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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and 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
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This document has been elaborated in response to the need for standardized single laboratory designs

to determine measurement uncertainty (JCGM 100[1]) by means of experiments. It applies in

situations

where the standard deviation of the observations is not constant but depends on the measurand and

where the measurement uncertainty is derived by a top-down approach. This need has been

expressed

in such areas as consumer protection, food safety, environmental analytics and medical diagnostics.

Uncertalnty evaluation usually requires the quantlflcatlon and subsequent comblnatlon ofuncertalntles

the between-group variance component can be considered-to)represent the uncertainty co
arising from random variation in the measurement conditioh which the grouping factor reprg
example, if test results are obtained under repeatabilityyconditions once a week, analysis o
can provide an estimate of the effect of variation between weeks.

While nested designs are among the most common designs for estimating random variatior
not the only useful class of design. Consider,for example, an experiment conducted by u
indtruments, three batches of reagents and three batches of a solid phase extraction (SPE) d
where every possible combination is included in the design for a total 3 x 3 x 3 = 27 runs
popsible combination has the same.number of observations, this design is called balancsg
fadtors are not nested within eachther, the factors instrument, reagent and SPE cartridge 4
be|crossed’. This type of experiment is considered in ISO/TS 17503[2] for the uncertainty eva
th¢ mean in two-factor crossed.designs. Just as in the case of the nested design, the aim is to ¢
Va [lance components corresponding to the three factors. Suitable models are available and ar
n the statistical literature as random-effects or (if one factor is a fixed effect) mixed-effec
Th s approach can be extended to take more than three factors into account. However, if all f.

y high. For example, for five factors, each with three levels, there are already 35 = 243 fj
Iqbinations. [f'it’is necessary to include five or more factors in the experiment, the numbe

uld be as\low as possible (two levels), and it is recommended to implement an orthogor
ereby.enly a selection of factor level combinations is included.

vel
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another Wthh is Constant across levels Estlmatlon of variance components can be achleved

5 assumed in this document that the measured Values are non-negative numbers and thata

terlsed as

h range of
[31).
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binations are jncluded in the design, the corresponding number of measurements can become
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al design,

]l variance
rand and
by several

methods. For balanced designs, computing expected mean squares from classical analysis of variance is
straightforward. Restricted (sometimes also called residual) maximum likelihood estimation (REML)

is widely recommended for estimation of variance components and is applicable to both bala

unbalanced designs.
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Experimental designs for evaluation of uncertainty — Use
of factorial designs for determining uncertainty functions

mination of

mdasurement uncertainty in situations where the following conditions are fulfilled:

Copdition 1:  The level of the measurand is non-negative, e.g. concentration level of a®¢ontgminant in
a sample.

Copdition 2: Measurement error consists of two independent components: forone of these cdmponents
the relative standard deviation is constant (that is, the absolute deviation is proportional
to the level of the measurand), whereas for the other comiponent the absolutd standard
deviation is constant (that is, independent of the level of'the measurand).

Conpdition 3:  Samples for different levels of the measurand can(be made available; if the l¢vel of the
measurand is the concentration of a chemical stibstance, samples could be obtained e.g.
by fortifying (spiking) blank samples.

Copditions 1 and 2 are met for most applications of instriimental chemical analyses. Condition 3 can be
mdt for chemical analyses if blank samples are available.

Thlis document can also be used to determine ptecision data for a particular laboratory for different
tedhnicians, different environmental conditions; the same or similar test items, with the same level of
th¢ measurand, over a certain period of time:

2 | Normative references

Thf following documents are referred to in the text in such a way that some or all of thejir content
copstitutes requirements of this document. For dated references, only the edition cited applies. For
unfated references, the latest’edition of the referenced document (including any amendmentf) applies.

ISQ 3534-1, Statisticsc—Vocabulary and symbols — Part 1: General statistical terms and terms used in
prébability

ISQ 3534-2, Statistics — Vocabulary and symbols — Part 2: Applied statistics
ISQ 3534-3, Statistics — Vocabulary and symbols — Part 3: Design of experiments

IS 3534-4, Statistics — Vocabulary and symbols — Part 4: Survey sampling

ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in
measurement (GUM:1995)

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 3534-1, 1SO 3534-2,1S0 3534-3,
[SO 3534-4, ISO/IEC Guide 98-3 and the following apply. ISO and I[EC maintain terminological databases
for use in standardization at the following addresses:

— ISO Online browsing platform: available at https://www.iso.org/obp

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

©1S0 2022 - All rights reserved 1
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31

block

group of settings which are conducted in parallel or in a short time interval, and which are used for the
same samples

EXAMPLE Two settings:
Technician 1 + culture medium 2 + temperature 1 + incubator 1

AND

T L. HP o ] 1 i ke | i i ko ] H laoi s}
TCCIIITCTAIT Z—+ CUTtuT C e UTaIIT T+ CoOTpeTatur Tz I aodtoTZ

3.2

factor
qualitative or quantitative parameter that is varied with the intent of assessing its.effect on the
response yariable

Note 1 to eptry: A factor may provide an assignable cause for the outcome of an experiment.

D

Note 2 to eptry: The use of factor here is more specific than its generic use as a synonym\for predictor variabl
Note 3 to eptry: A factor may be associated with the creation of blocks.

3.3
factor level
value or apsignment of a factor

EXAMPLE Ordinal-scale levels of a catalyst may be presence,and absence. Four levels of a heat treatmlent
may be 10£ °C, 120 °C, 140 °C and 160 °C. The nominal-scale va¥xiable for a laboratory can have levels A, B andl C,
correspondling to three facilities.

Note 1 to eptry: A synonym is the value of a predictor variable.

