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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
electrotechnical standardization.
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Introduction

For purposes of quality control and to check compliance with specifications, the properties of
commercial petroleum products are assessed by standard laboratory test methods. Two or more
measurements of the same property of a specific sample by a specific test method, or, by different test
methods that purport to measure the same property, will not usually give exactly the same result. It is,
therefore, necessary to take proper account of this fact, by arriving at statistically based estimates of
the precision for a method, i.e. an objective measure of the degree of agreement expected between two
or more results obtained in specified circumstances.

This docunentTmakes Teference to 1SO—3534=2t,which givesa different defimitionr of trug value

(see 3.23). This document also refers to ISO 5725-2. The latter is required in particular and junysual
circumstanges (see 5.3.1) for the purpose of estimating precision.

The two palrts of ISO 4259 encompass both the derivation of precision estimates and-the application
of precisior| data. They combine the information in ASTM D6300[2] regarding the detesmination of the
precision e§timates and the information in ASTM D3244I[3] for the utilization of test.data.

A glossary af the variables used in this document and ISO 4259-2 is included asAnnex [ in this docunpent.
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Petroleum and related products — Precision of
measurement methods and results —

Part 1:
Determination of precision data in relation to methods of

test

1

This| document specifies the methodology for the design of an Interlabetatory Study
calctilation of precision estimates of a test method specified by the study. In“particular, it
releyant statistical terms (Clause 3), the procedures to be adopted in the planning of ILS t
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recision of a test method (Clause 4), and the method of calculatingthe precision from t
a study (Clauses 5 and 6).

procedures in this document have been designed specifically*for petroleum and petrol
ucts, which are normally considered as homogeneous. However, the procedures desct]
ment can also be applied to other types of homogeneous products. Careful investi
ssary before applying this document to products for'which the assumption of homoge
tioned.

Normative references

titutes requirements of this documeént. For dated references, only the edition cited

b725-2, Accuracy (trueness.dnd precision) of measurement methods and results — Part 2: B
he determination of repeatability and reproducibility of a standard measurement method
Terms and definitions

he purposes(éfthis document, the following terms and definitions apply.

ind [EC 1naintain terminological databases for use in standardization at the following a

SOOnline browsing platform: available at https://www.iso.org/obp
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following documents are referred to_in the text in such a way that some or all of their content

hpplies. For

ited references, the latest edition.of the referenced document (including any amendments) applies.

asic method

ddresses:

3.1

analysis of variance
ANOVA
technique that enables the total variance of a method to be broken down into its component factors

3.2

accepted reference value
ARV

agreed-upon reference value for a specific property of a material determined using an accepted
reference method and protocol, e.g. derived from an ILS

© IS0 2017 - All rights reserved
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3.3

between laboratory variance

component of the total variance attributable to the difference between the means of different
laboratories

Note 1 to entry: When results obtained by more than one laboratory are compared, the scatter is usually wider
than when the same number of tests is carried out by a single laboratory, and there is some variation between
means obtained by different laboratories. These give rise to the between laboratory variance which is that
component of the overall variance due to the difference in the means obtained by different laboratories.

Note 2 to entry: There is a corresponding definition for between operator variance.

Note 3 to eptry: The term “between laboratory” is often shortened to “laboratory” when used to/gyalify
representatije parameters of the dispersion of the population of results, for example as “laboratory variance”.

34

bias
<of a test njethod> difference between the population mean of test results from aweéry large number
of differentflaboratories for the property of a material obtained using a specific testanethod versus the
accepted reference value for the property where this is available

Note 1 to enflry: See Note 1 to entry in 3.13 for an interpretation of “population medn of test results”.

3.5
blind coding
assignment]of a different number to each sample so that no othetxidentification or information on any
sample is given to the operator

3.6
check sample
sample taken at the place where a product is exchanged, i.e. where the responsibility for the product
quality passes from the supplier to the recipient

3.7
degrees of freedom
divisor used in the calculation of variance

Note 1 to enffry: The definition applies,strictly only in the simplest cases. Definitions for more complex casejs are
beyond the sfcope of this document.

3.8
determination
process of ¢arrying out/the’series of operations specified in a test method, whereby a single valpe is
obtained

3.9
interlaboratory study
ILS T

study specifically designed to estimate the repeatability and reproducibility of a standard test method
achieved at a fixed point in time by multiple laboratories through the statistical analysis of their test
results obtained on aliquots prepared from multiple materials

3.10

known value

quantitative value for a property that can be theoretically derived or calculated by the preparation of
the sample

Note 1 to entry: The known value does not always exist, for example for empirical tests such as flash point.

3.11
mean
sum of a set of results divided by the number of results

2 © IS0 2017 - All rights reserved
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3.12
mean square
sum of squares divided by the degrees of freedom

3.13

normal distribution

probability distribution of a continuous random variable, x, such that, if x is any real number, the
probability density is as shown in Formula (1):

2
f(x)= }"_exp —%(X_H) —‘,—oo<x<oo (1)
\

Note|1 to entry: In the context of modelling a distribution of test results, u is the population mean, pr true value
(see B.23) of the property as determined by a specific test method; o is the standard devidtion of the normal
distrfibution used to describe the distribution of an infinite number of test results obtained ‘using the same test
metHod by an infinite number of laboratories (o > 0).

31
operator
perspn who normally and regularly carries out a particular test

3.1
outljer
resullt far enough in magnitude from other results to be considered not a part of the set

3.16
pregision
clos¢ness of agreement between the results obtained by applying the same test procedure s¢veral times
on epsentially the same materials and under prescribed conditions

Note|1 to entry: The smaller the random part of the experimental error, the more precise the procedure.

3.17,
random error
component of measurement error, that in replicate measurements varies in an unpredictable manner

3.18
rep¢atability
limiting value for the difference between two independent results obtained in the normal pand correct
opetfation of the same method, for test material considered to be the same, within a shorf interval of
timg, under the same-test conditions, that is expected to be exceeded with a probability of 5% due to
random variatiofi

Note|1 to entry/Same test conditions are to be considered as same operator, same apparatus, samje calibration
and §ame laberatory.

Note|2-€0 entry: The representative parameter for the dispersion of the population that can be associated with
these results is repeatability standard deviation or repeatability variance. Repeatability refers to the maximum
difference attributable to random variation between two results obtained under the state of minimum random
variability. Therefore, the period of time during which repeat results are to be obtained should be short enough
to exclude time dependent variation, for example, variation caused by environmental changes, or variation
associated with multiple calibrations”.

Note 3 to entry: The term “repeatability” is not to be confused with the terms “between repeats” or “repeats”.

© IS0 2017 - All rights reserved 3
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3.19

reproducibility
limiting value for the difference between two independent results obtained in the normal and correct
operation of the same method, for test material considered to be the same, under different test
conditions, that is expected to be exceeded with a probability of 5 % due to random variation

Note 1 to entry: Different test conditions are to be considered as different operator, different apparatus, different
calibration, and different laboratory.

Note 2 to entry: The representative parameter of the dispersion of the population that can be associated with
these results is reproducibility standard deviation or reproducibility variance. Reproducibility refers to the

maximum differenceattributable torandomvariation between tworesults ghtained underthe state ofmasxdmum
random varipbility.

3.20

result

final value ]>btained by following the complete set of instructions in a test method

Note 1 to enffry: It is assumed that the result is rounded off according to the procedure specified in Annex G
3.21

standard deviation

measure of|the dispersion of a series of results around their mean, equal to'the positive square ropt of
the variance and estimated by the positive square root of the mean square

3.22

sum of squpres

sum of squdres of the differences between a series of resultsand their mean

3.23

true value

for practicall purposes, the value towards which thelaverage of single results obtained by n laboratgries
tends, as n flends towards infinity

Note 1 to enffry: Such a true value is associated Wwith the particular method of test.

Note 2 to enfry: A different and idealized definition is given in 1SO 3534-2[1l.

3.24

variance

mean of thg squares of the deviation of a random variable from its mean, estimated by the mean square
4 Stages in the planning of an interlaboratory study for the determination of the
precision of a test method

4.1 Gengral

The stages in planning an interlaboratory study (ILS) are as follows:

a)
b)
‘)
d)

preparing a draft method of test;
planning a pilot study with at least two laboratories;
planning the ILS;

executing the ILS.

The four stages are described in turn in 4.2 to 4.5.
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This shall contain all the necessary details for carrying out the test and reporting the results. Any

condition that could alter the results shall be specified.

The ILS shall be designed so that it covers the intended range of the test method (see also 6.5). A clause

on precision is included in the draft method of the test at this stage only as a heading.

4.3 Planning a pilot study with at least two laboratories

A pilot study is necessary for the following reasons:

a) fo verify the details in the operation of the test;

b) to find out how well operators can follow the instructions of the method, and thus-of th
c) o check the precautions regarding samples;

d) Lo estimate approximately the precision of the test.

At ldast two samples are required, covering the range of results to which the test method
to apply; however, at least 12 laboratory/sample combinations shallbe included. Each sam]
twide by each laboratory under repeatability conditions. The samples should be equally

acrops the test method range, and should include major productgroups covered in the test me
If anfy omissions or inaccuracies in the draft test method are revealed, they shall now be co
resullts shall be analysed for precision, and bias for sample(s) with accepted reference value
condidered to be too large, then alterations to the test method shall be considered.

4.4 | Planning the ILS

Thefe shall be at least six participating laberatories, but it is recommended this number b
to eight or more in order to ensure the final precision is based on at least six laboratories ary
the precision statement is more representative of the user population.

The jnumber of samples shall be sufficient to adequately represent the types of materials t
test method is to be applied, to.cever the range of the property measured at approximately
intervals, and to give reliability'to the precision estimates. If precision is found to vary w
of rgsults in the pilot study,then at least five samples shall be used in the ILS. In order

estinate precision versus-level relationship, it is important that the choice of samples evenl

e ILS;

is intended
ble is tested
distributed
thod scope.
rected. The
. If either is

e increased
d to ensure

p which the
equidistant
th the level
Lo correctly
y covers the

range and materials for.the property measured, so that an estimated relationship is not to¢ dependent
upon the leverage 6f' a’'sample with extreme property value.
It is|stronglyrecommended that the leverage of each planned sample in the sample set [design, lev;
be apsessed using Formula (2). No sample shall have a leverage exceeding 0,5. See Table|D.11 for an
exarhple 6fleverage calculation (second column from the right under heading 'lev;').
+—— )
IeVI' =—+ Sl 2 (2)

n n
D (x—x)?
k=1

where
lev; isleverage of sample i;
n is total number of planned samples;
Xj is Napierian logarithm, In (p;), with p; being the planned property level for sample i;
X is grand average of all x;.
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In any event, it is necessary to obtain at least 30 degrees of freedom for both repeatability and
reproducibility (see Annex B for the corresponding rationale). For repeatability, this means obtaining a
total of at least 30 pairs of results in the ILS.

For reproducibility, Annex A, Table A.1 gives the minimum number of samples required in terms of L,
P and Q, where L is the number of participating laboratories, and P and Q are the ratios of variance
component estimates obtained from the pilot study. Specifically, P is the ratio of the interaction
component to the repeats component and @ is the ratio of the laboratories component to the repeats
component. Annex B gives the derivation of the formula used. If Q is much larger than P, then 30 degrees
of freedom cannot be achieved; the blank entries in Table A.1 correspond to this situation (i.e. when
more than 20 samples are required). For these cases, there is likely to be a significant bias between

laboratories.

In the abseice of pilot test program information to permit the use of Table A.1, the number-0fsan
shall be grepter than five, and chosen such that the number of laboratories times the number.of san

is greater t

When it is |
forms wher
each type o

4.5 Exec

One person
and sample
shall not pe

The text of
raised befo
be carried (

The sample
areserve o
be homoger]
to distribut
nature of th
sent with th

a)
b)
c)

Agreed

Order i
recomr
assigne

Handling and storagedequirements for the samples.

an or equal to 42.

known or suspected that different types of materials exhibit different precision functij
| tested by the test method, consideration should be given to conducting separate IL
[ material.

iting the ILS

shall be responsible for the entire ILS, from the distribution of the texts of the test me
5 to the final appraisal of the results. This person shallbe familiar with the test method
rsonally take partin the tests.

he test method shall be distributed to all the laboratories in time to allow any queries {
‘e the tests begin. If any laboratory wants topractice the method in advance, than this
ut with samples other than those used inthe ILS.

5 shall be accumulated, subdivided and distributed by the coordinator, who shall also
each sample for emergencies. Itissmost important that the individual laboratory port
eous and stable for the property.of interest throughout the entire duration of the ILS.

jon, the ILS sample set shall be blind coded in a manner that preserves the anonymity

e test material and the expected value of the property. The following information sha
e ILS sample set.

(draft) method of test:

ples
ples

onal
5 for

thod
, but

o be
shall

keep
ions
rior

the
1l be

n which theSamples are to be tested. A different random order for each laboratory is highly

hended.\For large number of laboratories, several unique test orders may be rand
d to groups of laboratories, with no more than 4 laboratories per group.

bmly

d) For sta

[istical reasons, it is imperative that the repeat results are obtained independently of

ach

other, i.e. that the second result is not biased by knowledge of the first. This is achieved by blind
coding where the repeat for each material in the ILS design is included in the test set sent to ILS
participants without disclosing that it is a repeat, with an accompanying statement that a single
result is to be obtained on each sample in the test set, in the specified testing order, by the same
operator with the same apparatus within a short time. If this blind coding is regarded as infeasible
to achieve, then the statement shall state that a pair of results associated with a sample shall be
obtained by the same operator with the same apparatus within a short time, without disclosing the
nature of the sample.

Period of time within which all the samples are to be tested.
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f) Blank form for reporting the results. For each sample, there shall be space for the date of testing,
the test results, and any unusual occurrences. The unit of accuracy for reporting the results shall
be specified.

g) Statement that the test shall be carried out under normal conditions, using qualified operators who
carry out this kind of test routinely and that the duration of the test shall be the same as normal.

h) A questionnaire requesting information on the conditions used in the application of the test
method, e.g. apparatus details, reagents and materials, calibration and verification procedures,
quality control procedure, any deviations from either the test method or the instructions supplied,
observations and suggestions for future improvement of the test method.

Opel
in te
is nd
NOT
AST]

5

5.1
Alth

rators that participated in the pilot study may also participate in the ILS. If their extra
sting a few more samples produces a noticeable effect, it serves as a warning that the {
t satisfactory. They shall be identified in the report of the results so that any effect can

For additional guidance on the planning and execution of an ILS, consult ASTM I

1 D6300(2].

Statistical treatment of ILS results

General recommendation

calc
Witl‘I

on the procedures of this document. It is also highly fecommended that these procedures be

undg

NOT
pack

In th
a)

b)
‘)

The

[lus|

pugh the procedures described in Clauses 5 and 6 of this document are in a form suital
lation, it is strongly advised that these procedureS.be carried out using an electron
appropriately validated software designed specifically to store and analyse ILS test re

er the guidance of a statistician.

