot permissible to average

esponding to C1 across the two operators. The reason is very simple: C1 is actually
ration for each of the two operators. In other werds, it would be more accurate to
rations for the second operator C3 and C4; in this manner, one would obtain four diff
s for the factor calibration, and it would be clear that averaging across operators for

ration is meaningless.

In alfully-nested design, there is also a hierarchy among the variabilities associated with t
factgrs. In the case discussed above the yariabilities are ranked as follows: variability betwe
labofatories — variability between different operators within the laboratory - variabili
diffdrent calibrations for one operator:

In the presence of a complete hierarchy among the factors, it is necessary to apply a fully-ne
By cpntrast, if all factors (apart from laboratory) are subsumed under the factor laboratory
absence of a hierarchy afmong these factors subsumed under laboratory, then a fully-nest
not gppropriate and a-different design shall be applied: the partially-nested design. For in
the ¢ase that the number of factor levels is insufficient for the implementation of a fully-ne
e.g. there are only two instruments available in each laboratory, and each operator condud
on bpth instrurents. It would then be appropriate to compute, for each laboratory, the aver
operfator across instruments. Conversely, it would also be possible to compute, for each lab
averpge foreach instrument across operators.
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br instance,
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bry has the
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In a pattially-nested experimental design, all factors are nested within the factor laborato

y, but there

is at least one pair of factors where there is no nesting hierarchy: such a situation exists, f

or example,

for the two factors operator and instrument: averaging the results over the two operators for each of
the two instruments provides information about systematic differences between the two instruments,
and similarly, averaging the results over the two instruments for each of the two operators provides
information about systematic differences between the two operators. Thus, there is generally no
hierarchy between operator and instrument.

All designs described in this standard that are not fully-nested are considered partially-nested designs.
NOTE If statistically significant systematic effects are observed between instruments in different

laboratories, correction for measurement method bias is usually possible. For this reason, in collaborative
studies, all factors can be subsumed to and nested within the laboratory factor laboratory.
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Finally, it should be noted here that for both the fully-nested and the partially-nested design, there
exists a possibility of reducing the workload involved. For the fully-nested design, such a workload
reduction is achieved by means of the staggered design. For the partially-nested design, the workload
can be reduced by means of orthogonal array designs.
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Annex B
(informative)

Analysis of variance for balanced fully-nested design

Two-factor balanced fully-nested design

The
in th
are 4
the 1

NOTE

part

The

are issing. If it is decided that some of the test results from a labordtory are stragglers or

shoy

hnalysis of variance described here shall be carried out separately for each level of thet
e collaborative study. The formulae provided are only applicable for the case that tw
ivailable per setting and laboratory. For the sake of readability, the subscript ifidicating
est has been suppressed.

The subscript j is used in this document for factor 1 (factor 0 being thelaboratory), whilg
of ISO 5725 it is used for the level of the test.

M

exact analysis of the data can be very complicated when some of the test results from 4

1d be excluded from the analysis, then it is recommendedthat all the data from that lal

bst included
o replicates

the level of

in the other

laboratory

butliers and
boratory (at

the level affected) should be excluded from the analysis. Alternatively, the statistical techpique REML
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lex 1) can be applied.

outlier tests and the computation of the precisién estimates for the two-factor bal
ed experiment will now be described.

pach level, the data obtained in the experiment are denoted Yijk (with i representing
ratory, i=1,...,p; j representing factorll, j=1,2;and k representing the replicate, k

basic model used in this documentis-described in 6.1.4 as Formula (1). For a balanced nd
two factors, this model is expandéd to

yijk :m+Bi +BU +eijk

2

term B; represents-the effect corresponding to factor 0 (laboratory) with variance o

term BI-]- repreSents the effect corresponding to factor 1 with variance 0'(21) .
term e -xepresents the residual or repeatability effect with variance Grz .

first step, the mean values are computed as follows:

1,

Yij = E\J’ijl T Vij2

)

_ 1,_ _
Vi =§(y1'1 +Yi2)

V=

1

_2)—,1,

i

inced fully-

factor 0, i.e.
=1,2).

sted design

(B.1)

where p denotes the number of laboratories which have participated in the collaborative study.