Note 2 to entry: The term “level” is normally associated with a quantitative characteristic. However, it also seryes
as the tern) describing the version or setting of qualitative characteristics.

Note 3 to ¢ntry: Responses observed at the various levels of a factor provide information for determining the
effect of the factor within the range of levels of the experiment. Extrapolation beyond the range of these levelk is
usually inappropriate without a firm basjs for assuming model relationships. Interpolation within the range may
depend on|the number of levels and'the spacing of these levels. It is usually reasonable to interpolate, althoygh
it is possibje to have discontinuo(is)or multi-modal relationships that cause abrupt changes within the rang¢ of
the experiment. The levels may-be limited to certain selected fixed values (whether these values are or are hot
known) orthey may represehta purely random selection over the range to be studied.

34
in-house frepeatability
measurenfent precision under a set of in-house repeatability conditions of measurement in a particuflar
laborator

Note 1 to —hr it it i ~ tetdns,
same measuring system, same operating conditions and same location, and replicate measurements on the same
or similar objects over a short period of time in a particular laboratory.

3.5

in-house reproducibility

measurement precision under in-house reproducibility conditions of measurement in a particular
laboratory

Note 1 to entry: In-house reproducibility conditions include different technicians, operating conditions, and
replicate measurements on the same or similar test items over a certain period of time in a particular laboratory.

2 © IS0 2022 - All rights reserved
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3.6
sample material
material from which the samples are made

Note 1 to entry: The choice of sample material can have an effect on the bias of the measurement procedure.

3.7
factor level combination
combination of factor levels

EXAMPLE Technician 1 + culture medium 2 + temperature 1 + etc.

Note 1 to entry: These conditions can be described by the combination of factor levels correspondihg to those
factors varied within the study.

3.

tegt portion
qupntity of material, of proper size for measurement of the concentration or dther property df interest,
refnoved from the test sample, used for a particular measurement

[SOURCE: 1SO 11074:2015[4], 4.3.15, modified — “used for a particularmeasurement” has bgen added,
anfl Note 1 to entry and Note 2 to entry have been deleted.]

4 | Symbols

4 Absolute component of the linear block effectyy

A(l)) Absolute component of the effect of factorlevel combination j

aj Absolute component of the repeatabjlity error for measurement result Yy,
B; Relative component of the lineay block effect j

B(j) Relative component of theeffect of factor level combination j

by Relative component of the repeatability error for measurement result Yy
df[x) Effective degreesof freedom at level x

i Identifier far-a-particular level

Identifier for a particular measurement (see Annex F)
J Idenfifier for a particular sample or block or factor level combination

Identifier for a particular measurement (see Annex F)

L(9) Log-likelihood for variance components 6

k Identifier for a particular measurement result at level i=1,...,m in block j=1,...,n

Coverage factor for measurement uncertainty

M Transformation matrix used in REML estimation

m Number of levels of the measurand

n Number of samples or blocks or factor level combinations at one level of the measurand

p Number of measurement results obtained at one level and one sample, block or factor level
combination

©1S0 2022 - All rights reserved 3
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q Number of factors

REML Estimate arising from a restricted maximum likelihood calculation

se(J) Factor level of factor f=1,...,q atfactor level combination j

u (Xu ) Standard measurement uncertainty of the estimated value of the level x

u(Y) Standard measurement uncertainty of the measured value Y for the true level x

U(y) Expanded measurement uncertainty of the measured value ¥ for the true level x

V(o) Covariance matrix used in REML estimation

X Design matrix for REML estimation

X True value of the level of the measurand

X Estimated value of the level of the measurand

X;j True value of the level of the sample atlevel i=1,...,m in block j=1./,n.

Xy, Lower limit of measurement uncertainty interval

Xy Upper limit of measurement uncertainty interval

Yiik Measurement result of the test portion (i, j,k) atlevel'i=1,...,m in block j=1,...,n for
replicate k=1,...,p

Y Measured value

Y Vector of measured values for REML estimation

Yeorr Corrected measured value (recovéty correction)

o True value of absolute component of method bias

o Estimated value of absolute component of method bias

B True value of relative component of method bias plus 1 (relative recovery)
Vector of true yalue of absolute component of method bias and true value of relative compo-
nent of methodbias plus 1 for REML estimation

B Estimated value of relative component of method bias plus 1 (relative recovery)

0 Vecteor of variance components used in REML estimation

w(x) Expected measured value atlevel x, y(x)=o+ fx

o True value of a standard deviation

o2 True value of a variance

(o} Estimated value of a standard deviation

G2 Estimated value of a variance

O_gi (x) True value of a variance function under in-house repeatability conditions at level x

01%1 (x) True value of a variance function under in-house reproducibility conditions at level x

4 © IS0 2022 - All rights reserved
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a2 (x) True value of the standard variance of the linear function of the expected measur

5 General principles

5.1 General

ed value

Top-down procedures for the determination of measurement uncertainty depend on whether a

conventional approach (see 5.2) or a factorial approach (see 5.3) is chosen. In any case, all r
valld only 1or tne 1aboratory wWitnin wr [ [1C Udy Wd OIAau cU.

esults are

urements

within a block, in-house repeatability conditions are fulfilled. For measurements between blocks, in-

Compared to the conventional approach where measurement conditions vary randomly
mgasurement block to the other, in the factorial approach atleast some of these measurement
ar¢ controlled. For instance, half the measurements are.conducted with reagents from batch
other half with reagents from batch B. In contrast, the'conventional approach where, apar
grouping factor (e.g. day 1 and day 2), there is no\.control of measurement conditions. Th
approach allows the assessment of the measurement uncertainty of the test results obtaing
variety of typical test conditions in a given labératory, such as different analysts, different ing
diffferent lots of reagents, different elapsed-assay times and different assay temperatures. Th
approach aims at establishing reliable precision data and measurement data by simultaneous
vafiation of the selected factors. It allows the evaluation of the combined impact of factorial €

6 | Conventional approach

6.1 General considerations

Th conventional approach consists of the following parts:
—| selection of levels of the measurand (for example concentration levels) and sample mater
—| designiefstudy and allocation of test portions to different blocks;

—| cenducting the measurement;

h respect

from one
ronditions
A, and the
[ from the
b factorial
d under a
truments,
e factorial
rontrolled
ffects.

ials;

— —Statisticat anatyses.