[

) A software package extensively used,in the ISO and ASTM community is D2PP[13]. T
hge does not include GESD or Cook's Distanee assessment in line with this document.

e clauses to follow, procedures are-specified to achieve the following:

pre-screen the results as reported from the ILS on a sample-by-sample basis for grossly
Fesults (outliers);

hssess independence/or dependence of precision and the level of results after pre-scree

hssess uniformity-of precision from laboratory to laboratory by detecting the presence
pf additional gutliers using the detection power from the entire data set.

proceduresiare described in mathematical terms based on the notation of Annex C.

tratign-of the procedures is provided in referenced Annexes.

experience
est method
be noted.

7778[4] and

ble for hand
¢ computer
sults based
carried out

hat software

discordant

ning;

or absence)

For

h[I“the procedures, it is assumed that the results are either from a single normal dis

'ribution or

capable of being transformed into such a distribution (see 5.3). Other cases (which are rare) require a
different treatment that is beyond the scope of this document. See Reference [6] for a statistical test on
normality.

5.2 Pre-screen using GESD technique

Prior to execution of 5.3 to 5.7, examine all information returned by ILS participants to determine
compliance with agreed-upon test protocol and method of test. If the investigation disclosed no clerical,
sampling or procedural errors, apply the Generalized Extreme Studentized Deviation (GESD) technique
as outlined in this clause to results received for each ILS sample to identify unusual or extreme results.
Investigation for causes associated with unusual results shall be conducted. If acceptable cause(s) is
found during the investigation, the unusual results shall be either corrected, replaced, or rejected.
Correction or replacement of the unusual results with a new set of results shall be approved by the ILS

© IS0 2017 - All rights reserved 7
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coordinator in consultation with the ILS statistician. If no acceptable cause is found, the unusual or
extreme results as identified by the GESD technique at the 99 % confidence level shall be rejected.

An overall summary of this GESD pre-screening technique is outlined below.
For each ILS sample, execute the following steps.
1) Calculate the sample mean using all results received for the sample.

2) Calculate difference for each pair of results as received from laboratories that have reported both
results.

3) Identify outlier(s) in the data set of differences obtained from step 2) by following the methoddlogy
outlinefl in Annex H.

4) For each outlying difference identified, remove the member from the pair that is farthest fron the
sample|mean calculated in 1) and replace it with the value of the remaining result,

5) For labgratories that have only reported one result, i.e. the other result is missing; assign the vjalue
of the sjngle reported result to the missing result before proceeding to step(6).

6) Calculafe the sum of the pair of the results for each lab. For laboratories-that have reported poth
results|and neither result has been rejected, this will be the sum of both reported results. Inp the
case where one of the pair of results is missing (not reported) ortejected from step 4), this|sum
will bejtwice the single reported result since the missing result/is“assigned the same value a$ the
reportqd result.

7) ldentify outlier(s) in data set of sums as obtained fron¥step 6) by following the methoddlogy
outlinefl in Annex H.

8) For each outlying sum of results, exclude both results from further statistical analysis.

9) For the pairs of results with sums that have*not been rejected, retain both reported resultp for
analysip if both results are as originally reeé¢ived from the laboratories. If one of the two results of
the pair is an assigned value from step 4) or step 5), retain the reported result from the laborat¢ries
for analysis, and treat the other result-as“missing”.

10) The dafa set remaining after campletion of step 9) then constitutes the data set to be fuifther
analysdd as per 5.3 to 5.7.

5.3 Transformation of data and outlier tests

5.3.1 General

In many tesf metheds; the precision depends on the level of the test result, and thus the variability (Jlithe
reported results is different from sample to sample. The method of analysis outlined in this document
requires that'this shall not be so and the position is rectified, if necessary, by a transformation.

The laboratories standard deviations, Dj;, and the repeats standard deviations, dj, for sample j (see
Annex C for notation explanation) are calculated and plotted separately against the sample means, m;,
in accordance with Annexes D and E). If the points so plotted can be considered as lying about a pair of
lines parallel to the m-axis, then no transformation is necessary. If, however, the plotted points describe
non-horizontal straight lines or curves of the form D = f1(m) and d = f2(m), then a transformation is
necessary.

The relationships D = f1(m) and d = f2(m) are not, in general, identical. The statistical procedures of
this document require, however, that the same transformation be applicable both for repeatability
and for reproducibility. For this reason, the two relationships are combined into a single dependency
relationship D = f(m) (where D now includes d) by including a dummy variable, T. This takes account
of the difference between the relationships, if one exists, and provides a means of testing for this
difference (see E.1).
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The single relationship D = f(m) is best estimated by a weighted linear regression analysis, even though
in most cases an unweighted regression gives a satisfactory approximation. The derivation of weights
is described in F.2, and the computational procedure for the regression analysis is described in E.3.
Typical forms of dependence D = f(m) are given in E.1. These are all expressed in terms of transformation
parameters B and By.

The estimation of B and By, and the transformation procedure which follows, are summarized
in E.2. This includes statistical tests for the significance of the regression (i.e. is the relationship
D = f(m) parallel to the m-axis), and for the difference between the repeatability and reproducibility
relationships, based at the 5 % significance level. If such a difference is found to exist, or if no suitable
common transformation exists, then the alternative sample by sample procedures of ISO 5725-2 shall

be

sepdrately estimate the interaction component of variance (see 6.2).

Ifit has been shown at the 5 % significance level that there is a significant regression of'the f

then

whe

In th
in te

Itis
assiy

type
rem

The
that
tran|
aftel

sed. In such an event, it is not possible to test for laboratory bias over all samples

the appropriate transformation y = F(x), where x is the reported result, is given by For
s (x) _K J‘ dx

f(x)
re Kis a constant.

at event, all results shall be transformed accordingly and thé\remainder of the analysis
rms of the transformed results. Typical transformationsi@ré given in E.1.

difficult to make the choice of transformation the stibject of formalized rules. Qualifie
tance can be required in particular cases. The préSence of outliers can affect judgemsd
of transformation required, if any (see 5.7). That is why extremely discordant resy
pved as described in 5.1 above prior to making'a judgement on transformation(s).

transformation and outlier procedure is described in the form of a flow chart in Fig
the transformation process is an iterative procedure, requiring confirmation of th

sformation if outliers have been rejected. If the original transformation is found to be
outliers have been removed, thema different transformation will be required.

[see 5.6) or

rm D = f(m),
ula (3):

3

carried out

d statistical
nt as to the
Its shall be

ure 1. Note
e choice of
inadequate
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Calculate sample stats
m, d and D [Annex C]

Plot d and D against m
Perform regression analysis [E.2}

Test b1: istherea
significant

........... > Goto 3*

regression?

S

Test b3: is there a
different relationship for d
and D?

use ISO
5725-2

Transform results
Recalculate sample stats m, d and D

Plot d and D against m
Perform regression analysis [E.2}

e R W
significant regression? better
transform
i NN
Perform Cochran'sest™"
Perform Hawking'
?):‘:s"t?xiie(:sl Y_l'th Coolks Contact ILS coordinato

Estimate repeatability
and reproducibility [6.3]

10

Figure 1 — Transformation and outlier procedure
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5.3.2 Outlier identification after pre-screening

The pre-screened results, or if it has been decided that a transformation is necessary, the pre-screened
and transformed results, shall be further tested statistically for outliers. These are the values that are
so different from the remaining data that it can only be concluded that they have arisen from some fault
in the application of the test method or from testing a wrong sample. Many possible tests may be used
and the associated significance levels can be varied, but those that are given below have been found to
be appropriate for this document. These outlier tests all assume a normal distribution of errors (see 5.1).

5.3.3 Uniformity of repeatability

difference
ory/sample
ratio of the
Table D.14,
hrison, then
s repeated,
5” and leads
jection test
ision based

The

betv
com
larg
corr

first outlier test is concerned with detecting a discordant result for the absolutg
peen a pair of repeat results. This testlZ] involves calculating the eZ;; over all the laborat
pinations. Cochran's criterion at the 1 % significance level is then used to tesSt the

st of these eZ;; values over their sum (see C.5). If its value exceeds the valué'given in
psponding to one degree of freedom, ny being the number of pairs availablé)for comp
the member of the pair farthest from the sample mean shall be rejected and the proces
redycing ny by 1, until no more rejections are called for. In certain cases, this'test “snowball
to am unacceptably large proportion of rejections (say more than 10 %j).\lf this is so, this re
shal] be abandoned and some or all of the rejected results shall be retained. An arbitrary de
on jydgement is necessary in this case. See D.3 for an illustration,

5.3.4 Uniformity of reproducibility

The

repr
part|
labo

following outlier test, Hawkins' test, see also D.4, is‘¢ehcerned with establishing uniformity in the
pducibility estimate. It is designed to detect a discordant pair of results from a labgratory on a
icular sample. It involves, for each sample, forming the ratio of the largest absolute eviation of
ratory mean from the overall sample mean tg-the square root of certain sums of squares (see C.6).

The
give

| 1 % values
1 where v is

ratio corresponding to the largest absolute deviation shall be compared with the critica
h in Table D.15, where ng is the number-of laboratory cells in the sample concerned an

the
in q
the 3

Ifag

!

egrees of freedom for the sum of.squares, which is additional to that corresponding tq
estion. That is, for this test, vr tefers to the degrees of freedom from other samples (
ample being tested).

ignificant value is encountered, the corresponding extreme value shall be omitted and

the sample
.e. excludes

the process

repeated.

If th
then
arbi

than 10 %),
etained. An

b test “snowballs”)eading to an unacceptably large proportion of rejections (say more
this rejectionstest shall be abandoned and some or all of the rejected results shall be 1
rary decisiofbased on judgement is necessary in this case.

5.4 | Rejeetion of complete data (from all laboratories) for a sample

The
sam
be calculated. See D.5 for further illustration.

ny outlying
ations shall

aboratories standard deviation and repeats standard deviation shall be examined for g

1 1£ 4+ £ A3 L L. HPRpA | 4+ H i A | 4 a | pa A |
DICOS. 11 d LI dIIS1IUTIIIIAdUIVUIT 11doS UTtulill vudl1icu vutl Ul au_y I CJCLLIUII IIIdUC, TITVV Stdllldlu ucTyv

If the standard deviation for any sample is excessively large, it shall be examined with a view to rejecting
the results from that sample.

Cochran's criterion at the 1 % level can be used when the standard deviations are based on the same
number of degrees of freedom. This involves calculating the ratio of the largest of the corresponding
sums of squares (laboratories or repeats, as appropriate) to their total (see C.5). If the ratio exceeds the
critical value given in Table D.14, with n as the number of samples and v the degrees of freedom, then all
the results from the sample in question shall be rejected. In such an event, care should be taken that the
extreme standard deviation is not due to the application of an inappropriate transformation (see 5.3),
or undetected outliers.
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There is no optimal test when standard deviations are based on different degrees of freedom. However,
the variance ratio (i.e. the ratio of largest variance to that pooled from the remaining samples) follows
an F-distribution with v1 and v, degrees of freedom (see C.7). Here v; is the degrees of freedom of the
variance in question and v is the degrees of freedom for the remaining samples. If the ratio is greater
than the critical value given in Tables D.17 to D.20, corresponding to a significance level of 0,01/S, where
S is the number of samples, then results from the sample in question shall be rejected.

5.5 Estimating missing or rejected values

5.5.1 One of the two repeat values missing or rejected

If one of a gair of repeats (x;j1 or x;j2 for un-transformed results, yjj1 or yjj for transformed results) is

ance

missing or
with the leg

ejected, this shall be considered to have the same value as the other repeat in accord
st squares method.

5.5.2 Both repeat values missing or rejected

If both the

Wij1 + yij2)
sum of squg
unknown v

repeat values are missing, estimates of aj [(xj1 + X;2) for un-tfansformed result

res, including the missing values of the totals of the laboratoriesysamples pairs of resul
hriables. Any laboratory or sample from which all the results were rejected shall be ign

for transformed results] shall be made by forming the laboratoxi€s x samples interac

5, Or
tion
[ts as
pred

and new va
forming the
these to zer]

Formula (4]

made, the

Jues of L and S used. The estimates of the missing or rejected values shall then be foun
partial derivatives of this sum of squares with respectto®ach variable in turn and equs
0 to solve as a set of simultaneous formulae.

d by
1ting

o be
d in
sing
hally
| for

| may be used where only one pair sum has to:bé“estimated. If more estimates are {
echnique of successive approximation can be:wsed. In this, each pair sum is estimatg
turn from Formula (4), using L1, S1 and T values which contain the latest estimates of the other mis
pairs. Initia] values for estimates can be based on the appropriate sample mean, and the process usy
converges fo the required level of accuracy withiy’ three complete iterations. See Reference [9)
details.

If the value fof one pair sum, ajj, has to be estimated, the estimate is given by Formula (4):

ij _1)(TX<LL1 +S’51—Tl) [4)

)

—~

where

S" is §minus the nurhber of samples rejected in 5.4;

Ly is the total.6f remaining pairs in the ith laboratory;

S1 is the total of remaining pairs in the jth sample;

Ty is thetotalof alf palrs except ay.

See illustration in D.6 for estimating a single pair of missing values.

5.6 Rejection test for outlying laboratories

At this stage, one further rejection test remains to be carried out. This determines whether it is
necessary to reject the complete set of results from any particular laboratory (i.e. a discordant set of
results from a laboratory on all samples). It cannot be carried out at an earlier stage, except in the case
where no individual results or pairs are missing or rejected. The procedure again consists of Hawkins'
test (see 5.3.4), applied to the laboratory averages over all samples. If any laboratories are rejected on
all samples, new estimates shall be calculated for any remaining missing values (see 5.5).
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This test involves identifying and forming the ratio of the largest absolute deviation of laboratory-
average-over-all samples versus the overall mean to the square root of certain sums of squares (see C.6).

For this test, n is the total number of laboratories, v is zero. See illustration in D.7.

5.7

Confirmation of selected transformation

5.7.1 General

At this stage, it is necessary to check that the rejections carried out have not invalidated the

tran

sformationused If necessaky, the prnrnﬂnrn givon inS5 3shallhe rnpnafnr] with the outl

ers deleted,

and

5.7.2

The
Clay]
or n
is cd

fa new transformation is selected, outlier tests shall be reapplied. See also D.8.