© IS0 2023 - All rights reserved

25


https://standardsiso.com/api/?name=9affd1807508886ef902bf2c0fd42412

ISO 5725-

3:2023(E)

The total sum of squares, SST, can be partitioned as

SST=Y"3"" (v —}:1)2 =S5S0+SS1+SSe

i j ok
where
— =\2 — =\2
$S0=3 ¥ D (7i=¥) =43 (¥i-7)
i j ok i
$S1=SSN(7. -3V =2V V(3. - 5.\ =2 ¥ ¢2
Loed Led L \ 7Y 7 yayyancei| 7 pa i
1 7 k i i
N — \2 2 2
il j k i j i
The methods described in ISO 5725-2:2019, 8.3 should be applied to check the data for|eonsistency and
outliers.
The Cochrah test should be applied to check
the varjances 51-2]- ,i=1,...,p, j=1,2, for outliers within the replicates
the varjances sizB ,1=1,...,p, for repeatability outliers
the varjances 554 , i1=1,...,p, for intermediate precision outliers
The Grubbs|test should be applied to check the laboratory mean values y;, i=1,...,p for outliers.
Since the degrees of freedom for the sums of squares SS0, S§1 and SSe are p—-1, p and|2p,
respectively, the ANOVA table is composed as showtin Table B.1.
Table B.1 — ANOVA table for a two-factor balanced fully-nested experiment
Source Ssquun;:r(:; Dfiil;if)sn;)f Mean square Expected mean square
0 SS0 p=1 MS0=SS0/(p—1) o2 +20(21)+4o§
1 sS1 p MS1=S51/p oE+2a(21)
Residual SSe 2p MSe=SSe / (2p) o2
Total SST 4p-1
The unbiaspd 4stimates 5(2) ,5(21) and sf for 0'3 ,0'(21) and 0'r2 , respectively, can be obtained front the
mean squares 1"7150, MSt—atrd—MSe—as

sq =%(MSO—M51)

1

2
5175

26

(MS1-MSe)
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The estimates of the repeatability, intermediate and reproducibility variances are, respectively, as

follows:
57
2 _ .2 2
SI(l) =Sy +S(1)
|2 _ 2 2 2
R=Sr +S(1) +50.-
NOTE Strictly speaking, the outlier tests given here and in ISO 5725-2 are valid undepthe assfimption that
the ynderlying distributions are approximately normal; in practice, they work for mesp distributi¢gns provided

they

B.2
The

in tHe collaborative study. The formulae provided are only applicable for the case that tw
are gvailable per setting and laboratory. For the sake of readability, the subscript indicating
the tlest has been suppressed.

NOT
in th

The

are missing. If it is decided that some of the test results from a laboratory are stragglers or
shoyld be excluded from the analysis, then it is recommended that all the data from that lal

are unimodal.

Three-factor balanced fully-nested design

hnalysis of variance described here shall be carried out separately for each level of the t

) The subscriptj is used in this document for factor-1 and factor 2 (factor 0 being the laborj
b other parts of ISO 5725 it is used for the level of the'test.

exact analysis of the data can be very complicated when some of the test results from 4§

pst included
p replicates
the level of

atory), while

laboratory
butliers and
boratory (at

the level affected) should be excluded:from the analysis. Alternatively, the statistical technpique REML

(Annex ]) can be applied.

The
nest

For
labo

representing the replicate, 1=1,2).

The

with two factors, this model is expanded to

The

The

The

The

Ina

outlier tests and the computdtion of the precision estimates for the three-factor bal
ed experiment will now/be-described.

rach level, the dataobtained in the experiment are denoted yy;, (with i representing
ratory, i=1,...,p5"] representing factor 1, j=1,2; k representing factor 2, k=

basic model'used in this document is described in 6.1.4 as Formula (1). For a balanced nd

yljkl =m+Bi +Bl] +Bljk +eijk1

hnced fully-

factor 0, i.e.
1,2; and |

sted design

(B.2)

term B; represents the effect corresponding to factor 0 (laboratory) with variance 0'3.

term Bj; represents the effect corresponding to factor 1 with variance 6(21) .

term By, represents the effect corresponding to factor 2 with variance (7(22) .

term ey, represents the residual or repeatability effect with variance O'r2 .

first step, the mean values are computed as follows:

_ 1
Yijk = E(J’ijkl * Vijk2 )

© IS0 2023 - All rights reserved

27


https://standardsiso.com/api/?name=9affd1807508886ef902bf2c0fd42412

ISO 5725-3:2023(E)

1
2

yz] (yq1+yy2)
_ 1,_ _
Vi :E(.Vil +Yi2)
1w—_
-5

P+

where p denotes the number of laboratories which have participated in the collaborative study.

<l

The total sym of squares, SST, can be partitioned as

SST=Y Y>> (vim —):1)2 =S550+S551+S552+SSe

where

ss0=3 ZZZ 2(%—?)2

)|

whgzzz SRR v

552=§.Z;ZI,U_’U’<_}_’U) =ZZZ§,(J—’W< -5y =422524(2)

I
SSe= Y > > > (Vi ~ Tijk )’ =2Y' N N'si =455
ij k1 i j ok i

The methods described in ISO 5725-2:2019, 8.3 should be applied to check the data for consistencyf and
outliers.