The results (tables and calculations), including discrepant results, if any, shall be given in a study report.

6.2 Selection of samples and levels

The study is typically conducted using m = 4,..., 8 homogeneous sample materials at different levels of
the measurand from the same sample type. Samples should differ only with regard to the level of the
measurand. The ratio of the maximum level divided by the minimum level should be at least 1,5 but

not larger than 50. If the ratio exceeds 4, additional testing of statistical model assumptions
homoscedasticity) and examination of effective degrees of freedom is required.

© IS0 2022 - All rights reserved
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6.3 Experimental design

The sample material is available in m different levels of the measurand. For each level, n samples are
randomly allocated to n blocks (where n = 8). Thus, each of the n blocks consists of m samples, each
sample with a different level of the measurand. Each sample consists of p test portions, i.e. p represents
the number of replicates at each level and each block. There is no limit on the number of replicates p;
even without replication (p = 1) precision and uncertainty can be computed, although better reliability
is obtained with p = 2 replicates.

Each block contains m x p test portions, and altogether there are m x n x p test portions. The m x p test
portions (Fn-.nln hlocle challba analucad i das 100 o cn oot by con i e Neffaennt Wloslo o a]l

T COCTT OToOTIC SO oT ooty SCU OOt T o ST T U PO taoTITty COTTUTCIOTT S DI CT CITC OTOTIS S ST

be analysged under different conditions, preferably with different equipment, different personnél/gnd
in differemt weeks. Thus, if the blocking (grouping) factor is week, a total of n weeks, for instanceé, are
required for measuring m x n x p test portions. The blocking factor should be chosen so that tempojral
autocorrelation can be excluded, i.e. a longer period is generally better than a shorter periad.

NOTE1 |Reliability of precision data is highly dependent on the number of blocks (see 1SQ 5725-1). Relatlive
standard efror of uncertainty data can exceed 29 % if there are fewer than n = 8 blocks.

6.4 Statistical analysis

6.4.1 Statistical model

Y denotes the measurement result of the test portion (i, j,k) ablevel i=1,...,m in block j=1,..|,n

for replicqdte k=1,...,p.

Xjj denotps the true value of the level of the corresponding test portion at level i=1,...,m in blgck
j=1,...,n|
The statistical model is

where

o angl B-1  denote the absolute and the relative component of method bias, respectively;

A; and B; denote the absolute and the relative component of the linear block effect j, respec-
tively;
@ apd by defioté the absolute and the relative component of the repeatability error for meps-

urement result Y .

NOTE 1 In the/model described here, it is assumed that the true value X;j of the measurand is known| In

practice, itlisan estimated value X.. of X;; thatis subject to uncertainty. If the uncertainty of this value is snall
if if

j
example, when blank material is spiked with a high-purity substance. If spiking is carried out in one step before
the material is homogenized and distributed to the individual samples, X;j does not depend on block j.However,

compared to the uncertainty of Y, for computational purposes x;; can be replaced by )A(ij' This is the case, for

if the individual samples are spiked gravimetrically, the concentrations X;j could be different. The same applies
if the material cannot be perfectly homogenized and the determination of X;j is carried out by a very accurate

reference method.

6 © IS0 2022 - All rights reserved
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NOTE 2 The method bias is a linear function of the measurand. It is constant across all blocks. The linear block
effect is also a linear function of the measurand. However, it varies from block to block randomly. This random
effect results on the one hand from factorial effects, but can also be influenced by sampling, sample preparation
and analysis (see References [7] and [8]), because the measurement result can also depend on the composition of

the test portion even though the true values of the measurand in the samples may be identical.

Iti

s assumed that o and S are fixed values, whereas

Aq,..., A, arerandom variables with zero mean and variance Gi ;

By.....B, are random variables with zero mean and variance 0"2.3 ;

d1f1,---»Gmpp are random variables with zero mean and variance 03 ;

b1}1,..-,bypp are random variables with zero mean and variance 612) :

Finally, itis assumed thatall random variables are independent with a distributignclosely apprpximating

thg

NO

normal distribution.

TE1 Temporal autocorrelation between blocks can be examined by calgulating the ratio of t

sqyared differences between subsequent block means and the variance of @i block means. If this rat

0,6
del

6.4

In

pa
M4

6, temporal autocorrelation is considered significant. Information ¢egarding autocorrelation ¢
ived from the data of quality control charts.

.2 Calculation of in-house repeatability and in-house reproducibility

mathematical terms, the model described in 6.4.1, Formula (1) is a mixed linear model. Its
Fameters 0'31, 0'12; ) 0'3, 0',3 can be estimated by, the“statistical calculation method REML (

ximum Likelihood[10][12]),

REML can be obtained by maximizing the-likelihood function as described in Annex A

av
ne

hilable in many statistical packages. Explicit formulae are not available, so that computer s
Cessary.

Wilth these variance components, the variance function under in-house repeatability conditiqg

wh

2 2.2

Grzi(x):ca +x“0yp,

ere x denotes the-level of the measurand. Similarly, the variance function under

reproducibility conditions is

In
of

2 2 2 2,.,2_2

ok (x)=a5Fx’05 +02 +x%0}.

hddition, estimates for the fixed effects & and S together with their standard errors and a

he mean of
io is below
an also be

unknown
Restricted

REML is
bftware is

ns is

in-house

h estimate

statistical

the-standard error o (x) for the linear function u(x)=o+ fx are provided by standard

software packages.