. Identification of excessively influential sample(s)

last step prior to proceeding with analysis of variance and calculation_éfiprecision €
e 6 is to determine if the selection of transformation function is excessively influer
jore samples. Cook's Distance is the recommended statistic for this\evaluation. Cool
lculated for every sample in the unweighted linear regression. 6fIn(D;) versus In(m

stimates in
iced by one
t’s Distance
) using the

untransformed ILS results excluding the outliers identified in 5.2 to 5.6. Cook's Distance|is a metric
whig¢h combines the leverage (lev;, see 4.4) of a sample along with-the’degree of fit with and without use
of tHis sample in the regression. This will determine if the regfession relationship is overly dependent
on the sample. A sample with Cook's Distance exceeding 1 censtitutes a highly influential sample, and
is a fandidate for exclusion. The ILS coordinator shall be hotified of any sample with Cook's Distance
exceeding 1. Exclusion of samples based on Cook's Distanee shall be discussed with the ILS ¢oordinator,
wholshall make the final decision after consultation with all stakeholders and the statistician.
Coolt's Distance is calculated as follows:
2
. lev.
Cook's Distance = r’—xL (5)
p (1-lev;)
where
b =2 (for regression with slope and intercept);
ev; isleverage of saimple i [see Formula (2)];
i is studentized residual of sample i [see Formula (6)]].
£j
= ——=t—— (6)
l s(JN—lev;
whefe
g istheresidual of sample i;
s(i) is the residual mean square obtained from regression with the exclusion of sample i.
s(f) can be calculated by solving Formula (7).
2 2 ef
n-3)[s(i)]*=(n-2)s* ———— 7
(n=3)[s(1)]" =(n-2) (=lev)) (7)
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where

&

n 87
e~ (n-2)

6 Analysis of variance, calculation and expression of precision estimates

6.1 General
After the datatavebeen iuapct,tcd for—umifor nTityatr atrsformatiomrhasbeen pet formed-ifneces ary,
and any ouflliers have been rejected (see Clause 5), an analysis shall be carried out. First an analygis of
variance table shall be constructed, and finally the precision estimates derived.
6.2 Analysis of variance
6.2.1 Forming the sums of squares for the laboratories x samples interaction sum of squares
The estimated values, if any, shall be putin the array and an approximate analysis of variance performed.

Mean cqrrection, M¢ = (TOT)2/2L'S’ (8)
where L' is { minus the number of laboratories rejected in 5.6 mintss.the number of laboratories with no
remaining fjesults after rejections in 5.3.4.

Sl
Sample§ sum of squares = Z(g?/ZL') -M 9)
j=1
L/
Laboratjories sum of squares = Z(hlg/ZS') -M (10)
i=1
Pairs sym of squares = 1/2 Zzau -M. (11)
i=1=1

The laboratpries x samples interaction sum of squares, I, is given by:

I = (paigs sum of squafes) — (laboratories sum of squares) — (sample sum of squares)
Ignoring anfy pairs innwhich there are estimated values,

LS
E = repddt9sum of squares = (1/2) S‘ S‘ (12)
i=1 j=1

The purpose of performing this approximate analysis of variance is to obtain the minimized
laboratories x samples interaction sum of squares, I. This is then used as indicated in 6.2.2, to obtain
the laboratories sum of squares. See D.9 for further guidance.

If there were no estimated values, the above analysis of variance is exact and 6.2.2 shall be disregarded.

14
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In this sub-clause, all the estimated pairs are disregarded and new values of g; are calculated. The
following sums of squares for the exact analysis of variancel10] are formed. See further D.10.

S 2
g .
Uncorrected sample sum of squares = 2—] (13)
j=1 Sj
where Sjis 2 (L' - number of missing pairs in that sample).
LS
Uncorrected pairs sum of squares = (1/2)2;2;6114]. (14)
i=1 j=1
The [laboratories sum of squares is equal to (pairs sum of squares) — (samples sum of squpres) - (the
minimized laboratories x samples interaction sum of squares).
L s s’ g2
T2 X 2a|-| 3o )
i=1 j=1 =157
6.2.3 Degrees of freedom
The flegrees of freedom for the laboratories are (L' - 1). The degreéés of freedom for laboratorig¢s x samples

intel

action are (L' - 1) (S’ - 1) for a complete array and are reduced by one for each p{

estimated. The degrees of freedom for repeats are (L'S")"and are reduced by one for each p

one

6.2.4

The
anal

br both values are estimated. See also D.11.

Il Mean squares and analysis of variance

mean square in each case is the sum ofisquares divided by the degrees of freedom. This
ysis of variance shown in the following Table 1.

Table 1 — Analysis of variance

hir which is
hir in which

leads to the

Sofirce of variation Degrees of freedom Sum of squares Meap square
Labératories I'-1 Laboratories sum of My
squares
Lab¢ratories x samples{{L" - 1)(S' - 1) - number of estimated pairs I Mys
X L'S" - number of pairs in which one or

Reppats both values are estimated E My

The [ratio MyfM)s is distributed as F with the corresponding laboratories and interaction] degrees of
freeflom (see C.7). If this ratio exceeds the 5 % critical value given in Table D.17, then bias hetween the
labordteries is implied and the ILS coordinator shall be informed (see 4.5): further standafdization of
the tesTmethod can be Necessary. See also D-12.

6.3

Expectation of mean squares and calculation of precision estimates

6.3.1 Expectation of mean squares with no estimated values

For a complete array with no estimated values, the expectations of mean squares are:

Laboratories (My):

Laboratories x samples (Mys):

002 + 2012 + 25072

002 + 2012

© IS0 2017 - All rights reserved
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Repeats

where

(My): 002

002 is the component of variance due to repeats;

012 is the component of variance due to interaction between laboratories and samples;

022 is the component of variance due to differences between laboratories.

6.3.2 Ex

The coefficients of 092 and 022 in the expectation of mean squares are altered in the cases where t
are estimatpd values. The expectations of mean squares then become:

Laboratories (Mp): aop? + 2012 + fo2
Laboratories x samples (Mfs): Y002 + 2012
Repeatq (M)): 002
where
o |t =S) g (K-S
L'-1 (L'-1)
K is the number of laboratory x sample cells containing at least one result;

aandy

a) Ifthere]

b) If ther¢ are no empty cells (i.e-every laboratory has tested every sample at least once,

K=L x

c) If there

the prdportion, p;, of samples tested for which there is only one result, and the sum, P, of t

ectation oI mean squares with estimated values

are computed as follows.

are no cells with only a single estimated result, then a =y = 1.

$"), then a and y are both)T plus the proportion of cells with only a single result.

here

and

are both empty €ells and cells with only one result, then for each laboratory compute

hese
that

proportions over alllaboratories. For each sample, compute the proportion, gj, of laboratories
have tepted the sample for which there is only one result, and the sum, Q, of these proportions over
all samples. Compyte the total number of cells, W, with only one result and the proportion of these
among pll nonempty cells, W/K. Then:
PAW /K
a=1+ LK) (16
L'-1
and
W-P-Q+(W/K
y=1+ Q ( /) (17)
K-L'-S5"+1
NOTE The above mentioned development is based upon the assumption that both samples and laboratories
are “random effects”.

See illustration in Annex D.

16

© ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=80afe10180c4fb08dfe4a97798474a20

ISO 4259-1:2017(E)

6.3.3 Calculation of precision estimates

6.3.3.1 Repeatability

The repeatability variance, V), is twice the mean square for repeats. The repeatability estimate is
the product of the repeatability standard deviation and the “t-value”, t,, with appropriate degrees of
freedom, v (see Table D.16), corresponding to a two sided probability of 95 %.

This calculated estimate shall be rounded to no fewer than three and no more than four significant digits.

Note that if a transformation Y = F(x) has been used, then

whe

W) 1
A siy
6.3.]

The
|

and

whe

The
ty, W
of 91
Forn

whe

_Jax
(x) = ‘dy r(y)

Fe r(x), r(y) are the corresponding repeatability functions for untransformed (x) and t
esults in accordance with Table E.1.

hilar relationship applies to the reproducibility functions R(x), R(y).

8.2 Reproducibility
reproducibility variance, g, is expressed as

'R =2(002 + 012 + 022)
can be calculated using Formula (19):

= %ML +(1—%]MLS +[2—y+%(y—a))Mr

e the symbols are as set out in 6.2:4.and 6.3.3.

reproducibility estimate is the'product of the reproducibility standard deviation and t
ith appropriate degrees offreedom, vg, (see Table D.16), corresponding to a two sided
%. An approximation[hto the degrees of freedom of the reproducibility variance, vy

hula (20).

_ %

), =
R
r12 r22 I"32

. R
L'-1\Yv;g v
Fe

(18)

ransformed

(19)

he “t-value”,
probability
is given by

(20)

YR is the degrees of freedom for laboratories x samples;

vy is the degrees of freedom for repeats.

ri,r2 and r3 are the three successive terms in Formula (18), i.e:

2

ri=— ML

B
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rp= (1—%]1\/&‘5

rs- (2—y+%(y—a)]Mr

The calculated estimate of reproducibility shall also be rounded to no fewer than three and no more
than four significant digits. See D.14 for further details.

and

Substantial
If reproduc
4.5); furthe

It is a statidtical expectation that repeatability is less than reproducibility. In the rare event wher¢

numerical v
be verified.

reproducibility. This also implies that the test method under examination shows serious deficits

needs to be
as a specifi

6.4 Expr

6.4.1 Wh

bias between laboratories results in a loss of degrees of freedom estimated by Formufla
bility degrees of freedom are less than 30, then the ILS coordinator shall be informed
I standardization of the test method can be necessary.

alue of reproducibility is less than the repeatability value, the statisticdl jevaluation sh|
If no discrepancies are found, the numerical value for repeatability-shall also be use

checked carefully and/or revised. For this special situation, thesmethod should not be
ation method.

pssion of precision estimates of a method of test

en the precision of a method of test has been determined in accordance with the proced

20).

(see

b the
ould
1 for
and
1sed

ures

set out in this document, it shall be included in the method<as outlined below. The range (x to y) in X.1

below, shall

X Precision

X.1

The
tory

X.2

The
of th
und
rand

whe

be determined based on lowest and highest achieved non-rejected results from the ILS.

General

precision, as determined by statistical examination in accordance with ISO 4259 of interlal
testresults on (type of products) with test results in the range (x to y), is given in X.2 and

Repeatability

difference between two-independent results obtained in the normal and correct opers
e same method, for-test material considered to be the same, within a short interval of {
br the same test eonditions, that is expected to be exceeded with a probability of 5 % dj
lom variation,£an’be calculated using the following function:

r=fr(x)

re xisthe average of the two test results being compared.

X.3

ora-
X.3.

ition
ime,
e to

Reproducibility

The difference between two independent results obtained in the normal and correct operation of
the same method, for test material considered to be the same, under different test conditions, that
is expected to be exceeded with a probability of 5 % due to random variation, can be calculated
using the following function:

whe

18

R=fr(x)

re x is the average of the two test results being compared.
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6.4.2 Only in exceptional cases shall a precision estimate not based upon or not meeting ISO 4259
requirements be allowed. In those cases, the alternative introductory text below shall be used:

“The precision evaluation study for the matrix of samples with (p) contents in the range (g to r) did
not conform to the requirements of ISO 4259, and thus only an estimate of precision based upon
interlaboratory test results is given in X.2 and X.3.”

( p is the property name; g and r are the lowest and highest achieved result in the ILS for p.)

The rationale for accepting the precision estimate, along with the nature of the noncompliance (if any),
shall accompany the above statement.

6.4.i“ A summary description of the ILS used to generate the precision statement shallibe
minimum, the summary description shall include the number of laboratories, number and.type

stud

6.5
The

ed, and range of the measured average property levels. The summary may be included as

Specification of scope for the test method

scope limits for the test method shall be specified based on the r and'Rachieved from th

draff test method, the measurement range, and the reporting resolutien’(in accordance wi
as fdllows.

The
the |
achi
s ng
lowgq
scop

LS or lowest achievable result + 2*R, where R is evaluatéd at the lowest sample mean,

e limit - 1,2*R, where R is evaluated at the low-method scope limit value.

provided. At
of materials
a Note.

e ILS for the
th Annex G)

lower limit of the scope of the test method shall be thefarger of lowest sample megn tested in

The lowest

bvable result is defined as the point of truncation (excluding minus infinity) below which a result
t defined. An example is the zero point for a percent concentration. Due to testing vgriation, the
st acceptable single result that is deemed as a valid result of the test method shall be lover method

Simillarly, the upper limit of the scope of a test method shall be the lesser of highest sample mean tested
in the ILS or highest achievable result — 2R; where R is evaluated at the highest sample mean. The

hig

st achievable result is defined as the point of truncation (excluding plus infinity) ab

bve which a

resullt is not defined. An example is the:100 point for a percent concentration. Due to testing variation,
the highest acceptable single result that is deemed as a valid result of the test method shalll be higher
method scope limit + 1,2*R, where'R is evaluated at the high method scope limit value.

The

matter is clarified in Figure 2.
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( _____________________________________________________________________
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Figure 2 — Scope limit setting clarified

7 R/rratio

The R/r rat
towards re
dominant c

o can be used as an approximate indicator of the contribution of bias between laborat
broducibility, R. A large R/r ratio.ds_an indication that the lab-bias effect is a significg
bntributor towards R over the random effects. When the lab-bias effect is the significd

dominant cpntributor for R, it means thatalarge portion of the difference in results between laborat

are not dug
lab-bias eff]
IS necessar
test method
standardiza

NOTE A
industry test

to random testing noise, but rather, due to systemic bias between laboratories. W
bct is significantly dominant, this suggests further between-lab standardization prot
I to reduce R. If the R/rratio exceeds 4, this situation shall be brought to the attenti

developers since this’‘constitutes compelling statistical evidence that further betweel
tion protocol is niecessary.

h R/r ratio >%*criterion is based on extensive experience in performing of analyses of petro
methods,in\line with this document.

ries
intly
intly
ries
'hen
ocol
n of
h lab

leum
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Annex A
(normative)

Determination of number of samples required

This annex describes the number of samples required for the planning of an ILS as described in 4.4.
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Table A.1 — Determination of number of samples required to meet 30 degrees of freedom

3 3 3 4 5 8

4

3 4 4 6 8 18

3

5 3 3 4 4 5 6 9 15
6 3 3 3 4 4 5 6 9 14

3 4 4 5 5 7 9 13
8 3 3 3 4 4 4 5 6 7 9

9 3 3 3 4 4 4 5 5 6 7

3 3

7

21

© IS0 2017 - All rights reserved


https://standardsiso.com/api/?name=80afe10180c4fb08dfe4a97798474a20

2017(E)

ISO 4259-1

Table A.1 (continued)
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Annex B
(informative)

Derivation of formula for estimating the number of laboratories
and samples required to meet minimum 30 degrees of freedom

B.1

This
requ

Degrees of freedom
annex explains the rationale behind the necessary 30 degrees of freedom (Taple A.1) as
ired by 4.4.

An analysis of variance is carried out on the results of the pilot study. This yiélds rough estimates of the

threp components of variance due to interaction between laboratories and samples, namely:
— po? forrepeats;
— p12 forlaboratories x samples interaction;

— p22 forlaboratories.

Subs

freeflom, this becomes:

tituting the above into Formula (20) (see 6.3.3.2) for calculating the reproducibility

W)z:[(;p)/mf <s_1>(;+pf+ 1

+

whe

v (L-1) $2(L-1) 4LS

e

P is the ratio 012/0¢2;

D isthe ratio 622/ap%;

p  is the degrees-of freedom of the reproducibility variance;
|, is the nuuiber of laboratories;

5 is the'number of samples.

The formula rearranges into the form:
aS+b=0
where

a=vQ2-(1+P+Q)2(L-1)

© IS0 2017 - All rights reserved
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b=v[(2Q+%+PJG+PJ+0,25(L—1)/L]

Therefore
S= —2 (B.2)
a

gives the values of S for given values of L, P, Q and v.