The Cochrah test should be applied to check
the varjances 55 ,i=1,...,p, j=A152), for outliers within the replicates
the varjances SIZB , 1=1,...p\for repeatability outliers
the varjances 534(1) , iI=L...,p, for intermediate precision outliers regarding factor 1
2 . . .. . .
the varfances s; a0 =1,...,p, for intermediate precision outliers regarding factor 2
The Grubbs|test §should be applied to check the laboratory mean values y;, i=1,...,p for outliers.

Since the dggtees of freedom for the sums of squares SS0, SS1, SS2 and SSe are p—1, p, 2p and 4p,
respectively, the ANOVA table is composed as shown in Table B.2.

The unbiased estimates 5(2,,5(21),5(22) and sf for 0'5,0'(21),0'(22) and Grz, respectively, can be obtained

from the mean squares MS0, MS1, MS2and MSe as

_L mso-ms1)

2 1

&) =5 (MS1-Ms2)

|

(2) (MSZ MSe)
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Table B.2 — ANOVA table for a three-factor balanced fully-nested experiment

Source Sum of Degrees of Mean square Expected mean square
Squares freedom
0 550 p-1 MS0=550/(p-1) 0} +20, +40( +803
1 551 p MS1=551/p o} +207, +407,
2 552 2p MS2=S52/(2p) o2 +20'(22)
Residual SSe 4p MSe =SSe / (4p) o’
Totql SST 8p-1
The festimates of the repeatability variance, one-factor-different intermediate precision variance, two-
factgr-different intermediate precision variance and reproducibility vapiances are, respectively, as
follows:
| 2
Pr
|2 _ 2 2
>1(1) =S, +S(2)
|2 _ 2 2 2
)1(2) =S, +S(2) +S(1)
2 _ 2,2 2 2
SR =S, +s(2) +s(1) +5¢ -
NOTE Strictly speaking, the outliex'tests given here and in ISO 5725-2 are valid under the assfimption that

the
they

nderlying distributions are approximately normal; in practice, they work for most distributi
are unimodal.

ns provided
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C.1 Two-

The analysi
in the colla
been suppr

NOTE T
parts of ISO

The exact a
are missing
should be e
the level af
(Annex ) c3

The outliet
experiment]

For each ley

laboratory,
ranging fro

The basic nj
two factors

Yijk =M

The term B
The term B

The term e

For the sak

Annex C
(informative)

Analysis of variance for staggered design

factor staggered design

5 of variance described here shall be carried out separately for each level of the testincly
porative study. For the sake of readability, the subscript indicating the level of the’test
essed.

he subscript j is used in this annex for factor 1 (factor 0 being the laboratory), while in the
h725 it is used for the level of the test.

halysis of the data can be very complicated when some of the test esults from a laborg
If it is decided that some of the test results from a laboratory afe stragglers or outliers
kcluded from the analysis, then it is recommended that all the ddta from that laborator
ected) should be excluded from the analysis. Alternatively,the statistical technique R]
In be applied.

tests and the computation of the precision estimiates for the two-factor stagg
will now be described.

rel, the data obtained in the experiment are denoted y;; (with i representing factor
i=1,...,p; j representing factor 1, j=1,2; and k representing the replicate, wit]
m 1 to k(j),with k(1)=2 and k(2)=1}.

odel used in this document is deseribed in 6.1.4 as Formula (1). For a staggered design
this model is expanded to Formula (C.1):

+B; +Bj; +ej,

. represents the effectcorresponding to factor 0 (laboratory) with variance O'g .

j; represents theeffect corresponding to factor 1 with variance 0(1

2
-

)
. represents the residual or repeatability effect with variance o

e of simplicity, for each level, the data obtained in the experiment within laboratory i

also be dentfted Vi, j=1,2,3 (see Table 5 in 7.2). This simplified notation will be used in the folloy

hded
has

ther

tory
and

y (at
EML

ered

, l.e.
h k

with

(C.1)

can

ying.

In the first step, mean values and ranges are computed as follows:

— 1
Yi(1) =E(J’i1 +Yi2)

— 1
Yi(2) :g(J’n +Yi2+Vi3)
= 1o-
y=2Yi)
P
Wi(1) =|yi1 —¥i2l

30
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Wi(2) :‘)_’i(l) _.Vi3‘

where p is the number of laboratories which have participated in the collaborative study.

The total sum of squares, SST, can be partitioned as follows:
=\2
SST =22(y,.j ~¥) =SS0+551+SSe
i j

where

15033 (50 ) 303
i
2
951:52“’1'2(2)

1 2
SSe—EZwi(l)
1

The methods described in ISO 5725-2:2019, 8.3 should be applied.tocheck the data for cong

outljers.