The relative standard error of the in-house reproducibility standard deviation opg;(x) should be less
than 0,30. It is very much dependent on the number of blocks n. An approximation and upper limit for

thi

s relative standard erroris 0,32 for n=6, 0,27 for n=8 and 0,24 for n=10.

© IS0 2022 - All rights reserved
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If there is a significant bias, i.e. if & and B are significantly different from 0 and 1, respectively, the
measured value Y should be replaced by

Y-0o
YCOI‘I‘ = o)
B
where ¢ and [} represents the estimated values of the unknown parameters o and .
NOTE1  For the calculation of variance components REML does not require any replicates. However, with

replicates, calculation of variance components generally becomes more reliable and can be examined more easily
with regarfl to non-linearity or heteroscedasticity.

NOTE 2 |t is possible that under certain conditions there are random non-linearities in the measured valpes
within blogks. These random non-linearities will inflate both the repeatability standard deviation and the(in-
house reprpducibility standard deviation.

NOTE3 |t is also possible that under certain conditions there are systematic nomlinearities in fhe
measuremgnt results across blocks. These systematic non-linearities will inflate the inchouse reproducibility
standard deviation, but not the repeatability standard deviation.

NOTE 4  |If the levels X;j of the measurand are not known and are thus replaced-by the respective arithmetic
means of the measurement values, method bias cannot be determined.

NOTE 5 [Within each block, measurement values are correlated. Correlation between measurement value$ at
level x is d¢termined by 1 —Grzi (x) /O'I%i (x).

NOTE 6 |The upper limit of the relative standard error of the in-house reproducibility standard deviation |s a

good apprdximation for the case when O'rzi (x) is small comparedto 0';2“ (x) . By means of Monte Carlo simulatjon,
amore accfirate calculation is possible.

6.4.3 Calculation of measurement uncertainty

6.4.3.1 [Conventional measurement uncertainty

Compute the standard measurement uhcertainty of the measured value Y for the true level x:

u(Y) ¢ \/aj +x%6} + 67 +.x76} + 67 (x)

and the eypanded measurement uncertainty

U(Y)Ek-u(Y)s k\/éj +x%65 +6; +x%6; + 67 (x)

2

Y Y 2 2 2 2
y nd

N .2 . .
where 6,650, ,0, denote the estimates of the unknown variance components ¢,05,0,,0; 4

o‘é (x) represents the estimate of the standard variance of the linear function of expected measured

,0

value, o + fBx .

If it is known that bias is negligible, the standard error 6 (x) can be ignored, i.e. GE (x)=0.
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If there is significant bias in Y, compute the standard measurement uncertainty of the corrected

Y-a
measured value Y = =—:
corr
B
2 2.2 2 2.2
o, +X + + X0
_ A B a b ~2
u (Ycorr ) - Bz + Gﬂ,corr (X)
and the expanded measurement uncertainty
I(57 X O F TR
— _ A B a b L2
U<Ycorr) =k- u(Ycorr) - k\/ 52 + O-ﬂ,COIT (X)
B
where O 4 corr ( ) denotes the standard error of the corrected estimate [ . (x) .
NO[TE In the model described in 6.4.1, Formula (1), it is assumed that the true value-of the measuiand, X1
knpwn. In practice, it is an estimated value X] with a standard uncertainty u ( ) With this additiongl standard
ungertainty, the standard uncertainty of the measured value Y and the corréected measured value Y] orr fOT the
A2 2 .2 ~2 2 (s
true level Xcan  be computed u \/GA +x° O'B + O‘ + X O'b + Gﬂ (X) +u (X.].) and
2+X26§+02+X20'Z 2 (A )
u (YCOrr ) = 5 + Gﬂ corr (X) +u (XU.) {respectively.
7 | Factorial approach
7.1 General considerations
The factorial single-laboratory validation‘approach allows assessing the in-house reproducibjlity of the
teqt results obtained under a variety ofiormal test conditions in a given laboratory, such a$ different
anplysts, different instruments, different lots of reagents, different elapsed assay times, diffefent assay
ter

an
dif
pa
Co

nu
va

Th

 which cannot be fixed.-It.allows evaluating the combined impact of factorial effects. This

Fameters and the optimization of the performance of the method.

mpared to the~¢enventional approach, a properly designed factorial approach requires
mber of samples and a smaller number of tests for the same level of reliability in the comg
idation parameters.

e facterial approach consists of the following parts:

selection of levels of the measurand (concentration levels) and sample materials;

hperatures, etc. The factorial approach aims at establishing reliable precision data by sirrilultaneous
controlled variation of factors:that are typically encountered in the routine application of t

e method
approach

fers from a robustness-study, in which the focus is the detection of specific significant method

a smaller
utation of

selection of factors and factor levels;
design of study and allocation of test portions to different factor level combinations;
conducting the measurement;

statistical analyses.

The results (tables and calculations), including discrepant results, should be given in a study report.
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7.2 Selection of sample materials, factors and factor levels

The study is typically conducted at m=4,...,8 different levels of the measurand. The ratio of maximum
level divided by minimum level should be at least 1,5 but not larger than 50. If the ratio exceeds 4,
additional testing of statistical model assumptions (linearity, homoscedasticity) and effective degrees
of freedom is required.