Table A.1 is hased on v = 30 degrees o ceedom . For non integral values of P and () an be estimated
by second order interpolation from Table A.1. /\
N
S
B.2 Explanation for choice of 30 as minimum degrees of freedom ,'\ :

The above grocedure is based upon v = 30 degrees of freedom. The reason why the \w}gﬁ%er 30 is chpsen
is explained in Figure B.1, which plots the ratio of the 95 % confidence interval Width of a stanflard
deviation e§timate for 0-1 against degrees of freedom. Because precision esti @ are calculated ysing
standard d¢viation estimates, they will have almost identical confidence i bne%al relationships. Given
that a confidence interval quantifies the level of uncertainty which we have in an estimate, it is ¢lear
that beyond 30 degrees of freedom the rate of improvement (reductio {Q confidence interval width) in
this respect is minimal. Thirty is therefore taken to be the minimul@mber of degrees of freedorh for
which we have an acceptable level of confidence in an estimate. \\

QO

3.50 Q

3.00 {1
250
2.00
1.50
1.00 +
0.50 +

0.00 +

0 P P
&

Key

X-axis degrees of freedom
Y-axis width of 95 % confidence interval for 6 /o

Figure B.1 — Ratio of the 95 % confidence interval width of a standard deviation estimate
versus its degrees of freedom
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Notation and tests
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Thrgughout this document the following notation is used:

— [ isthe number of samples;

— [ is the number of laboratories;

— [ isthe subscript denoting laboratory number;

— | isthe subscript denoting sample number;

— k isanindividual test result;

— p isthe sum of duplicate test results;

— P isthe difference between duplicate test results;

— p isthe degrees of freedom.

C.2| Array of duplicate results

Table C.1 shows the array of duplicate  results from each of L, laboratories, on S, s3
corrpsponding means, m;,

TFable C.1 — Array of duplicate results

mples, and

Sample

Laboratoty 1 5 ; S
X111 X121 X1j1 X151
X112 X122 X152 X152
X211 X221 X2j1 X251
X212 X222 X2j2 X252
Xi11 Xi21 Xij1 Xjs1
X2 Xi22 X2 X152
X111 X121 XLj1 XLS1
X112 X122 XLj2 XLS2
g1 92 9j gs
mp my mj ms

NOTE

If a transformation y =

F(x) of the reported data is necessary (see 5.3), then
corresponding symbols y;j1 and yjjz are used in place of x;;1 and xjj2.

C.3 Array of sums of duplicate results

Table C.2 shows the array of sums of duplicate results, of laboratory totals, hj, and sample totals, gj.

© IS0 2017 - All rights reserved
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Table C.2 — Array of sum of results

Sample
Laboratory -

1 2 j S Total

1 aii a2 aij ais hy

2 a1 azz az; azs h

i ag a; ajj ais hj

L at arp aj as hy
Total g1 g2 Jj gs TOT

In Table C.2|the following applies:

ajj = Xij1

+ xjj2 (or ajj = yij1 + yij2, if a transformation has been used)

Similarly thle same table can be built for the array of the differences of the results:

€jj = Xjj1
L
9i=2
i=1

S
hizz
j=1
mj =9j
_YN
TOT—‘
i

If any res

correspond

C.4 Sum
NOTE S

Repeats vaj

- xjj2 (or ejj = yjj1 - yij2, if a transformation has been used)

aij

1ij

/ 2L

; S

=

=29

= j=1

Its are missing from the complete array, then the divisor in the expression for i

ngly reduced.

5 of squares and variances
be 5.3 for furthereXplanation of the procedure and the variables.

iance for sample j:

L
53
i=1

2

(C.1)

C.2)

C.3)

(C.4)

C.5)

C.6)

nj 1S

C.7)

where List

he number of laboratories.

For sample j where each lab provides two repeats, the degree of freedom for repeats reduces to the
number of laboratories, L.

If either or both of a laboratory/sample pair of results is missing, the corresponding term in the
numerator is omitted and the factor L is reduced by 1.

26
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Between cells variance for sample j:

L .2 2

a: g;

2 _ y J
o &y s Y

i=1"U J

Laboratories variance for sample j:

1
2_1r1 5 a2
Dj—Kj[CjHK] 1)d?

whe

Labd

If eit

If both of a laboratory/sample pair ofresults is missing, the factor (L - 1) is reduced by 1.

C.5

The
degr]

The
the

a
T

st |l 00

n;j is the number of results obtained by laboratory i from sample j;
bj is the total number of results obtained from sample j;

[, is the total number of participating laboratories for samplej;equals the number of
sample j containing at least one result.

ratories degrees of freedom for sample j is given approxifately[11] by
2
(;25)
ji= > (rounded to the nearest integer)
2 2
(]) [(Kj ‘1)"1}
+
(L-1) L

her or both of a laboratory/sample pair of results is missing, the factor L is reduced by

Cochran's test

largest sum of squares; SSk, out of a set of n mutually independent sums of squares eacl
ees of freedom, may be tested for conformity in accordance with

n
Lochran's-ckiterion = SS, ZSS,-
i=1

Lestiratio is identical if sum of squares values are replaced by mean squares (variance e

(C.8)

(C9)

(C.10)

rells in

(C.11)

) based on v

(C.12)

stimates). If

dlculated ratio exceeds the critical value given in Table D.14, then the sum of squares

SSk,

in question,

s significantly greater than the others with a probability of 99 %. Examples of SS; incl

d;2 (see Formula (C.7).

C.6

Hawkins' test

ude e;2 and

An extreme value in a data set can be tested as an outlier by comparing its deviation from the mean
of the data set to the square root of the sum of squares of all such deviations. This is carried out in
the form of a ratio. Extra information on variability can be provided by including independent sums of
squares into the calculations. These are based on v degrees of freedom and have the same population
variance as the data set in question.

Table C.3 shows the values which are required to apply Hawkins' test to individual samples.

© IS0 2017 - All rights reserved
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Table C.3 — Values which are required to apply Hawkins' test

Characteristic Sample
1 2 j S
Number of cells nq ny n; ns
Mean of cell means m'y m'y m'; m's
Sum of squares SS1 MY, SS; SS¢
where
nj is the number of cells in sample j which contains at [east one result;
m’; is the mean of cell means in sample j;
SS; is the sum of squares of deviations of cell means, ajj/nj;, from the mean of cell means, m’j, and is
given by
2
L
4 , i .
SSj= —-m| where m;=— — (€.13)
njj =i\ My

a) Identify the sample, k, and cell mean, ajx/njx, which has the ‘most extreme absolute devis
|m'k — aik/nik|. The cell identified is the candidate for the outliéer test, be it high or low.
b) Calculate the total sum of squares of deviations:
S
ss=Ylss; (
J=1
c) Calculafe the Hawkins' test ratio:
B*=|ﬁk _aik/nik| @
\SS
d) Compatre the test ratio with~the critical value from Table D.15, for n = nk and extra degre
freedorph v where
S
V:Z(qj—l),];tk (
j=1
e) If B* efceeds.the critical value, reject results from the cell in question (sample k, laboratoy
modify|théwg, m'y and SSk values accordingly, and repeat from list item a).
NOTE Hawkins' test applies theoretically to the detection of only a single outlier laboratory in a sample

ition

.14)

15)

bs of

.16)

y 1),

. The

technique of repeated tests for a single outlier, in the order of maximum deviation from sample mean, implies
that the critical values in Table D.15 do not refer exactly to the 1 % significance level. It has been shown by
Hawkins, however, that if n > 5 and the total degrees of freedom (n + v) are greater than 20, then this effect is
negligible, as are the effects of masking (one outlier hiding another) and swamping (the rejection of one outlier
leading to the rejection of others).

When the test is applied to laboratories averaged over all samples, Table C.3 reduces to a single column.
In that case:

28

© ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=80afe10180c4fb08dfe4a97798474a20

ISO 4259-1:2017(E)

n is the number of laboratories = L;

m

is the overall mean equal to T/N, where N is the total number of results in the array;

SS is the sum of squares of deviations of laboratory means from the overall mean, and is given by:

L (h 2
_§ i
S§S = [n——mJ
i=1 1

where n; is the number of results in laboratory i.

In th

meah, m.

The forresponding test ratio then becomes:

This

2

e test procedure, therefore, identify the laboratory mean, h;/n;, that differs most from

*:|m—hl-/ni|
Jss

shall be compared with the critical value from Table D.15 as before, but now with ex

(C.17)

the overall

(C.18)

tra degrees

of freedom v = 0. If a laboratory is rejected, adjust the values of n, roand SS accordingly and repeat the

calctilations.

C.7

A vafriance estimate, V1, based on v1 degrees of freedom, can be compared with a second ¢

bassd

If th

the mumerator (the larger variance-estimate) and v corresponds to the denominator, then |

than

Variance ratio test (F-test)

d on vy degrees of freedom, by calculating thewratio:

V1
Va2

b ratio exceeds the appropriate ¢ritical value given in Tables D.17 to D.20, where v1 cor

V7 at the chosen level of significance.

stimate, V>,

(C.19)

responds to
/1 is greater
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Annex D

(normative)

Illustration of procedures using ILS results for Bromine Number

and statistical tables

The purposeofthisammexistottustrate procedures describedfronr 5-3to 63, usingamr =S datp set
for Broming Number as reported. This data set has not been pre-screened per 5.2. See Annex. F for
illustration|of procedure in 5.2 using another data set.
D.1 ILS Data for Bromine Number and treatment
ILS data as feported for Bromine Number from 9 laboratories on 8 samples is listed’in Table D.1.
Table D.1 — ILS Bromine Number for low boiling samples
Sample
Laboratofy
1 2 3 4 5 6 7 8
19 64,5 0,80 3,7 11,0 46,1 114,8 1p
A 2,1 65,5 0,78 3,8 11,1 46,5 114,2 1p
1,7 65,4 0,69 3,7 11,1 50,3 114,5 1p
B 1,8 66,0 0,72 3,7 11,0 499 114,3 1,p
1,8 63,5 0,76 3,5 10,4 48,5 112,4 1B
¢ 1,8 63,8 0,76 3,5 10,5 48,2 112,7 1B
4,1 63,6 0,80 4,0 10,8 49,6 108,8 1,p
P 4,0 63,9 0,80 39 10,8 499 108,2 1L
. 2,1 63,9 0,83 3,7 10,9 47,4 115,6 1,B
1,8 63,7 0,83 3,7 11,1 47,6 115,1 1t
1,8 70,7 0,72 3,4 11,5 49,1 121,0 14
F 1,7 69,7 0,64 3,6 11,2 479 1179 11
G 1,9 63,8 0,77 3,5 10,6 46,1 114,1 1L
2,2 63,6 0,59 3,5 10,6 45,5 112,8 0,93
H 2,0 66,5 0,78 3,2 10,7 49,6 114,8 1,1
1,8 65,5 0,71 3,5 10,7 48,5 114,5 1,p
2,1 68,2 0,81 4,0 11,1 49,1 115,7 11
J 2,1 65,3 0,81 3,7 11,1 479 113,9 1,4

Table D.2 lists the values of m, D, and d calculated from the ILS results listed in Table D.1, correct to
three significant digits. Corresponding degrees of freedom are in parentheses.

Table D.2 — m, D, d statistics of ILS data as reported

Eﬁﬁgfr 3 8 1 4 5 6 2 7
m 0,756 1,22 2,15 3,64 10,9 48,2 65,4 114
D 0,0669 (14)| 0,159 (9) | 0,729 (8) | 0,211 (11) | 0,291 (9) | 1,50 (9) | 2,22(9) | 2,93 (9)
d 0,050 0 (9) [0,0572 (9)| 0,127 (9) | 0,116 (9) |0,0943 (9)] 0,527 (9) | 0,818 (9) | 0,935 (9)
30 © IS0 2017 - All rights reserved
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D.2 Transformation determination

This is the procedure as in 5.3.1. Inspection of the numbers in Table D.2 shows that both D and d increase
with m, the rate of increase diminishing as m increases. A plot of these numbers on log-log paper (i.e.
a graph of log D and log d against log m) shows that the points may reasonably be considered as lying
about two straight lines (see Figure D.1). As indicated by these plots, based on the form of dependence
(2 in Table E.1), the power transformation is most appropriate. The form of the line to be fitted (see
Table E.1) using procedure of Clause E.2 is

In(D) = bg + b1ln(m) + bT + b3TIn(m) (D.1)

In(D)A

In(m)

Key

In(m|) logarithm of the sample mean

In(D) logarithm of the standard deviation
o| laboratories standard deviation

Ol repeats standard deviation

Figure D.1 — Log-log plot explaining the power transformation

For 3 detailed work up of the-weighted linear regression, refer to F.4.

The solution from least squared weighted regression is reproduced from Annex F and shown below as
Tablg D.3.

Comlparing the t-satios with the critical 5 % values for 12 degrees of freedom (namely 3,179) given
in Table D.16, it-can be seen that the slope is significantly non-zero (b1l = 0,638), confirping that a
trangformatien ‘was required. Furthermore, since coefficient b3 does not significantly |differ from
zeroj the slope (and resulting transformation) are the same for both laboratories and repedts standard
deviptions.