The [Cochran test should be applied to check
the variances s,-ZB Z%Wiz(l) ,i=1,...,p, for repeatability outliers

. 1
Fhe variances 51%4 =Ew.2(

i) i=1,...,p, for intérmediate precision outliers

The [Grubbs test should be applied to check the laboratory mean values y;, i=1,...,p for ouliers.

Since the degrees of freedom for the stims of squares S50, SS1 and SSe are p—1, p and p, 1

the ANOVA table is composed as shown in Table C.1.

Table C.1 —,ANOVA table for a two-factor staggered experiment

istency and

espectively,

Soufce Ssqlixl:rfs Dfiizzi)sn?f Mean square Expected mean square
0 550 p-1 MS0=550/(p—1) o2 +262 4352
P r 73%) 0
1 SS1 P MS1=S51/p o? +§a(21)
Residual SSe p MSe=SSe / p o2
Total SST 3p—-1

The unbiased estimates sg, 5(21) 2 52

mean squares MS0, MS1 and MSe as:

s(z,:lMSO—iMsuiMSe
3 12 12

2 =3 ms1-3 mse

1) 4 4

© IS0 2023 - All rights reserved
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sr2 =MSe.

The estimates of the repeatability, intermediate and reproducibility variances are, respectively, as

follows:
57
2 _ .2 2
Sl(l) =Sy +S(1)
s& =s2 +s(21) +55.
NOTE Strictly speaking, the outlier tests given here and in ISO 5725-2 are valid under the assumption

the underlyi

hg distributions are approximately normal; in practice, they work for most distsibuitions prov

they are unigodal.

C.2 Thre

The analysi
in the colla
been suppr

NOTE T
the other paj

The exact a
are missing
should be e
the level aff
(Annex I) cz

The outliey
experiment]

For each lev

e-factor staggered design

5 of variance described here shall be carried out separately fgr each level of the test incly
porative study. For the sake of readability, the subscript ifidicating the level of the test
pssed.

he subscript j is used in this annex for factor 1 and factor~2’(factor 0 being the laboratory), wh|
ts of [SO 5725 it is used for the level of the test.

halysis of the data can be very complicated when some of the test results from a laborg
If it is decided that some of the test results\from a laboratory are stragglers or outliers
kcluded from the analysis, then it is recommended that all the data from that laborator
ected) should be excluded from the.analysis. Alternatively, the statistical technique R|
In be applied.

tests and the computation of the precision estimates for the three-factor stagg
will now be described.

el, the data obtained. in‘the experiment are denoted Yijki (with i representing factor

that
rided

hded
has

ile in

tory
and

y (at
EML

ered

D, i.e.

laboratory,|i=1,...,p; j representing factor 1; k representing factor 2; and [ representing the
replicate.
The basic mjodel used in‘this document is described in 6.1.4 as Formula (1). For a staggered design with
three factots, this model is expanded to Formula (C.2)

yijk =m +Bi +BU +Bijk +eijkl _CZ)
The term B; represents the effect corresponding to factor 0 (laboratory) with variance O'g .
The term B

The term B

The term e;;; represents the residual or repeatability effect with variance o

jj represents the effect corresponding to factor 1 with variance 0'(21) .

jk represents the effect corresponding to factor 2 with variance 0(22) .

2
e

For the sake of simplicity, for each level, the data obtained in the experiment within laboratory i can
also be denoted Yii» j=1,2,3, 4 (see Table 5 in 7.2). This simplified notation will be used in the

following.

32
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In the first step, mean values and ranges are computed as follows:

— 1
Yi(1) = E(J’n +Yi2)

=

Yi(2) =§(yi1 +Yi2+Vi3)

— 1
Yi(3) :Z(J’n +Yiz Vi3 +Yia)

- 1
:;zi‘,)’m)

Vi(1) =|yi1 —yi2l

Vi(2) =‘)7f(1) _YiB‘

Vi(3) :‘J_’i(z) _Yi4‘

where p is the number of laboratories which have participated in the collaborative study.
The [Cochran test should be applied to check

Lhe variances for repeatability outliers

Lhe variances for intermediate precision outliers regarding factor 1 and factor 2

The [Grubbs test should be applied to check’thé laboratory mean values y;, i=1,...,p for ouliers.

The ANOVA table is composed as showirin Table C.2.