Relevant method factors that are difficult to control under routine conditions shall be selected and
varied systematically, e.g., sample material from different batches (matrix mismatch effects), conditions
during measurement (e. g temperature and hum1d1ty) sample preparatlon sample storage (duration

1
and temp rator C), taborator Yy pet sontretandtaborator Y Cqulplucut persomrer

In additioh, a block factor is selected, i.e. measurements must be performed e.g. in different blgeks gnd
different yeeks. Each factor is varied on two or more levels. Typically, g=2,...,8 factors are selected.

Factors and factor levels shall reflect the typical variation within the single laboratoryjunder routjne
condition$.

NOTE 1 |If factors have significant and persistent effects, the measurement method can-be corrected for this
effect. Othprwise the measurement method cannot be considered “optimal” (as it allows further optimizatign).
This TS copsiders factors with smaller, non-significant effects in the range of the(repeatability. The term npn-
significant|effect only means that the effect is not significant in the sense of a statistical test. Factors exhibitfing
such effectp are often held constant in the conduct of experimental studies, but il poutine analyses their combined
effect can lhave a significant impact on the measurements and thus on the medsurement uncertainty.

7.3 Experimental design

At each leyel of the measurand, nxp test portions are allogated to n selected factor level combinatigns
of the g fctors. Each factor level combination j=1,...,n\can be represented by a vector of factor lev¢ls,

(51 (J)5--|Sq (j)), and shall be conducted in p replications (p=>1), and at each level of the measurapd,

the same factor level combinations shall be conducted. All mxp measurements belonging to the same

factor level combination shall be conducted under repeatability conditions, i.e. within one series|or
within ong day.

Factor levgl combinations should be selected in such a way as to ensure factorial effects can be estimated
independé¢ntly from each other, e.g. by using balanced or orthogonal designs. A balanced design consifsts
of all posgible combinations of factor’levels: e.g. with three factors each with three levels there are|27
factor lev¢l combinations. Eachrof these 27 factor level combinations represents one block.

If a balanded factorial designis not possible, an orthogonal design can be conducted. Annex B describes
an orthogpnal design withyn=8 factor level combinations without replications (p=1) for g=7 factprs
with 2 levpls. Annex €.describes an orthogonal design with n=12 factor level combinations for 3 factprs
with 2 facfor levels.and 1 factor with 3 factor levels. Annex D describes an orthogonal design with n+9
factor lev¢l combinations for g=4 factors with 3 factor levels.

7.4 Statistical analysis

7.4.1 Statistical model

Uk denotes the measurement result of the test portion at level i=1,...,m for factor level combination

j=1,...,n and replicate k=1,...,p. All measurements of factor level combination j are obtained in the
same block j,i.e. within one measurement series or within one day.

Xjj denotes the true value of the level of the corresponding test portion atlevel i =1,...,m in factor level
combination j=1,...,n

10 © IS0 2022 - All rights reserved
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The statistical model is

where
a and B-1 denote the absolute and the relative component of method bias;

A(j) and B(j) denote the absolute and the relative component of the effect of factor level combi-
nation j, respectively;

A; and B; denote the absolute and the relative component of the block effect of blegk j;

aj and by denote the absolute and the relative component of the repeatability’errorf for meas-
urement result Y .

Fufthermore, it is assumed that @ and B are fixed (non-random) values.

NOTE1 In the model described here, it is assumed that the true value of-the measurand, Xjj» is| known. In

prdctice, it is an estimated value )?ij that is subject to uncertainty. If the/uncertainty of this valpe is small

cothpared to the uncertainty of Y, X;; can be replaced by ‘Qij .

NOTE 2  The method bias is a linear function that depends lin€arly on the measurand. It is constanit across all
blocks. The block effect is also a linear function that depends linearly on the measurand. However, it yaries from
bldck to block randomly.

The absolute and the relative component of the effe€tof factor level combination j can be wrjitten
A(j)= 41 (s1.(J)+--+A4q (54 (j)) and
B(j)=By (s1 (j))+-++By (54 (J))-
Ay(s),..., A (s) are random variables'with zero mean and variances Gi,l yeee) qu , respectiyely, and
By|(s),..., B4 (s) are random vatlables with zero mean and variances 0'12;’1 yeeos Gé,q , respectiyely.
Aq,..., A, are random variables with zero mean and variance Gfl , and
By|,...,B,, are randein.variables with zero mean and variance 0123 .
a1)1s---»dmpp dR€Tandom variables with zero mean and variance 0'3 ,and

bi}1 ..., bgmy are random variables with zero mean and variance Gg ,

Finally,itis assumed thatall random variables are independent with a distribution closely apprpximating
thénormal distribution

7.4.2 Calculation of in-house repeatability and in-house reproducibility

In mathematical terms, the model described in 7.4.1 is a mixed linear model. Its unknown variance
components Gill,..., Gi’q, Gg’l,..., Gélq,aﬁ,oé,oﬁ,ag shall be estimated by the statistical

calculation method REML (Restricted Maximum Likelihood). REML is available in many statistical
packages. Explicit formulae are not available, so that computer software is necessary.
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With these variance components, the variance function under in-house repeatability conditions can be
computed
ol (x) :05 +x20'§

where x denotes the level of the measurand. Similarly, the variance function under in-house
reproducibility conditions can be computed:

ok (x):oﬁ,l +...+0'/21'q +x2 (0'123'1 +...+G§,q)+0'31 +x%0% +0'2 +XZG§.

In addition, estimates for the fixed effects o and B together with their standard errors and an estimhte
of the stapdard error o4 (X) for the linear function u(x)=oa+ Bx of the expected measured value gre

provided by statistical software packages.

The relatiye standard error of the in-house reproducibility standard deviation should be less than (,3.
This critgrion is violated when one or more of the factors 1,...,q have a vepy-large effect on the

measurement values with a variance which is clearly exceeding the in-house-repeatability standgrd
deviation]In such a case, the measurement method cannot be considered under statistical control gnd
needs further optimization.