Table D.3 — Solution from least square weighted regression

Fitted variable Coefficiet;; estimate Stan;l:tli(rln (;lg;or of t-Ratio
Intercept bp=-2,4064 — —
In(m) b; =0,637 73 0,073 59 8,67
Dummy by =0,25496 0,130 52 1,95
Dummy x In (m) b3=0,028 08 0,047 31 0,59
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As the slope b1 = 0,638 has a standard error of 0,074, the approximate 66 % confidence region of
0,638 + 0,074 contains the value 2/3. Rounding to this value is, therefore, reasonable, and leads to the
convenient transformation

y=x1/3 (D.2)

Having applied this transformation and recalculated sample means and standard deviations,
corresponding scatter diagrams (Figure F.2 from Annex F) are reproduced below as Figure D.2. These
show uniform levels for both laboratories and repeats standard deviations for all samples except
sample 1. Because the data set used in this example has not been pre-screened as per 5.2, the extreme
point in FigpreB-2-is-due-to-one-eutlier

D
4
hd - L 4 >
oe¢
ﬁ:\; — ‘,; O -
m]
m
Key
m sample mean (transformed)
D stanflard deviation (transformed)

labofatories standard deviation (transformed)
O repepts standard deviation (transformed)

Figure D.2 — Scattersdiagram of D and m for transformed values

Hence, the $ame transformation(i§ appropriate both for repeatability and reproducibility, and is given
by Formula|(D.3):

jx_2/3cx:3x1/3 D.3)

Since the constantmiultiplier may be ignored, the transformation thus reduces to that of taking the fube
roots of the|reported results (Bromine Numbers). This yields the transformed data shown in Tablg D.4,
in which th¢ eube roots are quoted correct to three decimal places.
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Table D.4 — Transformed (Cube root) Bromine Number for low boiling samples

Sample
Laboratory
1 2 3 4 5 6 7 8
A 1,239 4,010 0,928 1,547 2,224 3,586 4,860 1,063
1,281 4,031 0,921 1,560 2,231 3,596 4,852 1,063
1,193 4,029 0,884 1,547 2,231 3,691 4,856 1,063
B 1216 4041 0-896 1547 2224 3,682 4853 1,063
c 1,216 3,990 0,913 1,518 2,183 3,647 4,826 1,091
1,216 3,996 0,913 1,518 2,190 3,639 4,830 1,091
1,601 3,992 0,928 1,587 2,210 3,674 4,774 1,000
b 1,587 3,998 0,928 1,574 2,210 3,682 4,765 1,032
E 1,281 3,998 0,940 1,547 2,217 3,619 4,871 1,091
1,216 3,994 0,940 1,547 2,231 3,624 4,864 1,119
F 1,216 4,135 0,896 1,504 2,257 3,662 4946 1,119
1,193 4,115 0,862 1,533 2,237 3,632 4,903 1,119
1,239 3,996 0,917 1,518 2,197 3,586 4,850 1,032
G 1,301 3,992 0,839 1,518 2,197 3,570 4,832 0,976
H 1,260 4,051 0,921 1,474 2,204 3,674 4,860 1,032
1,216 4,031 0,892 1,518 2,204 3,647 4,856 1,000
1,281 4,086 0,932 1,587 2,231 3,662 4,873 1,119
J 1,281 4,027 0,932 1,547 2,231 3,632 4,847 1,119
D.3| Cochran Test
This| test is to identify a discordant value for absolute difference between a pair of repeat results
(procedure in 5.3.3). Continuing* with the transformed results in Table D.4 above, the absolute
diffdrences (ranges) between'transformed repeat results, i.e. of the pairs of numbers in Table D.4 are
shown in Table D.5 below,
Table D:5 — absolute differences between transformed repeat results
Sample
Laporatory
1 2 3 4 5 6 7 8
A 0,042 0,021 0,007 0,013 0,007 0,010 0,008 0,000
B 0,023 0,012 0,012 0,00 0,007 0,009 0,003 0,000
€ 0,00 0,006 0,000 0,00 0,007 0,008 0,004 0,000
D 0,014 0,006 0,000 0,013 0,000 0,008 0,009 0,032
E 0,065 0,004 0,000 0,00 0,014 0,005 0,007 0,028
F 0,023 0,020 0,034 0,029 0,020 0,030 0,043 0,000
G 0,062 0,004 0,078 0,00 0,000 0,016 0,018 0,056
H 0,044 0,020 0,029 0,044 0,000 0,027 0,004 0,032
] 0,00 0,059 0,00 0,040 0,000 0,030 0,026 0,000
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The largest range is 0,078 for laboratory G on sample 3. The sum of squares of all the ranges is:

0,042% +0,021% +...+0,026% +0% =0,0439

2
Thus, the ratio to be compared with Cochran's criterion is 0’0789 =0,138.

)

There are 72 ranges and, as from Table D.14, the criterion for 80 ranges is 0,170 9, this ratio is not
significant.

D.4 HawkKins' test

This clause |s to identify a discordant pair of results from a laboratory on a particular sample (procefure
5.3.4) The fjrst step is to calculate the deviations of cell means from respective sample)means ovef the
whole array. These are shown in Table D.6, in units of the third decimal place. The stun of squares of the
deviations is then calculated for each sample. These are also shown in the same/(table.

Table D.6 — Deviations of cell means from respective sample means'over the whole array

Sample
Laboratony

1 2 3 4 5 6 7 8

A 20 8 14 15 10 48 6 3

B 75 7 20 9 10 47 6 3
C 64 35 3 20 30 4 22 2%

D 314 33 18 42 7 39 80 5
E 32 32 30 9 7 18 18 39

F 75 97 31 20 30 8 74 54
G 10 34 32 20 20 61 9 62

H 42 13 4 42 13 21 5

] 1 28 22 29 14 8 10 5
sfl‘il?r‘;i 117 15 4 6 3 11 13 17

The cell tegted is the onewith the most extreme deviation. This was obtained by laboratory D from
sample 1. The appropriate:Hawkins' test ratio is therefore

B*= g =0,7281
J4,117%6,015+..4+0,017

The criticallvalue, corresponding ton =9 cells in sample 1 and v = 56 [7 samples x (n = 1)] extra degrees
of freedom from the other 7 samples, is interpolated from Table D.15 as 0,327 9. The test value is greater
than the critical value and so the results from laboratory D on sample 1 are rejected.

As there has been a rejection, the mean, deviations and sum of squares are recalculated for sample 1,
and the procedure is repeated. The next cell to be tested is that obtained by laboratory F from sample 2.
The Hawkins' test ratio for this cell is:

B 0,097
\0,006+0,015+...+0,017

*

=0,3542

The critical value corresponding to n = 9 cells in sample 2 and v = 55 extra degrees of freedom is
interpolated from Table D.15 as 0,375 6. As the test ratio is less than the critical value, there are no
further rejections.

34 © IS0 2017 - All rights reserved


https://standardsiso.com/api/?name=80afe10180c4fb08dfe4a97798474a20

ISO 4259-1:2017(E)

D.5 Cochran's and variance ratio (F) test

This test is executed to reject complete data (from all laboratories) for a sample (procedure in 5). The
standard deviations of the transformed results, after the rejection of the pair of results by laboratory
D on sample 1, are given in Table D.7 in ascending order of sample mean, correct to three significant
digits. Corresponding degrees of freedom are in parentheses.

Inspection shows that there is no visually discordant sample amongst these. It is noted that the
standard deviations are now independent of the sample means, which was the purpose of transforming
the results.

Talble D.7 — Standard deviations of the transformed results of the Bromine Number} example

Sample num- 3 8 1 4 5 6 2 7

ber

Sample mean 09100 1,066 1,240 1,538 2,217 3,639 4,028 4,851
Labdratories

stanflard 0,027 8 (14) | 0,047 3 (9) | 0,035 4 (13) | 0,029 7 (11) | 0,019 7 (9) | 0,037\8:(9) | 0,045 0 (9) || 0,041 6 (9)
deviption

Repdats stand-

ard deviation 0,0214(9) |0,0182(9)| 0,0281(8) | 0,0164 (9) |0,0063(9)(0,0132(9)| 0,0166(9) || 0,0130(9)

The pumbers in Table D.8, taken from a different ILS, illustraté the case where an extremed discordant
sample is identified by inspection, followed by a formal sample rejection using the variance ratio
testfin 5.4.

It is [clear, by inspection, that the laboratories' standard deviation for sample 93 at 15,26 if far greater
thar the others. It is noted that the repeats standard'deviation in this sample is correspondjngly large.

Table D.8 — example from differentILS, illustrating the case of a sample rejection

Sample number 90 89 93 92 91 94 95 96
Sample mean 96,1 99,8 119,3 125,4 126,0 139,1 139,4 159,5
Labdratories

st e tion 510 (8) | 420(9) | 1526 (8) | 4,40 (11) | 4,09(10) | 487(8) | 474(9) | 3.85(8)
dR:},’f :gf)ita“dard 1,13 (8), 1 099(8) | 297(8) | 091(8) | 0,73(8) | 1,32(8) | 1,12(8) 1,36 (8)

Sincg laboratory degreeSof freedom are not the same over all samples, the variance ratio fest is used.
The variance pooled.from all samples excluding sample 93 is the sum of the sums of square$ divided by
the fotal degreesoffreedom, that is:

:(8><5,102)+(9><4,202 )+...+(8><3,852 )}

=19,96

(8+9+..4+8)

The variance ratio is then calculated as (15,262)/19,96 = 11,66.

From Tables D.17 to D.20, the critical value corresponding to a significance level of 0,01/8 = 0,001 25,
for 8 degrees and 63 degrees of freedom, is approximately 4. This is less than the test ratio and results
from sample 93 shall, therefore, be rejected.
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Turning to repeats standard deviations, it is noted that degrees of freedom are identical for each sample
and that Cochran's test can therefore be applied. Cochran's criterion is the ratio of the largest sum of

squares (sample 93) to the sum of all the sums of squares, that is:

2,972/(1,132 + 0,992 + ... + 1,362) = 0,510

This is greater than the critical value of 0,352 corresponding to n = 8 and v = 8 (see Table D.14), and

confirms that results from sample 93 shall be rejected.

D.6 Estimation of values when one pair of results are missing or rejected

This is the g
were reject

— total of
— total of
— total off
Also S' =8 3

Using Form

al-]- :(T

Hence, the ¢

Therefore g

D.7 Haw

The applica
that specifi

The deviati
decimal pla

Hawkins' te

B*=26

nd L=09.

la (D.4),

I
-1)(5°-1)

1
-1)(8-1)

41 56

bd in 5.3.4.

137,588

stimate of ayy, is given by

= 2,457

st ratievis, therefore,

/02219 =0,558

X(LLy +5'S; —Ty )

remaining results in sample 1, S1 = 19,845;

all the results except as1, T1 = 348,358.

kins' test for outlyinglaboratories

remaining results in laboratory D, L1 = 36,354;

[(9%36,354)+(8x19,845) 348,358 |

rocedure as described in 5.5.2. Since the two results from laboratory D (4th lab) on.sample 1
bd (see earlier illustration), as1 is estimated:

D.4)

Fion of this procedute-(see 5.6) on the laboratory averages shown in Table D.9 follows exactly

bns of laboratory averages from the overall mean are given in Table D.9 in units of the fourth
ce, togetherywith the sum of squares.

Table D.9 — Laboratory averages of the example

Laboratory A

B

C

D

E

F

G

Average

2,437

2,438

2,424

2,4262

2,444

2,458

2,410

2,427

2,462

a  Including estimated value.
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Table D.10 — Deviations of laboratory averages from the overall mean

Laboratory A B C D E F G H ] SSa
Deviation 7 23 125 104 75 220 263 87 254 22,19

a  Sum of squares.

Comparison with the value tabulated in Table D.15, for n = 9 and v = 0, shows that this ratio is not
significant and, therefore, no complete laboratory rejections are necessary.

D.8 Identification of excessively influential sample(s)- Cook's Distance

cal¢ulation
As per 5.7.2, the last step prior to proceeding with analysis of variance and calculation pf precision
estimates is to determine if the selection of transformation function is excessively'influenced by one or
morg samples. Cook's Distance is the recommended statistic for this evaluation {The formula for Cook's
Distance is reproduced from 5.7.2 below:
2
Iy lev;
[ook's Distance = - x——L1— (D.5)
p (1-lev;)
where
D = 2 (for regression with slope and intercept);
ev; isleverage of sample i [see Formula (2)];
i is studentized residual of sample i, as follows:
£j
_ (D.6)
s(i)\1-lev;
i in Formula (D.6) is the residual of sample i;
5()  is the residual meamsquare obtained from regression with the exclusion of sample i.
5(1)  can be calculated by solving Formula (D.7).
2 2 8-2
n-3)|s(i)| £(n=2)s* ——~L1— D.7
L@l 202" - s (D7)
whefe
2 c 82
A=) N/ (D.8)
i= 7\

The sample statistics m and D are re-calculated using outlier-free, un-transformed Bromine Number
data. A non-weighted linear regression is then performed by regressing In(D) on In(m). The outcome
from regression are:

In(D)_fit=y=0,702 7 In(m) - 2,336

where In(D)_fit is the regression predicted In(D).

The outcome from regression and key statistics in Cook's Distance formula [Formula (5)] based on the
values as displayed are shown in Table D.11.
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Table D.11 — Cook's Distance calculation outcome

outlier free

sampleNo| m D In(m) () | n(o)_fit ri levi | ook

3 0,756 0,067 -0,280 -2,705 -2,571 -0,508 0,344 0,07

8 1,22 0,159 0,199 -1,840 -2,231 1,737 0,266 0,55

1 1,91 0,165 0,647 -1,803 -1,912 0,369 0,208 0,02

4 3,64 0,211 1,292 -1,557 -1,454 -0,342 0,151 0,01

5 1(]‘0 ﬂ”)Q‘I ')"2QQ _1’7'26 _ﬁ’F\7A. _'2'(\'-'\"2 ﬂ’1 28 ﬂ,F\Q

6 48,2 1,496 3,875 0,403 0,383 0,071 0,240 0,0(

2 65,4 2,219 4,181 0,797 0,600 0,739 0,283 0,11

7 114 2,934 4,736 1,076 0,995 0,312 0,381 0,03
Inspection pf the Cook's Distance column does not reveal any values exceeding 1, thus supporting the

conclusion that the transformation was successful.

D.9 Sum|of squares

This sectiorn describes the forming of the sums of squares for the laboratories x samples interaction|sum
of squares. |[Using the transformed results in Table D.4, and, replacing the missing or rejected results
by their estimates, the following are the outcome from executing\procedures outlined in 6.2.1. These
procedures|from 6.2.1 are reproduced below:

Mean cqrrection, M¢ = T2/2L'S’ D.9)

where L' is {, minus the number of laboratories rejected in 5.6 minus the number of laboratories with no
remaining fjesults after rejections in 5.3.4.

Y
Sample§ sum of squares = z(g?/ZL') -M, (Ib.10)
j=1
v
Laboratjories sum of squares.= Z(hlz/ZS') -M, (I.11)
i=1
L S
Pairs sym of squares'= (1/2) Zza?j - M, (.12)
i=1 j=1

The laboratpries'*samples interaction sum of squares, /, is given by:

I = (pairc saum of Qqnnrpc) — (]nhnrnfm‘ipc sum of Qﬂ‘llQT'PQ) = (Qnmp]p sum of Qqnnrpc)

Ignoring any pairs in which there are estimated values,

L s
E = repeats sum of squares = (1/2)2231.2]. (D.13)
i=1 j=1
2
Mean correction = % =854,6605

22,302%+72,512%+..419,1922

—854,660 5=293,5409
18

Samples sum of squares =
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38,992%+39,020%+..+39,3872

Laboratories sum of squares = 2 2 d —-854,6605=0,035 6

16

Pairs sum of squares = (1/2)(2,5202 + 8,0412 + ... + 2,2382) - 854,660 5 = 293,690 8

Repeats sum of squares = (1/2)(0,0422 + 0,0212 +... + 02) = 0,021 9

Table D.12 can then be derived.

1:2017(E)

Table D.12 — Sum of squares of the Bromine Number example

Source of variation Sum of squares
Samples 293,5409
Laboratories 0,035 6
Laboratories x samples (1) 0,114 3
Pairs 293,690 8
Repeats 0,0219

If there were no estimated values, the above analysis of varianceds exact and 6.2.2 shall be disregarded.
The | purpose of performing this approximate analysis.of variance is to obtain the|minimized
laboratories x samples interaction sum of squares, I. This\is then used as indicated in 6.2.2, to obtain
the lpboratories sum of squares.
D.1D0 Forming the sum of squares for the exact analysis of variance
Aftef obtaining the value for the quantity (lalioratories x samples interaction sum of squares)| denoted by
(1) apove, all the estimated pairs are disregarded and new values of gj are calculated. The follpwing sums
of squares for the exact analysis of variancel10] are formed using formulas from 6.2.2 reproduced below:
s’ 2
Uncorrected sample sum of'squares 2—] (D.14)
=S
whefe Sjis 2 (L' - number.of missing pairs in that sample).
Uncorrectedpairs sum of squares = 1/2 Zzau (D.15)
i=1 j=1
The [laborateries sum of squares is equal to (pairs sum of squares) — (samples sum of squpres) - (the
minimized Taboratories x samples interaction sum of squares).
L 2]
= (1/2) {ZZGUJ {2 < J I (D.16)
i=1 j=1 j=1+J
Continuing with the Bromine Number example (transformed results), we have:
2 2 2
Uncorrected samples sum of squares = 19,845 + 75,512 + .t 19,1927 _ 1145,1834
16 18 18
2,520° 8,041 2,238
Uncorrected pairs sum of squares = = 5 += 5 +..+= 5 =1145,3329
Therefore, laboratories sum of squares =1 145,332 9 - 1 145,183 4 - 0,114 3 = 0,035 2.
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D.11Degrees of freedom

This part is following 6.2.3. For the Bromine Number example, there are eight samples and nine
laboratories. As no complete laboratories or samples were rejected, then S’ =8 and L' = 9.