Table C.2 — ANQVA table for a three-factor staggered experiment

Degrees of
Soufce Sum of squares freedom Mean square Expected mean square
O 2 =\2
0 42()’1'(3)) —4p(¥) p-1 550/(p-1) ol +%O'(22) +%a(21) {40}
i
33,2 2.7 2 3 2
1 4ZWI.(3) p SS1/p o +EG(2) +EG(1)
1
25,2 2, 4 2
2 32 Wi(2) p SS2/p oy +;a(2)
. 15, 2 )
Residual 22 Wit p SSe/p fope
1
=\2
Total ZZ(-YU —y) 4p-1
iJ

NOTE Strictly speaking, the outlier tests given here and in ISO 5725-2 are valid under the assumption that
the underlying distributions are approximately normal; in practice, they work for most distributions provided
they are unimodal.
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C.3 Four

-factor staggered design

The analysis of variance described here shall be carried out separately for each level of the test included
in the collaborative study. For the sake of readability, the subscript indicating the level of the test has
been suppressed.

NOTE

while in the other parts of ISO 5725 it is used for the level of the test.

The subscriptj is used in this Annex for factor 1, factor 2, and factor 3 (factor 0 being the laboratory),

The exact analysis of the data can be very complicated when some of the test results from a laboratory
are missing. If it is decided that some of the test results from a laboratory are stragglers or outliers and

should be e
the level af
(Annex ) c3

The outliet
experiment]

For each ley

laboratory,
representin

The basic nj
four factors

Yijkim =

The term B
The term B
The term B
The term B

The term e

For the sak

also be dengted Yij, J=1, 223,74, 5 (see Table 5). This simplified notation will be used in the folloy

In the first

|
T (i)

L. d.d £ £l 1 3 £l 343 daod oot 11 1 daoto £ ot 11 +
CIUUCTU TTUIIT U1IT Clllal_yblb, LIITIT IU 1S5 TTUCLUIIIITITIIUTU UIIdl dIT UIIT Udla TTUIIT U11al IdUUlI dtUT
ected) should be excluded from the analysis. Alternatively, the statistical technique B
In be applied.

tests and the computation of the precision estimates for the four-factor stagg
will now be described.

i=1,...,p; j representing factor 1, j; k representing factor 2; [ Fepresenting factor
g the replicate.

odel used in this document is described in 6.1.4 as Formula+1). For a staggered design
this model is expanded to Formula (C.3):

m+Bi +BU +Bljk +Bljk1 +eijklm

. represents the effect corresponding to factet0 (laboratory) with variance O'g .

2
(1

j; represents the effect corresponding to-factor 1 with variance o

)
2
(2

1 represents the effect corresponding to factor 3 with variance 0'(23) :

ik represents the effect corresponding to factor 2 with variance o

xim represents the residual or repeatability effect with variance Grz :

e of simplicity, for gaeh level, the data obtained in the experiment within laboratory i

tep, mean valués and ranges are computed as follows:

v (at
EML

ered

el, the data obtained in the experiment are denoted y;;,, (with i représenting factor (), i.e.

B; m

with

C.3)

can
ving.

Yi(1) =
Yi(2) =§(yi1 tYi2t Vi)
— 1
Yi(3) :Z(J’n +Yia +YiztVia)
— 1
Yi(4) =§(J’i1 +Yi2+ Vi3 +Yia +Vis)
;_ 1 —_—

= 4

p< i(4)

Wi(1) =|yi1 = Vil

34
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Wi(2) :‘)—’i(l) _.Vi3‘
Wi(3) =‘J7i(z) _Yi4‘

Wi(4) =‘J_’i(3) _YiS‘

where p is the number of laboratories which have participated in the collaborative study.

The Cechrantestshewld-beapplied-to-cheek
Lhe variances for repeatability outliers

the variances for intermediate precision outliers regarding factor 1, factor 2, and factor 3
The [Grubbs test should be applied to check the laboratory mean values y;, iz 1, .,p for oufliers.
The ANOVA table is composed as shown in Table C.3.

Table C.3 — ANOVA table for a four-factor staggéred experiment

Soufce Sum of squares Dfi?:iisl:f Mean square Expected mean sqliare
5oa ) —5p(7 ) 7 11 17
5 ; -5 - A 2, /7 2 i o 1/ 2
0 Zi',(yl(z;)) p(7) p=1 |sSO/trm1) | oF Lok 4ol v o 4507
AN, , 11 , 13 , 8
2N 1 13 8
1 5; i(4) p S§1/p % 1593 Y 10% T3
3 2 2.7 2 3 2
— W, —_ _
2 421,‘4 i(3) p SS2/p Or +2%03 5%,
2w 2 4
3 EZWI.(Z) p SS3/p o2 +§a(23)
i
) 1 2 ,
Resildual EZWi(l) p SSe/p fops
1
=\2
Tot4l 224 -7) 5p-1
i\J

NOTE Strictly speaking, the outlier tests given here and in ISO 5725-2 are valid under the assfimption that
the Yynderlying distributions are approximately normal; in practice, they work for most distributigns provided
theyjare unimodal.