If the relative standard error of the in-house reproducibility standard-deviation Géi (x) is not availalple,
it can be gpproximated by Monte Carlo simulation[14],

NOTE 1 |For the calculation of variance components REML does\not require any replicates. However, with
replicates, |calculations of variance components become more. réliable and can be examined more easily with
regard to ron-linearity or heteroscedasticity.

NOTE 2 |It is possible that under certain conditions there’are random deviations from the linear relationship
between njeasurand and expected measured value for-each factor level combination j. These non-linearities will
inflate both the repeatability standard deviation and'the in-house reproducibility standard deviation.

NOTE 3 |It is also possible that under ceptain conditions there may be systematic non-linearities in fhe
measuremgnt results across factor level. cembinations. These non-linearities will inflate the in-hofise
reproducilility standard deviation but nofithé repeatability standard deviation.

NOTE 4 |It is possible that there afe;interaction effects which are not explicitly considered in the model.|By
means of ofthogonal design, these-interaction effects are confounded with main effects and hence are taken ipto
consideratjon implicitly.

NOTE5 |It is possible that there are interaction effects which are not explicitly considered in the model.|By
means of ofthogonal design; these interaction effects are confounded with main effects and hence are taken ipto
consideratjon implicitly:

NOTE 6 |Some.of.the factors mentioned in 7Z4.1 can have a systematic effect, e.g. storage duration. If routfine
samples arje aftalysed, the storage time of the samples is usually a random quantity with a mean value m and a
standard deviation s. If the effect of the storage time on the measured values is linear, its contribution to the tqtal
variance could be determined from the said standard deviation, if a sufficient number of measured values are
available. Computationally, an orthogonal factorial approach and a REML estimate give (almost) the same result
if the experimental design is orthogonal and if the two factor levels for the storage time in the experimental

design are m—s/\/z and m+S/\/§ . The advantage of the method is that significantly fewer measurements
are required.

NOTE 7  Ifthelevels Xjj of the measurand are not known and thus replaced by the respective arithmetic mean

of the measured values, method bias cannot be determined.
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7.4.3 Calculation of measurement uncertainty

Compute the standard measurement uncertainty of the measured value Y for the true level x:

2 2 2 (<2 - 2 2.2, 2. .2.2 . .2
u(Y)—\/GA71+...+0'A7q+x (0371+...+0'B7q)+0'14+x G5 +0, +X°6, +6, (x)

and the expanded measurement uncertainty

22 22 z(A
\/6A1+...+0A0+x o

Y

U(r)=k-u(r)=k B1

2 2 2.2, A2, 2.2 . 22
+...+GBG)+GA+XGB+oa+xcrb+oﬂ(x)

where O'EL (x) represents the standard error of the bias correction function.

If if is known that bias is negligible, the standard error o, (x) can be ignored, i.e; 0'!22 (x)=0}
If there is significant bias in Y, compute the standard measurement uncertainty of the |corrected
Y-a
mdgasured value Y = =——:
corr
B
1 ]2 <2 2 (a2 <2 2 R0 22 2.2 A2

u(Ycorr) = E\/GA1 +o Gy X (0371 +...+GB’q)+O'A + X165 +6, +X°6) +0, o (x),

anfl the expanded measurement uncertainty
k| .2 <2 2 (2 -2 2 2.2 22 2.p 2

U(Ycorr) = k‘u(ycorr) = E\/O-A,l +'”+O-A,q +X (O-B,l +"'+GB,Q)+O-A T X 0p +0, +X 0O} +O-,ﬁ7c0rr (X)

wHere O corr (x) denotes the standard error ¢f;the corrected estimate [ . (x) .

An| example is provided in Annex F. A miethod for the calculation of an asymmetric megsurement
unfertainty interval is described in Annex E.

NOTE In the model described here, it is assumed that the true value Xij of the measurand is|known. In
prdctice, it is an estimated value )?ij with a standard uncertainty u(f(l.j). With this additionall standard

ungertainty, the standard uncertainty of the measured value Y and the corrected measured value Y] orr fOT the
true level x can be computed:

a2 2 2 ( a2 2 2 L 2.2 L a2, 2.2 | A2 2 (s
U(Y)—\/O'A71 LG, X (6371 +...+O'Bvq)+0'A +X°6p +6, +X°6, +6, (x)+u (xl.j) and
G2 +..46% +x*(6%, +..46% | +62% +x°6% + 62 +x°62
A1 Aq B,1 B.gq A B t0, b ) )
u(ycorr)_ A +O-/.1,COI‘I‘ (X)+u (Xij)’

BZ

respectively.
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Annex A
(informative)

REML estimation

Given an observed n x 1 response vector Y and n x 2 predictor matrix, X, the variance components

model pos

of variance components Gf,,clz;,of,ag in case of the conventional approach

2
Ch1s-0

symmetric matrices that are determined by the design of the study.

The restr
maximum
informati

-1
include thie fixed-effects parameters. A transformation matrix M :I—X(XTX) X7 is created bas

on the deg
respectivg
After pre-

Thus, only
REML est

likelihood

L(6)7

REML est

T

tulates that Y ~N[X[,V(0)], where V(0)=2210,-Vi ,and 6=(0;, ..., 0,,) is the vec

ﬁq,o-g1,...,G§q,6/21,0'1_23,63,0-§ in case of the factorial approach. Vy,...,V /\are m fiy

cted (or residual, or reduced) maximum likelihood (REML) approach isa/particular form
likelihood estimation which does not base estimates on a maximumlikelihood fit of all
bn, but instead uses a likelihood function calculated from the trafsformed data that do

ign matrix, X, which consists of 2 columns, the constant 1and the concentration level x of
b observation. 2 redundant rows of M (that leave the matrix rank unchanged) are remov
multiplying ¥ by M, the parameters of fixed effects a~and f are removed from the moq

the parameters of random effects are estimated.

imates the variance components 6 by maximizing the log-likelihood of the redefiy

of MY can be written
-1
—%lndet(MV(G)MT)—%YTMT(MV(G)MT) MY

mation is available in a atmber of general-purpose statistical software packages.