Therefore, |

aboratories degrees of freedomis L' - 1=8

Laboratories x samples interaction degrees of freedom: if there had been no estimates, would have
been (9 - 1) x (8 — 1) = 56. But since one pair was estimated, the laboratories x samples interaction
degrees of freedom = 55.

Repeats deg

of freadom - would hava haan 72 if thara had hoon na actimatac In thic caca
O CHoH— "W oo Tic v o e e Lot S b e e oSSttt e Ot Cao e

was estima

D.12Mea

This proceg

L2 —

fed, hence repeats degrees of freedom = 71.

h squares and analysis of variance — Test for bias between laboratori

Table D.13 — Analysis of variance of the Bromine Number-€xample

Source of variation Degrees of freedom Sum of squares Mean square
Laloratories 8 0,0352 0,004 400
Lalporatories x samples 55 0,114 3 0,002 078
Repeats 71 0,021 9 0,000 308

The ratio M/Mys = 0,004 4/0,002 078 has a value 2,117\ This is greater than the 5 % critical ¥

obtained fr

D.13 Exp¢

The formul

Laborat
Laborat
Repeats

where

bm Table D.17, indicating bias between labor@tories.

ctation of mean squares withlestimated values
he and explanations from 6.3.3 are' reproduced below:

ories (Mp): Q002 + 2012 + fo?
ories x samples (Ms): Yool + 2012

(My): 002

ure is described under in 6.2.4. The analysis of variance with degrees of freedoms for
Bromine number example is shown in Table D.13.

pair

the

alue

K

aand y

— Ifthere

is the number of laboratory x sample cells containing at least one result;
are computed as follows.

are no cells with only a single estimated result, then a =y =1.

— Ifthere are no empty cells (i.e. every laboratory has tested every sample atleast once,and K= L' x §'),
then a and y are both 1 plus the proportion of cells with only a single result.

— If there are both empty cells and cells with only one result, then for each laboratory compute
the proportion, p;, of samples tested for which there is only one result, and the sum, P, of these
proportions over all laboratories. For each sample, compute the proportion, gj, of laboratories that

40
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have tested the sample for which there is only one result, and the sum, Q, of these proportions over
all samples. Compute the total number of cells, W, with only one result and the proportion of these
among all non-empty cells, W/K. Then:

a:1+w (D.17)
L'-1

and

y=1+W—P—Q+(W/K)

4
N—L —0 T1

(D.18)

Conflinuing with the Bromine Number example, there are eight samples and nine labgaratorfies, one cell
is empty (laboratory D for sample 1), so K= 71 and

71-8
8=2( )=15,75

(9-1)

Nong¢ of the non-empty cells has a single result,soa =y = 1.

D.1#t Calculation of precision estimates

D.14.1 Repeatability (procedure in 6.3.3.1)
From Table D.13,

Repeatability variance V- = 2092 = 0,000 616
Repeatability of transformed values y=t7;./0,000616=0,049 5

Repeatability of un-transformed values x =3x%/3x 0,0495=0,148x2/3

D.14.2 Reproducibility (procedure in 6.3.3.2)
The feproducibility variance, Vg, is expressed as

Vr = 2(002 + 012+ 022)

and fan be caleulated using Formula (D.19):

VR :%ML +(1_%\MLS +(2—7+%(7—0‘)er (D.19)
P W P \ P )

where the symbols are as set out in 6.2.4 and 6.3.3.

The reproducibility estimate is the product of the reproducibility standard deviation and the “t-value”,
ty, with appropriate degrees of freedom, vg, (see Table D.16), corresponding to a two sided probability
of 95 %. An approximation[11] to the degrees of freedom of the reproducibility variance, vy, is given by
Formula (D.20).

Vg = (D.20)
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where
VLS is the degrees of freedom for laboratories x samples;
vy is the degrees of freedom for repeats;

ri,rz and r3 are the three successive terms in Formula (D.19), i.e:

and

r3=[2--Y+£(y—a)]Mr

Continuing with the Bromine Number example,

5>< 0'00440J+(12,7§X 0,002078]+0,000 308

) )

2
Reprodjcibility variance = [ =

=0,000 559+0,001 814+0,000308

=0,002 681
The degrees of freedom, expressed in the last 4 digits;is:

vg=7188/(B9 + 60 + 1) = 72 (correct to nearestihteger)

Reproducibjlity of transformed results y=t44./0,002 681 =0,103 4
Reproducibjlity of untransformed resultx = 3 x2/3 (0,103 4) = 0,310 x2/3

Table D.14 — Critical 1 % values of Cochran's criterion for n; variance estimates and v degriees
of freedom

Degrees of freedom
v

1 2 3 4 5 10 15 20 30 5p
3 (993 3,~09423 | 0,8831 | 0,8335 | 0,7933 | 0,6743 | 0,6145 | 0,5775 | 0,5327 | 0,447 2
4 (09676 | 08643 | 0,7814 | 0,7212 | 0,6761 | 0,5536 | 0,4964 | 0,4620 | 0,4213 | 0,340 8
5 09279 10,7885 [ U0,6957 | U,6329 | U,5875 | U,4697 | U,4168 | U,3855 | U,3489 | U,3131
6 0,8828 | 0,7218 | 0,6258 | 0,5635 | 0,5195 | 0,4084 | 0,3597 | 0,3312 | 0,2982 | 0,2661
7
8
9

0,8376 | 0,6644 | 0,5685 | 0,5080 | 0,4659 | 0,3616 | 0,3167 | 0,2907 | 0,2606 | 0,2316
0,7945 | 0,6152 | 0,5209 | 0,4627 | 0,4227 | 0,3248 | 0,2832 | 0,2592 | 0,2316 | 0,2052
0,7544 | 0,5727 | 04810 | 0,4251 | 0,3870 | 0,2950 | 0,2563 | 0,2340 | 0,2086 | 0,184 2
10 0,7175 | 0,5358 | 0,4469 | 0,3934 | 0,3572 | 0,2704 | 0,2342 | 0,2135 | 0,1898 | 0,167 3
11 0,6837 | 0,5036 | 04175 | 0,3663 | 0,3318 | 0,2497 | 0,2157 | 0,1963 | 0,1742 | 0,153 2
12 0,6528 | 04751 | 0,3919 | 0,3428 | 0,3099 | 0,2321 | 0,2000 | 0,1818 | 0,1611 | 0,141 4

NOTE These values are slightly conservative approximations calculated via Bonferroni's inequalitylZ] as the upper
0,01/n fractile of the beta distribution. If intermediate values are required along the n-axis, they may be obtained by linear
interpolation of the reciprocals of the tabulated values. If intermediate values are required along the v-axis, they may be
obtained by second order interpolation of the reciprocals of the tabulated values.
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Table D.14 (continued)
n Degrees (Lffreedom
1 2 3 4 5 10 15 20 30 50
13 0,6245 | 0,4498 | 0,3695 | 0,3223 | 0,2909 | 0,2169 | 0,1865 | 0,1693 | 0,1498 | 0,1313
14 0,5985 | 0,4272 | 0,3495 | 0,3043 | 0,2741 | 0,2036 | 0,1748 | 0,1585 | 0,1400 | 0,122 6
15 0,5747 | 0,4069 | 0,3318 | 0,2882 | 0,2593 | 0,1919 | 0,1645 | 0,1490 | 0,1315 | 0,1150
20 04799 | 0,3297 | 0,2654 | 0,2288 | 0,2048 | 0,1496 | 0,1274 | 0,1150 | 0,1010 | 0,0879
25 04130 102782 102220101904 1 01699 [ 01230 1 01043 100939 | 0082 0,071 3
30 0,3632 | 0,2412 | 0,1914 | 0,1635 | 0,1455 | 0,1046 | 0,0885 | 0,0794 | 0,069# | 0,0600
35 0,3247 | 0,2134 | 0,1685 | 0,1435 | 0,1274 | 0,0912 | 0,0769 | 0,0690 0,060 | 0,0519
40 0,2940 | 0,1916 | 0,507 | 0,1281 | 0,1136 | 0,0809 | 0,068 1 | 0,061 0~/°0,053 L | 0,0457
45 0,2690 | 0,1740 | 0,1364 | 0,1158 | 0,1025 | 0,0727 | 0,0611 | 0,054’7 | 0,047 b | 0,0409
30 0,2481 | 0,1596 | 0,1248 | 0,1057 | 0,0935 | 0,0661 | 0,0555 (10,6496 | 0,043L | 0,037 0
q0 0,2151 | 0,1371 | 0,1068 | 0,0902 | 0,0796 | 0,0561 | 0,0469 | 0,0419 | 0,036 | 0,0311
10 0,1903 | 0,1204 | 0,0935 | 0,0788 | 0,0695 | 0,0487 | 004077 | 0,0363 | 0,031 ¢# | 0,0269
g0 0,1709 | 0,1075 | 0,0832 | 0,0701 | 0,0617 | 0,0431, 06,0360 | 0,0320 | 0,027} | 0,023 6
90 0,1553 | 0,0972 | 0,0751 | 0,0631 | 0,0555 | 0,0387)| 0,0322 | 0,0287 | 0,0248 | 0,0211
1p0 0,1424 | 0,0888 | 0,0685 | 0,0575 | 0,0505 | 0;,0351 | 0,0292 | 0,0260 | 0,0224 | 0,0191
NOTE These values are slightly conservative approximations &aléulated via Bonferroni's inequalitylZ] jas the upper

0,01)n fractile of the beta distribution. If intermediate values are@equired along the n-axis, they may be obtajned
interfpolation of the reciprocals of the tabulated values. If intefntediate values are required along the v-axis
obtajned by second order interpolation of the reciprocals of.the tabulated values.

they may be

by linear

Table D.15 — Critical values of Hawkins" 1 % outlier test for ng = 3 to 50 and v = 0[to 200
. Degrees (:/f freedom
0 5 10 15 20 30 40 50 70 100 130 200
J 0,816 5(0,724 0|0,610-0.}0,5328(0,478 10,404 9|0,357 4|0,323 3(0,276 90,234 0(0,192 6| 0,167 4
| 0,8639|0,7505|0,6405|0,564 4|0,509 4|0,4345|0,3850/0,3492/|0,3000|0,254 10,209 6|0,182 4
b 0,881 8(0,757 3./0,6530(0,579 6|0,5258|0,451 00,401 20,364 7|0,314 2|0,266 8|0,220 4|0,192 0
b 0,882 3|0,755410,657 1|0,5869|0,5347|0,461 2{0,4115|0,3749|0,3238|0,2755|0,228 0| 0,198 8
4 0,873 30,749 30,656 7|0,5898/0,539 40,467 6|0,418 4{0,3819|0,330 7|0,2819|0,233 7|0,203 9
B 0,859 %/-0,740 90,653 8|0,5901/0,5415|0,4715|0,4231{0,3869|0,335 8|0,286 8/0,238 10,207 9
D 0,8439|0,731 4|0,649 30,588 6|0,5418|0,4738|0,426 2|0,3905|0,3396|0,290 6|0,241 6|0,211 2
10 0,827 4|0,721 3|0,6439|0,5861|0,5411|0,4750|0,4283|0,3930/0,3426|0,2936|0,2445|0,2139
11 0,8108(0,7111|0,6380|0,5828|0,5394|0,4753|0,4295|0,3948(0,3448(0,296 1(0,246 9(0,216 2
12 0,794 7/0,7010/0,6318|0,5790(0,5373|0,4750/0,43020,3960(0,346 6(0,2981{0,2489(0,218 1
13 0,7791/0,6910|0,6254|0,5749|0,5347|0,474 20,430 40,396 8(0,347 9(0,299 7(0,250 7| 0,219 8
14 0,764 20,681 2(0,6189(0,5706(0,5319(0,4731|0,4302|0,397 2|0,3489|0,3011{0,2521|0,2212
15 0,7500(0,6717(0,6125(0,566 2{0,5288(0,471 70,429 8|0,397 3|0,349 60,302 1|0,2534|0,2225
16 0,736 4|0,662 5|0,6061|0,561 7|0,5256|0,4701|0,4291(0,397 2{0,3501{0,303 0{0,254 4|0,223 6
17 0,7235(0,6535(0,599 8|0,5571|0,5223|0,4683|0,4282(0,3968(0,3504(0,303 7[0,255 40,224 6
18 0,7112(0,6449(0,593 6(0,552 6/0,5189|0,466 5|0,427 2|0,396 4|0,350 5|0,304 3|0,256 2(0,225 4
19 0,6996(0,6365(0,5876(0,5480|0,5155(0,4645|0,426 0|0,3958|0,3506|0,3047|0,2569|0,226 2
20 0,6884|0,6286(0,5816|0,5436|0,5120|0,462 40,424 8(0,3951(0,3505(0,3051{0,257 5(0,2269
21 0,677 8(0,6209/0,5758(0,5392(0,5086(0,4603|0,4235|0,394 2(0,350 3{0,3053{0,2580(0,227 5
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Table D.15 (continued)

R Degrees (:}ffreedom
0 5 10 15 20 30 40 50 70 100 150 200
22 0,667 7(0,6134(0,5702{0,5348{0,5052{0,4581|0,4221|0,3934|0,3500(0,3055|0,2584|0,2280
23 0,6581|0,6062|0,5647|0,5305|0,5018|0,4559|0,4206|0,392 40,349 6|0,3056|0,2588|0,228 5
24 0,648 8(0,5993/0,5593|0,5263|0,4984(0,4537(0,4191{0,391 4|0,349 2|0,3056|0,2591|0,2289
25 0,6400(0,5925|0,5540|0,5221/0,4951{0,4515|0,417 6 {0,390 4|0,348 80,305 6|0,259 4|0,229 3
26 |0,6315/05861105490/05180(04918/04492/04160[03893/03482/103054/02596[02296
27 0,623 4(0,5798(0,5440{0,5140{0,4885|0,447 0|0,4145|0,3881|0,347 7|0,305 3|0,259 7,,0)2R9 9
28 0,6156(0,5737(0,5392{0,5101{0,4853|0,4447|0,4129|0,3870(0,347 1|0,3051{0,259'9}0,2B0 2
29 0,608 1|0,567 8/0,5345|0,5063/|0,4821(0,4425(0,4113{0,3858(0,346 4|0,3049|0,260 0|0,2B0 4
30 0,6009(0,5621|0,5299|0,5025|0,479 00,440 3{0,409 7{0,384 6|0,345 8|0,304<7{0,260 0| 0,280 6
35 0,b686(0,5361|0,5086(0,4848|0,4641|0,4294|0,4016|0,3785|0,3421|0,30341|0,2600|0,2B1 2
40 0,b413(0,5136(0,4897(0,4688(0,4504|0,4191|0,3936|0,3722(0,3382[0,3010(0,259 4|0,2B1 4
45 0,p1790,4939|0,472 80,454 20,437 7{0,409 4{0,3859(0,366 0(0,334010,298 7(0,258 6|0,2B1 2
50 0,4975|0,476 4|0,4577|0,4410|0,426 0/0,400 2|0,3785(0,360 0}0,329 9(0,296 2|0,257 5|0,2B0 8
NOTE The critical values given in Table D.15 are correct to the 4th decimal place in the range n = 3 to 30 and
v=0,5,15 and 30[8]. Other values were derived from the Bonferroni inequality as:
B =t (n=1) (1.21)
\/n(n+v—2+t2)
where tis the upper 0,005/n fractile of a t-variate with'w+ v - 2 degrees of freedom.
The values |[so computed are only slightly conservative, and have a maximum error of approximately

0,000 2 abo
be estimate
Similarly, sq

7e the true value. If critical values arérequired for intermediate values of ng and vg, they
d by second order interpolation(using the square of the reciprocals of the tabulated va
cond order extrapolation can be used to estimate values beyond ng = 50 and vgr = 200.