C.4 Five-factor staggered design

The analysis of variance described here shall be carried out separately for each level of the test included
in the collaborative study. For the sake of readability, the subscript indicating the level of the test has
been suppressed.

NOTE The subscript j is used in this Annex for factor 1, factor 2, factor 3 and factor 4 (factor 0 being the
laboratory), while in the other parts of ISO 5725 it is used for the level of the test.

The exact analysis of the data can be very complicated when some of the test results from a laboratory
are missing. If it is decided that some of the test results from a laboratory are stragglers or outliers and
should be excluded from the analysis, then it is recommended that all the data from that laboratory (at
the level affected) should be excluded from the analysis. Alternatively, the statistical technique REML
(Annex I) can be applied.
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The outlier tests and the computation of the precision estimates for the five-factor staggered experiment
will now be described.
For each level, the data obtained in the experiment are denoted Yijkimn (with i representing factor 0,

i.e. laboratory, i=1,...,p; j representing factor 1, j; k representing factor 2; I representing factor 3;
m representing factor 4; n representing the replicate.

The basic model used in this document is described in 6.1.4 as Formula (1). For a staggered design with
four factors, this model is expanded to Formula (C.4):

Yijk =m+B; + By + By + By + Biyy + €jgimn (C.4)

The term B} represents the effect corresponding to factor 0 (laboratory) with variance O'g.

The term Bj; represents the effect corresponding to factor 1 with variance 0'(21) .

The term Bjji represents the effect corresponding to factor 2 with variance o?

(2)-

The term Bj;,, represents the effect corresponding to factor 3 with variance 0'(23) :
2
(4)°

The term ey, represents the residual or repeatability effect with ¥ariance Grz .

The term B represents the effect corresponding to factor 4 with vatiance ¢

fjkim

For the sakg of simplicity, for each level, the data obtained inthe experiment within laboratory i| can
also be dernoted Yii» =1, 2,3, 4, 5, 6 (see Table 5). Thisvsimplified notation will be used in the

following.

In the first $tep, mean values and ranges are computed as follows:

Yi(1) :';‘(J’il +Yi2)

Yi(2) :'E(J’n +Yi2 +Yi3)

Yi@3) :'i‘(}’il +Yiz + Vi3 ik )

Yi(4) Z'E(yil +Yi2 ¥ Vi3 +Yia +Vis)

Yi(s) :"E(J’n +Yiz+Yiz+Yia T Vis +Vie)

1o-
:;;Vi(S)

Wi(1) =|yi1 —Yizl

<l

Wi(2) :‘J_’i(l) _.VB‘
Wi(3) Z‘)_’i(z) —J’i4‘

Wi(4) =‘J7i(3) —J’is‘
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where p is the number of laboratories which have participated in the collaborative study.

The Cochran test should be applied to check

the variances for repeatability outliers

the variances for intermediate precision outliers regarding factor 1, factor 2, factor 3, and factor 4

The Grubbs test should be applied to check the laboratory mean values y., i=1,....p forout

The ANOVA table is composed as shown in Table C.4.

Table C.4 — ANOVA table for a five-factor staggered experiment

liers.

Soufce Sum of Squares Dfi%i?i‘:)sn?f Mean square Expected mean square
2 4 13
6 -6 — _ 2 2 19 2 2
0 Z(yz(s ) p( ) p-1 §50/(p-1) oy + 30'( )+20(3) +30'(2) + 3 c;(l) +60;
5%,,2 16 6 7 5
1 - w; SS1 2N\10 2 2 2 2
6; i(5) p /p % % T5%3) 5% T390
AN ,2 , 11 5 13 5 8 ,
—yw; - = 2
2 5; i(4) p SS2/p o +100'(4)+100'(3)+50'(2)
332 2.7 2 3 2
—yw; Z 2
3 4; i(3) p SS3:4p 0'r+60'(4)+20'(3)
LA 2 4 2
4 3;Wi(2) p SS4/p ol +300
. 15,2 5
Residual 22 Yi1) p SSe/p fope
1
=\2
Tot4ql zz(yij -y 6p—1
i J

NOTE Strictly speaking, the outlier tests given here and in ISO 5725-2 are valid under the assimption that

the ynderlying distibiitions are approximately normal; in practice, they work for most distributi

theyjare unimodal:

© IS0 2023 - All rights reserved
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Annex D
(informative)

Analysis of variance for the balanced partially-nested design

(three factors)

The analysi
in the colla
been suppr

NOTE T
parts of ISO

The exact a
are missing
should be e

of vartancedescribedtrerestattbecarriedout separ dtcl_y foreachtevetofthetestinct
porative study. For the sake of readability, the subscript indicating the level of the test
pssed.

he subscriptj is used in this document for factor 1 (factor 0 being the laboratory), whilé in the
K725 it is used for the level of the test.

halysis of the data can be very complicated when some of the test results from a laborg
If it is decided that some of the test results from a laboratory are stragglers or outliers
kcluded from the analysis, then it is recommended that all the data-from that laborator

the level affected) should be excluded from the analysis.