Lor

or
ed

of
he
not

ed

he
ed.
lel.

ed

measurm@ent vector MY , which is assumed to be nermally distributed with mean 0 and covariance
matrix (, YMT where V(8) denotes the covariance matrix of the measurement vector Y. The 1

DZ-

14
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Annex B
(informative)

:2022(E)

Orthogonal design with 8 factor level combinations for 7 factors

with 2 factor levels

B.

The study is conducted at m = 4 different levels of the measurand. At each level, 8.test po

sel
leyi

7 f]
sta
etd
(se

Ea
be
an

B.

Tal
bld

Sample materials and factors

ected from the sample material. Test portions are denoted 1-8 for level 1, 9-16,for level 2
el 3 and 25-32 for level 4.

hctors each with 2 levels are selected that represent normal use of the‘method (e.g. 2 tech
rage temperatures for test portions, 2 measurement instruments, 2 batches of standard
.)- Factors and factor levels are expected to reflect the normal variation within the single |
e 7.2).

used with (p > 1) and without (p = 1) replicates. Several examples are presented in Refe
1 [11].

2 Experimental design

ble B.1 represents the 8 factor level combinations which are conducted separately in 8 bloc
ck 4 test portions at 4 different levels of the measurand are measured under repeatability g

Table B.1 — Experimental design for 7 factors each at 2 factor levels

Factors
Test portions Block
(week)

1

Factor level
combination j

1,9,17,25
2,10,18,26
3,11,19,27
4,12,20,28
513,21,29
6,14,22,30

rtions are

17-24 for

nicians, 2
reagents,
aboratory

Ch factor level combination is tested in a separate block, i.e/n‘different days or weeks. The ¢lesign can

rences [9]

ks. In each
onditions.

7,15,23,31

RN | |[UT || WUN | =

NN ININ[(R|R[R[R]|=
NN RP[RINN[RRLIDN
N[, | NR[IN|RP[N[R,|W
NN |R[R[RP|RP[N[N]DS
N[, | N[R[RP|N[R[N]O
N[, |R[ININ|R[R[N]|
NP, | R[NP |ININ[R|S
XN | |[UT| B |W|N

8,16,24,32

B.3 Statistical analysis

If the design is used without (p = 1) replicates, the factor “Block” is confounded with factors 1-7 so that
it is not possible to determine the variance components of the block effect separately. Its effect will

©lI
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inflate the effects of factors 1-7, so that the computed variance of A(j)+B(j)x; already includes the
block effect (day or week effect). In this case, the analysis is based on the statistical model

Yiie :a+[)’x,-j +A(j)+B(j)xij +ayy +b,-jkx

j i

where Y, denotes the measurement result of the test portion at level i=1,...,4 for factor level
combination j=1,...,9 and k=p=1.

If the design is used with (p > 1) replicates, the block effect can be determined separately from the
other factprs. M this Case, the analysis 15 based on the statistical model Shown in 741, Formuta (2

Vige =pr+ By + AU+ BU) Xy + A+ By + g + by

where Yt denotes the measurement result of the test portion at level i=1,...,4 for‘factor leyel

combination j=1,...,8.
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Annex C
(informative)

Orthogonal design with 12 factor level combinations for 3 factors

C.

The study is conducted at m=4 different levels of the measurand. At each level, 12.test po|

with 2 factor levels and 1 factor with 3 factor levels

Sample materials and factors

selected from the sample material. Test portions are denoted 1 to 12 for level 1, 13'‘to 24 for

3

me

to B6 for level 3 and 37 to 48 for level 4.

flactors each with 2 levels and 1 factor with 3 levels are selected that‘represent normal

sinjgle laboratory (see 7.2).

E

arh factor level combination is tested in a separate block, i.ecifr different days or weeks.

C.2 Experimental design

Table C.1 represents the 12 factor level combinations which are conducted separately in 8

ea

copditions. The design can be used with ( p >1)and without ( p=1) replicates.

rtions are
level 2, 25

use of the

thod (e.g. 2 technicians, 2 storage temperatures for test portions, 2 batches of standard reagents,
3 dample batches, ...). Factors and factor levels are expected to refleét’the normal variation fithin the

blocks. In

th block 4 test portions at 4 different levelsiof the measurand are measured under repeatability

Table C.1 — Experimental design for.3 factors each at 2 factor levels and 1 factor with|3 factor
levels
Factor level T . Factors

combiration j estportions Block
1 2 | 3|4 | (week)

1 1,13,25,37 1 1 1|1 1

2 2,14,26,38 1 2 2 |1 2

3 3,15,27,39 2 2 2| 2 3

4 4,16,28,40 2 1 1| 2 4

5 5,17,29,41 1 1 1|3 5

6 6,18,30,42 1 2 2|3 6

7 7,19,31,43 2 1 2|1 7

8 8,20,32,44 2 2 1|1 8

9 9,21,33,45 1 2 1| 2 9

10 10,22,34,46 1 1 2|2 10

11 11,23,35,47 2 1 2|3 11

12 12,24,36,48 2 2 1|3 12

© IS0 2022 - All rights reserved
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C.3 Statistical analysis

The analysis is based on the statistical model shown in 7.4.1, Formula (2):

where Y, denotes the measurement result of the test portion at level i=1,...,4 for factor level
combination j=1,...,12.
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Annex D
(informative)

:2022(E)

Orthogonal design with 9 factor level combinations for 4 factors

D
Th|

with 3 factor levels

.1 Sample materials and factors

e study is conducted at m=4 different levels of the measurand. At each level,; 9.test po

Itions are

selected from the sample material. Test portions are denoted 1 to 9 for level 1, 101to*18 for leyel 2, 19 to

27

for level 3 and 28 to 36 for level 4.