Table D.16 — Critical values of t

may

ues.

Degrees of Double-sided % significance level
freedom 50 40 30 20 10 5 1

1 1,000 1,376 1,963 3,078 6,314 12,706 63,65
2 0,816 1,061 1,386 1,886 2,920 4,303 9,925

3 05765 0,978 1,250 1,638 2,353 3,182 5,841

4 0,741 0,941 1,190 1,533 2,132 2,776 4,604
5 0,727 0,920 1156 1476 2015 2571 4 033

6 0,718 0,906 1,134 1,440 1,943 2,447 3,707
7 0,711 0,896 1,119 1,415 1,895 2,365 3,499
8 0,706 0,889 1,108 1,397 1,860 2,306 3,355
9 0,703 0,883 1,100 1,383 1,833 2,262 3,250
10 0,700 0,879 1,093 1,372 1,812 2,228 3,165
11 0,697 0,876 1,088 1,363 1,796 2,201 3,106
12 0,695 0,873 1,083 1,356 1,782 2,179 3,055
13 0,694 0,870 1,079 1,350 1,771 2,160 3,012
14 0,692 0,868 1,076 1,345 1,761 2,145 2,977
15 0,691 0,866 1,074 1,341 1,753 2,131 2,947
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Table D.16 (continued)
Degrees of Double-sided % significance level
freedom 50 40 30 20 10 5
16 0,690 0,865 1,071 1,337 1,746 2,120 2,921
17 0,689 0,863 1,069 1,333 1,740 2,110 2,898
18 0,688 0,862 1,067 1,330 1,734 2,101 2,878
19 0,688 0,861 1,066 1,328 1,729 2,093 2,861
20 0,687 0,860 1,064 1,325 1,725 2,086 2,845
2T 0,686 0,859 1063 1323 721 2,080 2,831
22 0,686 0,858 1,061 1,321 1,717 2,074 2,819
23 0,685 0,858 1,060 1,319 1,714 2,069 2,807
24 0,685 0,857 1,059 1,318 1,711 2,064 2,797
25 0,684 0,856 1,058 1,316 1,708 2,060 2,787
26 0,684 0,856 1,058 1,315 1,706 2,056 2,779
27 0,684 0,855 1,057 1,314 1,703 2,052 2,771
28 0,683 0,855 1,056 1,313 1,701 2,048 2,763
29 0,683 0,854 1,055 1,311 1,699 2,045 2,756
30 0,683 0,854 1,055 1,310 1,697 2,042 2,750
40 0,681 0,851 1,050 1,303 1,684 2,021 2,704
50 0,680 0,849 1,048 1,299 1,676 2,008 2,678
60 0,679 0,848 1,046 1,296 1,671 2,000 2,660
120 0,677 0,845 1,041 1,289 1,658 1,980 2,617
00 0,674 0,842 1,036 1,282 1,645 1,960 2,576
D.1p Critical values of F
D.15.1 General data representation
See Reference [5] for the soutce’of Tables D.17 to D.20.
Table D.17 — Critical 5 % values of F
V1
V2 3 4 5 6 7 8 9 10 15 20 30 50 100 200 (500 0o
3 9,28.:942 9,01 894 889 885 881 879 870 8,66 8,62 8,58 8,55 854 853 8,53
46559 639 6,26 6,16 6,09 6,04 6,00 596 586 580 575 570 5,66 5,65 [564 5,63
511541 5,19 5,05 495 4,88 482 4,77 4,74 4,62 4,56 450 444 4,41 4,39 (4,37 4,37
6 | 476 453 4,39 4,28 4,21 4,15 4,10 4,06 394 3,87 3,81 3,75 3,71 3,69 3,68 3,67
7 435 4,12 397 3,87 3,79 3,73 3,68 3,64 3,51 344 3,38 3,32 3,27 3,25 3,24 3,23
8 |4,07 384 3,69 358 350 344 3,39 3,35 3,22 3,15 3,08 3,02 297 295 294 293
9 3,86 3,63 348 3,37 3,29 3,23 3,18 3,14 3,01 294 286 280 276 2,73 2,72 2,71
10 | 3,71 3,48 3,33 3,22 3,14 3,07 3,02 298 285 2,77 2,70 2,64 2,59 2,56 255 254
15 13,29 3,06 290 2,79 2,71 2,64 2,59 2,54 240 2,33 2,25 2,18 2,12 2,10 2,08 2,07
20 | 3,10 2,87 2,71 260 251 245 2,39 2,35 220 212 2,04 197 191 188 1,86 1,84
30 [ 292 2,69 253 242 2,33 2,27 2,21 2,16 2,01 193 184 1,76 1,70 1,66 1,64 1,62
50 2,79 2,56 2,40 2,29 2,20 2,13 2,07 2,03 187 1,78 1,69 1,60 1,52 148 146 1,44
100 | 2,70 2,46 2,31 2,19 2,10 2,03 197 193 1,77 1,68 1,57 148 1,39 1,34 1,31 1,28
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Table D.17 (continued)

V1
3 4 5 6 7 8 9 10 15 20 30 50 100 200 500 o
200|265 242 226 2,14 206 198 193 1,88 1,72 1,62 1,52 141 1,32 1,26 1,22 1,19
500262 239 2,23 212 203 196 190 185 169 159 148 1,38 1,28 1,21 1,16 1,11
o |260 237 2,21 210 2,01 194 188 183 167 157 146 1,35 1,24 1,17 1,11 1,00

V2

Table D.18 — Critical 1 % values of F

V1

vz 3 4 5 6 7 8 9 10 15 20 30 50 100 200 500 (oo
3 29,5 (28,7 28,2 279 277 275 273 272 269 267 265 264 262 262 2601 261
4 16,7 (16,0 15,5 15,2 150 14,8 14,7 14,5 142 140 13,8 13,7 13,6 13 13,5 1B,5
5 12,1 (114 11,0 10,7 10,5 10,3 10,2 10,1 972 955 938 924 913908 9,04 9,02
6 9,78 (915 8,75 8,47 8,26 8,10 798 787 756 740 723 709 6997693 690 6,88
7 845 (785 746 719 699 6,84 6,72 6,62 6,31 6,16 599 586575 570 5,67 565
8 7,59 701 6,63 6,37 6,18 6,03 591 581 552 536 520 507 496 491 4,88 486
9 699 |642 6,06 580 561 547 535 526 496 4,81 4,6554,52 442 436 4,33 431
10 (6,55 1599 5,64 539 520 506 494 485 456 441 425 412 4,01 396 393 391
15 (542 14,89 4,56 4,32 4,14 4,00 3,89 3,80 3,52 3,373,21 3,08 298 292 2,89 287
20 1494 |443 4,10 3,87 3,70 3,56 3,46 3,37 3,09 294 2,78 2,64 2,54 2,48 2,44 2|42
30 |4,51 |4,02 3,70 3,47 3,30 317 3,07 298 2,70%2,55 2,39 2,25 2,13 2,07 2,03 201
50 4,20 |3,72 3,41 3,19 3,02 289 2,79 2,70 ,242 2,27 2,10 195 1,82 1,76 1,71 1{68
100 (3,98 |3,51 3,21 299 2,82 2,69 2,59 2,50~2,22 2,07 1,89 1,73 160 1,52 147 143
200 |3,88 |3,41 3,11 2,89 273 260 250 241 213 197 1,79 163 148 1,39 1,33 1{28
500 |3,82 |3,36 3,05 2,84 2,68 2,55 2440236 2,07 192 1,74 1,56 1,41 1,31 1,23 1{16
0 378 |3,32 3,02 280 264 251 241 2,32 2,04 188 1,70 1,52 1,36 1,25 1,15 100

Table D19 — Critical 0,1 % values of F

V1
vz 3 4 5 6 7 8 9 10 15 20 30 50 100 200 500 |
141 |137 135 183 132 131 130 129 127 126 125 125 124 124 124 1p4
56,2 |53,4 51,7¢-50,5 49,7 49,0 48,5 48,0 468 461 454 449 44,5 443 441 44,0
33,2 |31,1 298 288 28,2 276 272 269 259 254 249 244 241 239 23,8 2B8
15,8

18,8 |72 16,2 15,5 150 14,6 143 14,1 13,3 129 12,5 12,2 119 11,8 11,7 11,7
158 144 13,5 129 124 12,0 11,8 11,5 10,8 10,5 10,1 980 9,57 946 939 9,34
139 12,6 11,7 11,1 10,7 104 10,1 989 924 890 855 826 8,04 793 786 781
10 12,6 11,3 10,5 992 952 920 896 875 813 780 747 719 698 6,87 6,81 6,76
15 (9,34 8,25 757 709 6,74 647 6,26 6,08 553 525 495 470 4,51 441 4,35 4,31
20 18,10 710 6,46 6,02 569 544 524 508 4,56 429 4,01 377 3,58 3,48 3,42 3,38
30 |705 6,12 553 512 482 4,58 439 4,24 3,75 3,49 3,22 298 2,79 2,69 2,63 2,59
50 [6,34 546 490 4,51 4,22 4,00 3,82 3,67 3,20 295 2,68 2,44 2,24 214 2,07 2,03
100 |585 5,01 4,48 411 3,83 3,61 344 3,30 2,84 2,59 2,32 207 187 1,75 168 1,62

3
4
5
6 23,7 [21,9Vv20,8 20,0 195 190 18,7 184 176 171 16,7 16,3 16,0 159 15,8
7
8
9
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Table D.19 (continued)

V1
3 4 5 6 7 8 9 10 15 20 30 50 100 200 500 oo
200 |564 4,81 4,29 392 3,65 343 3,26 3,12 2,67 242 2,15 190 168 1,55 146 1,39
500 |5,51 4,69 4,18 382 3,54 3,33 316 3,02 2,58 2,33 205 1,80 1,57 143 1,32 1,23
o) 542 4,62 410 3,74 3,47 3,27 3,10 296 2,51 2,27 199 1,73 149 1,34 1,21 1,00

V2

Table D.20 — Critical 0,05 % values of F

Vi
3 4 5 6 7 8 9 10 15 20 30 50 100 200 [500 oo
3 225 218 214 211 209 208 207 206 203 201 199 198 197 . 197 [196 196
4 80,1 76,1 73,6 719 70,6 697 689 683 665 655 646 638 632 629 p2,7 62,6
5 444 41,5 39,7 385 376 369 364 359 346 339 331 32,5321 31,8 B1L7 316
6 304 281 266 256 249 243 239 235 224 219 214 ,209 20,5 203 P02 201
7
8
9

V2

23,5 21,4 202 193 18,7 18,2 178 175 16,5 16,0 155~151 14,7 14,6 [145 144
194 176 16,4 15,7 151 146 143 140 131 12,7 12,2 11,8 11,6 114 (14 11,3
16,8 151 141 13,3 12,8 124 121 11,8 11,0 10,6¢ 10,2 980 953 940 P32 926
10 ||150 134 124 11,8 11,3 109 10,6 10,3 956 916 8,75 842 8,16 8,04 [196 790
15 | (10,8 948 8,66 810 768 736 711 691 6,27::593 558 529 506 494 K87 483
20 | 1920 8,02 728 6,76 6,38 6,08 585 566 507 475 442 4,15 393 3,82 B75 3,70
30 [|790 6,82 6,14 5,66 531 5,04 482 465,410 3,80 3,48 3,22 3,00 2,89 P82 2,78
50 [|701 6,01 537 493 460 434 414 398 3,45 3,16 2,86 2,59 237 225 pR17 213
100| 16,43 547 4,87 444 413 3,89 3,70~73,54 3,03 2,75 244 2,18 195 1,82 [,74 1,67
200| 16,16 5,23 4,64 4,23 392 3,68 349 3,34 283 256 225 198 1,74 1,60 [1,50 1,42
500] 16,01 5,09 4,51 4,10 3,80 3,560°3,36 3,21 2,72 245 2,14 187 161 146 (1,34 1,24
o) 591 5,00 442 4,02 3,72, 348 3,30 3,14 2,65 2,37 2,07 1,79 1,53 1,36 [,22 1,00

D.15.2 Approximate formula‘for critical values of F

Critiical values of F for(untabulated values of vi and v, may be approximated by second order
intefpolation from Tahled D.17 to D.20.

Critical values of-F.corresponding to v1 > 30 and v, > 30 degrees of freedom and a signiffcance level
100 [1 - p) %, where p is the probability, can also be approximated from the formula:

A 1 1
og1o(F)=%—C(p)[q—Z] (D.22)

where

1 1(1 1
B I —
b 2 Vl VZ

Values of transformation parameters A(p), B(p) and C(p) are given in Table D.21 for typical values of
significance level 100 (1 - p).
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Table D.21 — Typical values of formula transformation parameters

100 (1 -p)% A(p) B(p) C(p)
10 1,113 1 0,77 0,527

5 1,428 7 0,95 0,681

2,5 1,702 3 1,14 0,846

1 2,020 6 1,40 1,073

0,5 2,237 3 1,61 1,250

0,1 2,684 1 2,09 1,672
U,U5 42,0000 Z,3U 1,657

For values|of p not given in Table D.21, critical values of F may be obtained by secénd d
interpolatiqn/extrapolation of logio(F) (either tabulated or estimated from the formula) agd

log10(1 - p)

D.16 Critij::al values of the normal distribution

Critical val

2(1 - p), arq given in Table D.22 in terms of the “standard normal deviate”, Where

X—H
z=""4
o

and

where u andl o are the mean and standard deviation respegctively of the normal distribution.