The outlier
with 3 factd

NOTE T
experiment
Annex B.
The data ob

and k=1,2
replicate.

rs and n=2 replicates will now be described.
he balanced partially-nested experiment with 2 factors is equivalent to the balanced n¢

vith 2 factors. Computation of precision estimates¢ecan, therefore, be computed as describ

tained in the experiment are denoted Yijki where i=1,...,p denotes the laboratory, j=
denote the intermediate factors (i.e. subsumed under laboratory), and /=1,2 denote

The basic model used in this document is deseribed in 6.1.4 as Formula (1). For a partially-nested de

with three {

actors, this model is expanded to

yl]kl =m+Bi +BU +Bik +Bljk +eijk1

The term B

The term B

The term B

The term B

. represents the@ffect corresponding to factor 0 (laboratory) with variance O'g .

2
(1)

.« represents the effect corresponding to factor 2 with variance 0(22) .

jj represents the effect corresponding to factor 1 with variance o

nded
has

ther

tory
and

y (at

tests and the computation of the precision estimates foi\the partially-nested experiment

bsted
ed in

+1,2
5 the

sign

D.1)

ance

#represents the effect corresponding to interaction between factors 1 and 2, with vari

2
O Interaction *

The term e;;; represents the residual or repeatability effect with variance O'r2 :

In a first step, mean values are computed as follows:

|
yijk_E
5 -1
Yij >
5 -1
Yik 2

38

E Yijki

1

i

k

X i

J
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<l

1o
=327
J
iy,
_pgyl

The total sum of squares, SST, can be partitioned as

<l

SST=Y >3 (viu —):1)2 =S550+55S1+S552+553+SSe
i j ok 1

where
550=8Y" (¥; -5)
i
651=4% 3 (7, -71) =43 54
i i
952:42;()71'1( ~5;) 24251'23
i i
553=23 ' (7 -7 )2 ~SS1-552=4 sf —SS1-SS2
i j k [

1
— 2 2
gseZZZZZ(yijkl _yijk) 24251-0
i j k 1 i
The methods described in [SO 5725-2:2019, 8.3:should be applied to check the data for congistency and

outliers.

The [Cochran test should be applied to check
the variances 51%4 ,i=1,...,p, for outlying effects of factor 1

the variances s,-zB , =1, .\p, for outlying effects of factor 2

the variances SI-ZC , i=1,...,p, for outlying interaction outliers

the variances s,-ZD Ji=1,...,p, for repeatability outliers
The [Grubbs testshould be applied to check the laboratory mean values y;, i=1,...,p for ouliers.

Sincg thedegrees of freedom for the sums of squares SS0, SS1, SS2, SS3 and SSe are p+41,p, p, p
and |4 p, respectively, the ANOVA table is composed as shown in Table D.1.

2
interaction

2 2 2 2 _2
ands, for 009(1)9(2)Cinteraction

respectively, can be obtained from the mean squares MS0, MS1, MS2, MS3 and MSe as

The unbiased estimates 55,5(21),5(22),5 and Grz,

58 =%(MSO—MSl—MSZ—MSS+2MSe)

, 1
Sty =—(MS1-MSe)

S

2 _Liysa
5(2)—4(M52 MSe)
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2 _
Sinteraction =
sf =MSe.

%(MS3—MS€)

Table D.1 — ANOVA table for a three-factor balanced partially-nested experiment

Source Sum of Degrees of Mean square Expected mean square
Squares freedom

0 SS0 p—1 MS0=S50/(p-1) 07 +40(;, +40,) + 40interaction + 890

1 SS1 p MS1=SS1/p c? +40(21)

2 582 p MS2=552/p c? +40(22)

. _ 2 2

Interaction 583 p MS3=S853/p O, +40;i teraction

Residual SSe 4p MSe=SSe [ (4p)

Total SST 8p—-1
The estimates of the repeatability, intermediate (for factor 1, factor 2,and factors 1 and 2 together] and

reproducibility variance are, respectively, as follows:

2
Sr
2 _ 2 2
51(1) =9 +S(1)
2 _ 2
SI(Z) S| +S(2)
2 1.2 2 2 2
31(1'2) 3s, +S(1) +S/., +5;
2 _ .2 2 2
Sp =S, +S(1) +S(2)
NOTE S
assumption
distribution;

()

+s interaction

interaction

2

5.

rictly speaking,.the computation methods given here and in ISO 5725-2 are valid under the
that the underlying distributions are approximately normal; in practice, they work for most
provided they are unimodal.