4 fhactors each with 3 levels are selected that represent normal use of the‘method (e.g. 3 technicians, 3
indtruments, 3 reagent batches, 3 sample batches, ...). Factors and factorlevels are expected to reflect
th¢ normal variation within the single laboratory (see 7.2).

Ea

D.

Ch factor level combination is tested in a separate block, i.e. in different days or weeks.

2 Experimental design

Table D.1 represents the 9 factor level combinations which are conducted separately in 9 bloc
blgck 4 test portions at 4 different levels of the measurand are measured under repeatability donditions.

Th

D.

e design can be used with (p>1) and withoutif p=1) replicates.

Table D.1 — Experimental design for 4 factors each at 3 factor levels

Factors
Test portions Block
(week)

Factor level
combination j

1,10,19,28
2,11,20,29
3,12,21,30
4,13,22,31
5,14,23,32
6,15,24,33
7,16,25,34
8,17,26,35

O |0 || |U| D |W|N =
O W W ININ|N[FR[FR=]
W N | R | WIN (R WIN[R]N
N | R W R WINW[IN[FR]W
R | W NN | R W W[N]~
O |0 ||| |W|IN| -

ks. In each

9182736

3 Statistical analysis

If the design is used without (p = 1) replicates, the factor “Block” is confounded with factors 1 to 4 so
that it is not possible to determine the variance components of the block effect separately. Its effect will

©lI
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inflate the effects of factors 1 to 4, so that the computed variance of A(j)+B(j)x;; already includes the
block effect (day or week effect). In this case, the analysis is based on the statistical model

where Y, denotes the measurement result of the test portion at level i=1,...,4 for factor level
combination j=1,...,9 and k=p=1.

If the design is used with (p>1) replicates, the block effect can be determined separately from the other
factors. INThisSCase, the analysis 15 based on the statistical model snown in Z4-1, Formuta (2]

Vige =pr+ By + AU+ BU) Xy + A+ By + g + by

where Yt denotes the measurement result of the test portion at level i=1,...,4 for‘factor leyel

combination j=1,...,9.
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Annex E
(informative)

Asymmetric measurement uncertainty interval

If the relative in-house reproducibility standard deviation opg;(x)/u(x) is larger than 0,25, the

coyerage interval [Y-U(Y),Y+U(Y)] or [Y,

de
clo

corr
scribe the range of possible values. For example, in some cases the lower limit of thisdnter

mgdthod is the Bayesian uncertainty, as described for example in JCGM 106:2012, 6.3[21,

A
m4
bu
un

If i

Ex

NO|
as

unj

simpler alternative is to use the following method, which is characterised by the

certainty interval [x; ,xy ]for which the measured value Y lies within the interval [x-U(x
and xy; can be computed iteratively using the implicit relationships

x, +U(x)=Y, xy-U(xy)=Y.
n the interval between Y-U(Y) and Y+U(Y) the.measurement uncertainty does not
re than 10 %, x; and xy; can be approximated by ®—U(Y) and Y +U(Y), respectively.
blanations are given in Reference [13].

TE If the true level of the measurand is equal to x| , measurement values at or above x areve
), +U (x, ) =x.If the true level of the meaSurand is equal to X{;, measurement values at or below
ikely, as xy —U(xy)=x.

U(Yeorr ) Yeorr TU (Yeorr )] 1s not suitable imdll cases to

val is very

se to zero or even negative, which is not appropriate for non-negative measurands, An alternative

fact that

thematically, the measurement uncertainty function U is not a functionof'the measured value Y,
Fa function of the level x tobe determined. Accordingly, all those values'x. belong to the medsurement

X +U (%))

rhange by

ry unlikely,

X arevery

© IS0 2022 - All rights reserved

21


https://standardsiso.com/api/?name=2d829afc6bfbce1a0714a9b82da4be89

	Foreword 
	Introduction 
	1 Scope 
	2 Normative references 
	3 Terms and definitions 
	4 Symbols 
	5 General principles 
	5.1 General 
	5.2 Principles of conventional approach 
	5.3 Principles of factorial approach 

	6 Conventional approach 
	6.1 General considerations 
	6.2 Selection of samples and levels 
	6.3 Experimental design 
	6.4 Statistical analysis 
	6.4.1 Statistical model 
	6.4.2 Calculation of in-house repeatability and in-house reproducibility 
	6.4.3 Calculation of measurement uncertainty 


	7 Factorial approach 
	7.1 General considerations 
	7.2 Selection of sample materials, factors and factor levels 
	7.3 Experimental design 
	7.4 Statistical analysis 
	7.4.1 Statistical model 
	7.4.2 Calculation of in-house repeatability and in-house reproducibility 
	7.4.3 Calculation of measurement uncertainty 


	Annex A (informative) REML estimation 
	Annex B (informative) Orthogonal design with 8 factor level combinations for 7 factors with 2 factor levels 
	Annex C (informative) Orthogonal design with 12 factor level combinations for 3 factors with 2 factor levels and 1 factor with 3 factor levels 
	Annex D (informative) Orthogonal design with 9 factor level combinations for 4 factors with 3 factor levels 
	Annex E (informative) Asymmetric measurement uncertainty interval 
	Annex F (informative) Example 
	Bibliography 