Table D.22 — Critical values-of the normal distribution

p 0,70 0,80 0,90 0,95 0,975 0,99 0,995
4 0,524 0,842 1,282 1,645 1,960 2,326 2,576
2(-p) 0,60 0,40 0,20 0,10 0,05 0,02 0,01

es, Z, corresponding to a single sided probability, p, or to a double“sided significance

(I

When p is less than 0,5, the appropriate critical value is the negative of the value corresponding
probability|(1 - p).

rder
hinst

evel

23)

to a

48

© ISO 2017 - All rights reserved


https://standardsiso.com/api/?name=80afe10180c4fb08dfe4a97798474a20

Annex E
(normative)

ISO 4259-1:2017(E)

Types of dependence and corresponding transformations

E.1 _Types of dependence

The [forms of dependence given in Table E.1 are shown graphically in Figures E.1 to E.8xIn|all cases, K
can pe any positive constant, and “In” refers to Napierian logarithms. The form of the-line(to be fitted
inclydes a dummy variable, T (see E.1), by which it is possible to test for a difference in.the tragsformation
as applied to repeatability and reproducibility.
Table E.1 — Forms of dependence
Form of . Form of line dx !
dependence Transformation to be fitted E Remarks
1. =K(m+B) Y=In(x+B) In(D) = bg + b1 In(m + B) + Care shall be taken if (x + B)
0j< (m + B) “logmodel” [ +baT + b3TIn(m + B) (x+B) is small, since rqunding
becomes critical.
Test: b1 =1
2. h=KmB y=x1-B In(D) = bg + b1 In(m) + bpT The fitted line will pass
Hz1 +... B through the origin.
“power model” oo+ b3T Infnf) X
(1_B) B=1/2 or 2 arejcommon
Test: by# 0 cases.
3. =K(m+Bg)B |y=(x+Bg)l-B NiP) = bo + b1 In(m + Bg) + The fitted line will not pass
Hz1 ...+ boT + b3TIn(m + By) xB through the origin.
“power-with-inx
Bo#0 tercept mogdel® (1_B)
0| < (m + Bo) Test: b1 #0
4, This case often arises when
m m , \/; 1:)(][)2 =bo+byIn[m(B - results are repofted as
d=K f— 1-— | |YEaresin,— percentages or qualitatively
B[ B) B o+ b2T + b3T In[m(B - m)] 5 X(B—X) as “scores”. If x ik always
od<m<B small, the transformation
s s — i
“arcsin model” Test: b1 =1/2 reduces toy = [x , a special
case of 2 above.
N m X This case arise§ when
5. D|= K—(1_—\ y= m( W In(D) = bo + b1 In[m(B - results are repqrted on a
B\ B) \(B=X) L) I X(B—x) rating scale of O to B. If x
0<m<B “logistic model” | +b2T + b3T In[m(B - m)] 2P 77)  lis always small, then the
- 8 B transformation reduces to
L y =In(x), a special case of 1
Test: b1 =1 above.
- The fitted line does not pass
2 2 In(D) = bg + b1 In(m2 + B2) e ]
Dokl ™ +B y=arctan X . +byT+ b3TIn(m2 + (Xz +BZ) through the origin. IfB.IS
B B B+) small, the transformation
B reduces to y = 1/x, a special
B>0 “arctan model” Test: b1 =1 case of 2 above.
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E.2 Transformation procedure

The following steps shall be taken in identifying the correct type of transformation and its parameters
B and By.

a)

b)

d)

Plot laboratories standard deviations, D, and repeats standard deviations, d, against sample means
in the form of scatter diagrams. Refer to Figures E.1 to E.8 and identify the type of transformation

to be applied (if any).

With the exception of the power transformations (types 2 and 3 in Table E.1), estimate the
transformation parameter, B, from the scatter diagrams. These are known for the arcsin and the

logistic > 13; - .
limit of the rating scale or “score” which defines results. For the log transformation (type
Table El1), calculate B from the intercept and slope estimated from the scatter diagrams;\Simil
estimafe B from the intercept in the case of the arctan transformation (type 6 in Table.E.1). In ¢
case, Bghall be rounded to give a meaningful value that satisfies the plots for boththe laborat
and repeats standard deviations. For the power-with-intercept transformation (type 3 in Table
also esfiimate the parameter By from the scatter diagrams (but see the Note below).

)

Fit the|line specified in Table E.1, corresponding to the transformatioh~in question, accor

bries
E.1),

ding

to the ¢omputational procedure in Annex F.3 (but see the Note belows. For both types of power

transformations, coefficient b1 shall differ significantly from zerosand provide an estimate

of B,

which ghall be rounded to a meaningful value. If by is not statistically different from a valyie of

1, a log| transform should be considered. For the arcsin transformation, b1 shall have a valug
signifidantly different from 0,5. Similarly, b1 shall not significantly differ from a value of 1 fo
logistic} log and arctan transformations.

In ever}y case, the test specified in Table E.1 shall be applied at the 5 % significance level. Fa
of this [test implies either that the type of transformation or its parameters B and/or By is
incorrect. Similarly, the coefficient b3 shall in every case be tested as zero. Failure in this
implies|that the transformation is different for tepeatability and reproducibility. In some caseg
presenge of outliers can give rise to this difference.

not
" the

lure
/are
case
, the

If the tgsts applied in a) to c) above are satisfactory, transform all the results accordingly, recalciilate

means pnd standard deviations using transformed results and create new scatter diagrams

hS in

paragrgph a) above. These now show a uniform level for laboratories standard deviation, and a

uniform (but not necessarily the same) level for repeats standard deviation. Visually confirm t
uniform level for laboratory/and repeats standard deviation has been achieved.

NOTE For the power-withsintércept transformation, B and Bg cannot be estimated together according t
linear least dquares techniquéeydescribed in E.3. A non-linear and iterative technique is required instead, su
the simplex procedure of Nelder and Meadl[12], necessitating the use of appropriate computer software[13].
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ktandard deviation, D = K(m + B), (m+ B) > 0

mean

Figure E.1 — Forms of dependence (see Fable E.1)

DA

standard deviationD = KmB, B> 1

Figure E.2 — Forms of dependence (see Table E.1)
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Figure E.3 — Forms of dependence (see Table Ei1)
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D  standard deviation, D = K{im+ Bg)B,B>1,By# 0

Figure E.4 — Forms of dependence (see Table E.1)
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Figure E.5 — Forms of dependence (see Table E.1)
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m m
standard deviation, D=K /—(1 ——), 0<m<B
B B

Figure E.6 — Forms of dependence (see Table E.1)
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Figure E.7 — Forms of dependence (see Tablé¢ E.1)

D

Key

m mean

2 2
m +B
D standard deviation,/D = K( J, B>0
B

Figure E.8 — Forms of dependence (see Table E.1)
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Annex F
(normative)

Weighted linear regression analysis

F.1 Explanation for the use of a dummy variable

Two|different variables, Y1 and Y7, when plotted against the same independent variable, "X, in general
giveldifferent linear relationships of the form:

{1 = blO + bllX

(F1)
V2by0 +by1 X

whefe the coefficients bj are estimated by regression analysis. ln-order to compare the two
relationships, a dummy variable, T, can be defined such that:

"= T1, a constant value for every observation of Y7
"= Ty, a constant value for every observation of Y3
1# T2

Letting Y represent the combination of Y1 and ¥y, plot a single relationship,

Y=bo + b1X + boT + b3TX (F.2)

where, as before, the coefficients, bj are estimated by regression analysis. By comparing Formulae (F.1)
and [E.2), it is evident that

b10 = bo + b2T1
b20 = bo + baT> (F.3)

and that therefore

b1o - b20 = b2(T1 - T2) (F.4)
SimilarTy,
b11-b21=b3(T1 - T2) (F.5)

In order to test for a difference between b1g and by, therefore, it is only necessary to test for a non-zero
coefficient by. Similarly, to test for a difference between b11 and by1, test for a non-zero coefficient b3.

Any non-zero values can be chosen for T1 and T7. However, since reproducibility is the basis of tests
for quality control against specifications, weighting shall reflect this in the estimation of precision
relationships. An “importance ratio” of 2:1 in the favour of reproducibility shall be applied by setting
T1 =1 and T, = - 2, where T refers to the plot of laboratories standard deviation and T, refers to the
repeats standard deviation.
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F.2 Derivation of weights used in regression analysis

In order to account for the relative precision of fitted variables in a regression analysis, weights shall be
used that are inversely proportional to the variance of the fitted variables.

For a variable, D, which is an estimate of population standard deviation, o, based on v(D) degrees of
freedom, the variance of D is given by

Var(D) = 02/2v(D)

(F.6)

w(D) = 2v(D)/D? (F.7)
It is clear that as standard deviation, D, increases, so does the weight decrease. For this'reason} the
fitted variable in the weighted regression shall instead be a function of standard deviation which yjelds
weights independent of the fitted variable.
In cases where a function g(D), rather than D itself, is fitted, the variance formulabecomes

g 2
Var[g(P)]=| == | Var(D) (F.8)
oD

Hence, for the Napierian logarithm function:

Var[In(P)]= = Var(D)= -1 o’ (F.9)

hE p*2v(D)

Once again,|replacing o2 by its estimate D2, the weightfor In(D) will be approximated by:

w[In(D)| = 2v(D) (F.10)
In relation |[to laboratories standard deviation D and repeats standard deviation d, therefore, |it is
necessary tp perform regression analySisin terms of In(D) and In(d), since weighting then takes accpunt
only of the gmount of data on whichthe standard deviation was based. A relationship estimated in this
way is less flependent on samples-that have a high proportion of missing results.
Denoting degrees of freedpm.-as v(D) for laboratory standard deviations, D, and v(d) for repeats
standard d¢viations, d, formulae for calculating weights then become

w[In(D)| = 2v(D) (F11)

w[ln(d)]| = 2v({d) (F12)
NOTE Unweighted regression corresponds to weighted regression in which all the weights have a constant

value of 1.

E3 Computational procedure in regression analysis

The following technique gives the best fitting straight line of the form of Formula (F.2) (but see the Note

to E.2).

Firstdraw up a table (see Table F.1) giving values of the variables to be plotted in the regression, together
with corresponding weights. Functions g1 and g, are always Napierian logarithms corresponding to
the transformation in question, as specified in E.2.
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Table F.1 — Values of variables to be plotted in the regression and corresponding weights

Standard deviation Sample mean Dumm
Sample function function T y Tg2 Weight
g1 g2
91(D1) g2(m1) g2(m1) 2v(D1)
91(D2) g2(mz) g2(m2) 2v(D2)
91(D3) g2(m3)

S 91(Ds) g2(ms) 1 g2(mg) 2v(Ds)
91(d1) g2(m1) -2 ~2gp(m1) 2v(d1)
91(d2) g2(mz) -2 2v(d2)
91(d3) g2(m3) -2

S 91(ds) g2(ms) -2 -2g2(ms) 2v(ds)

Symbol Vi X1i X2j X3j Wi
Usinjg the symbols defined in Table F.1, the line to befitted (Formula F.2) becomes:

) =bo+ bix1 + byxp + b3x3 (F.13)
The [ntercept, bg, can be eliminated by rewriting this as
where
Y, X1, Xy and x5 are weighted means, for example

n
ZWI'X 2i
) ==L (F.15)

n
X
i=1

whef e, is the number of points (twice the number of samples) to be plotted.

The least squares solution of Formula (F.14) requires the solution of the set of simultaneous formulae of

the form:
a,q =ay by +aby +aq3bs
ayp =dp1by +az;by +ayzbz

ay3 =dzyby +azzby +azsbs
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Examples of ajj and ay; elements, in terms of weighted means )?,- , are as follows:
— 2 _ _
a22=2Wi(Xz,-_X2) 023=2Wi(X2i_X2)(X3i_X3)

ayfzwf (yi = ¥)(x2i —x2) ayy:zwi (yi_J_’)Z

Having solved the formulae for b1, by and b3, calculate the intercept from the weighted means of the
variables as

by =y-{b1X1 —bpX —b3x3 (F17)

The coefficient estimates, b;, can be summarized in tabular form, together with test statistics, as given
in Table F.2

Table F.2 — Coefficient estimates

Fitted variable |Coefficient estimate Standaljd error t-Ratio
of estimate
ntercept Bo eo to
bample mean B1 e1 t1
Dummy B> e to
Dummy x mean B3 €3 t3

In order to|complete the table, it is necessary to calcilate the standard deviation of the observed y
values about the estimated line. This is called the residual standard deviation, rsd, and is given by

1
rSd:\/'J(aW _blayl _bzayz _b3ay3)

1 L
rSd:\/'ll__4(ayy—blayl—bzayz_b3ay3) (".18)

Standard eijrors of the estimatés then become

e; =rsdf\/c;;

; ej=rsdyfc; fori=1to3

and

1 =2 =2 =2 vl vl sz
eo :rSd\/—'FClle +C22X2 +C33X3 +2C12X1X2 +2C13X1X3 +2C23X2X3 (Flg)

V11

where the elements cjj correspond to the inverse of the matrix containing elements aj;.

The t-ratios are the ratios (b; — K)/e;, where K is a constant, and by comparing these to the critical values
of t in Table D.16, it is possible to test if coefficient b; differs from K.If ¢; is greater than the critical value
corresponding to 5 % significance and (n — 4) degrees of freedom, then the coefficient can be regarded
as differing from K. In particular, ¢1 identifies an inappropriate slope b1 and t3 indicates whether
the slope is different for laboratories and repeats standard deviations. Since laboratories standard
deviation is generally larger than repeats standard deviation at the same level of sample mean, t; in
general indicates a non-zero coefficient, by.
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This clause describes the fitting of a power function (form of dependence 2 of Annex E) using weighted
linear regression according to the procedure of E.2. Rounded sample means and standard deviations
are given in Table 1, based on the bromine data given in D.1.

Scatter diagrams identify the power transformation as appropriate, as indicated by the log-log plot
shown in Figure F.1.

It is not necessary to estimate the transformation parameter, B, from Figure F.1, since it is given in the
regression analysis that follows.

Therrm of the line that is being fitted (see Table E.1) is

(D) = bg + b1ln(m) + b2T + b3TIn(m)

Key
In(m
In(D

In (D)4

logarithm of the sample mean

o| laboratories standard deviation

O repeats standard deviation

logarithm of the standard deviation

Figure'F.1 — Log-log plot explaining the power transformation

The table of values'that are being fitted (see Table F.1) is given in Table F.3.

Table F.3 — Fitted values

© IS0 2017 - All rights reserved

Sample | ianaard deviation | samplemean | T | Dummyxingm) | Welght
1 -0,3158 0,765 5 1 0,7655 16
2 0,796 9 4,180 4 1 4,180 4 18
3 ~2,704 6 -0,2802 1 -0,280 2 28
4 -1,556 8 1,293 2 1 1,293 2 22
5 -1,2358 2,3888 1 2,388 8 18
6 0,402 9 3,875 5 1 3,875 5 18
7 1,076 2 4,737°8 1 4,737°8 18
8 -1,840 1 0,1975 1 0,197 5 18
1 -2,064 4 0,765 5 ) ~1,5309 18
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