40
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Annex E
(informative)

Statistical model for an experiment with heterogeneous m

3:2023(E)

aterial

For each level, the data obtained in the experiment are denoted Yijk (with i representing the laboratory,

Gapanla o d Ty naas

1 resresen fingtha nraca o
] Ll.ll MJLLLLAIIS CIIC Julll}ll\/, [S9PLC N LAY lbtll COUIIUlT 15

The pasic model used in this document is described in 6.1.4 as Formula (1). For an experiment with a

hetefogeneous material, this model is expanded to Formula (E.1):

The ferm Hj; represents the variation between samples. It is reasonablete assume that, fo

the yariation between samples is random and does not depend on the\laboratory, so the ter

zero|expectation and variance var(Hij ) = 0'1%1 :

The ktatistical analysis is carried out as described in Annex B,

(E.1)

r each level,
m H,-j has a
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For each level, the data
laboratory &

Annex F
(informative)

Analysis of variance for split-level design

obtained in the split-level experiment are denoted Yij (with i representing the

The basic nmpodel used in this document is given as Formula (1) in 6.1.4. For the split-level design,

model is mq

Yij=my

The term m j
The term B}

The term e}

The lack of

not depend|on the material a or b within a level. This is why it is important that the two mate|
should be sjmilar.
In the following, X represents summation over the laboratories i =1, 2, .., p.
Step 1
: _ D;
Compute the laboratory differences as D; =3~ y;, and the overall difference as D=——
p

nd o earencn
o T CPTCSTTT

dified to Formula (F.1):

+Bi+eij

denotes the general average (expectation) for material j ( j=a or’hy).
represents the effect corresponding to the factor laboratory with variance O'g .

denotes the random error of test result j obtained in laboyatory i with variance 0'r2.

h subscript j in B; implies thatitis assumed that the bias associated with laboratory i

he method of analysis requires ‘each difference D; to be calculated in the same direction a—}

NOTE T
the sign of tH
The standa

Sp = \/ p
Step 2

Compute thF taberatory averages as y; =

e difference to be retained.
rd deviation s is computed as follows:
2
(D; =D)" /(p<T)
_Jia*Vip i

and the overall average as y=

this

(F.1)

does
rials

and

The standard deviation s

y Is computed as follows:

y =VE-¥) /(p-1)
Step 3
Compute the repeatability standard deviation s, and the reproducibility standard deviation sp:
s,=sp/ V2
42 © IS0 2023 - All rights reserved
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2
2 _ .2 Sr
SR—Sy+?.

The estimate for 0'3 is s,% —sf. If the difference is negative, set the estimate = 0.
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Annex G
(informative)

Example for split-level design

Table G.1 provides test results for 10 laboratories and 4 levels obtained in accordance with the split-

level design.

Table G

The comput
a) Stepl
The laborat]

1 — Testresults for 10 laboratories and 4 levels according to the split level desigh

Level

Laboratory

a

b

a

b

a

9,87

10,91

27,64

28,60

58,60

66,07

76,14

97,85

10,04

11,09

27,80

32,03

46,68

65,78

99,05

94,69

8,67

9,82

30,11

28,79

69,63

55,27

85,26

93,93

9,49

10,88

33,34

27,80

57,80

53,77

62,67

97,45

9,38

10,89

31,69

31,40

56,56

74,70

73,35

79,00

10,09

10,18

28,53

32,69

58,19

61,97

80,61

41,97

10,11

10,88

28,56

33,70

54,80

49,89

98,50

79,58

9,99

10,80

31,22

28,13

70,41

53,15

72,53

98,70

O[O0 ||| |d|WIN|F-

10,34

10,15

32,31

30,15

54,86

57,48

94,07

96,80

[EnN
o

9,79

10,39

26,58

29,09

70,06

63,63

98,08

95,95

ation of precision estimates is performed as follows:

pry- and level-specific differences ( D; = y;, — y;) are provided in Table G.2.

Table G:2)—= Laboratory- and level-specific differences

The level-specific overall differences [D =

44

Laboratory Level
1 2 3 4
1 -1,04 -0,96 -7,47 -21,71
2 -1,05 -4,23 -19,10 4,36
3 -1,15 1,32 14,36 -8,67
4 -1,39 0,04 4,03 -54,/0
5 -1,51 0,29 -18,14 -5,65
6 -0,09 -4,16 -3,78 38,64
7 -0,77 -5,14 491 18,92
8 -0,81 3,09 17,26 -26,17
9 0,19 2,16 -2,62 -2,73
10 -0,60 -2,51 6,43 2,13

p

D.
L ) are provided in Table G.3.
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