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NOTE International and European Standards, as well as overseas standards, are available from

Customer Services, BSI, 389 Chiswick High Road, London W4 4AL.

A British Standard does not purport to include all the necessary provisions of a
contract. Users of British Standards are responsible for their correct application.

Compliance with a British Standard does not of itself confer immunity
from legal obligations.

Summary of pages

This document comprises a front cover, an inside front cover, pages 1 and ii,
the ISO title page, pages ii to iv, pages 1 to 29 and a back cover.
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Foreword

ISO (the International Organization for Standardization) is a worldwide
federation of national standards bodies (ISO member bodies). The work of
preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee.
International organizations, governmental and non-governmental, in liaison with
IS0, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical
standardization.

Draft International Standards adopted by the technical committees are circulated
to the member bodies for voting. Publication as an International Standard requires
approval by at least 75 % of the member bodies casting a vote.

International Standard ISO 5725-3 was prepared by Technical Committee
ISO/TC 69, Applications of statistical methods, Subcommittee SC 6, Measurement
methods and results.

ISO 5725 consists of the following parts, under the general title Accuracy
(trueness and precision) of measurement methods and results:

— Part 1: General principles and definitions;

— Part 2: Basic method for the determination of repeatability and reproducibility
of a standard measurement method;

— Part 3: Intermediate measures of the precision of a standard measurement
method;

— Part 4: Basic methods for the determination of the trueness of a standard
measurement method;

— Part 5: Alternative methods for the determination of the precision of a
standard measurement method;
— Part 6: Use in practice of accuracy values.

Parts 1 to 6 of ISO 5725 together cancel and replace ISO 5725:1986, which has
been extended to cover trueness (in addition to precision) and intermediate
precision conditions (in addition to repeatability conditions and reproducibility
conditions).

Annex A, Annex B and Annex C form an integral part of this part of ISO 5725.
Annex D and Annex E are for information only.

v
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Introduction

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

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

0.3 Many different factors (apart from variations between supposedly identical specimens) may contribute
to the variability of results from a measurement method, including:

a) the operator;

b) the equipment used,;

c) the calibration of the equipment;

d) the environment (temperature, humidity, air pollution, etc.);
e) the batch of a reagent;

f) the time elapsed between measurements.

The variability between measurements performed by different operators and/or with different equipment
will usually be greater than the variability between measurements carried out within a short interval of
time by a single operator using the same equipment.

0.4 Two conditions of precision, termed repeatability and reproducibility conditions, have been found
necessary and, for many practical cases, useful for describing the variability of a measurement method.
Under repeatability conditions, factors a) to f) in 0.3 are considered constants and do not contribute to the
variability, while under reproducibility conditions they vary and do contribute to the variability of the test
results. Thus repeatability and reproducibility conditions are the two extremes of precision, the first
describing the minimum and the second the maximum variability in results. Intermediate conditions
between these two extreme conditions of precision are also conceivable, when one or more of factors a) to f)
are allowed to vary, and are used in certain specified circumstances.

Precision is normally expressed in terms of standard deviations.

0.5 This part of ISO 5725 focuses on intermediate precision measures of a measurement method. Such
measures are called intermediate as their magnitude lies between the two extreme measures of the
precision of a measurement method: repeatability and reproducibility standard deviations.

To illustrate the need for such intermediate precision measures, consider the operation of a present-day
laboratory connected with a production plant involving, for example, a three-shift working system where
measurements are made by different operators on different equipment. Operators and equipment are then
some of the factors that contribute to the variability in the test results. These factors need to be taken into
account when assessing the precision of the measurement method.

0.6 The intermediate precision measures defined in this part of ISO 5725 are primarily useful when their
estimation is part of a procedure that aims at developing, standardizing, or controlling a measurement

method within a laboratory. These measures can also be estimated in a specially designed interlaboratory
study, but their interpretation and application then requires caution for reasons explained in 1.3 and 9.1.

0.7 The four factors most likely to influence the precision of a measurement method are the following.

a) Time: whether the time interval between successive measurements is short or long.

b) Calibration: whether the same equipment is or is not recalibrated between successive groups of
measurements.

¢) Operator: whether the same or different operators carry out the successive measurements.

d) Equipment: whether the same or different equipment (or the same or different batches of reagents)
is used in the measurements.

© BSI 15 March 2002 1
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0.8 It is, therefore, advantageous to introduce the following M-factor-different intermediate precision
conditions (M =1, 2, 3 or 4) to take account of changes in measurement conditions (time, calibration,
operator and equipment) within a laboratory.

a) M = 1: only one of the four factors is different;
b) M = 2: two of the four factors are different;

¢) M = 3: three of the four factors are different;
d) M = 4: all four factors are different.

Different intermediate precision conditions lead to different intermediate precision standard deviations
denoted by sy(), where the specific conditions are listed within the parentheses. For example, sy1() is the
intermediate precision standard deviation with different times (T) and operators (O).

0.9 For measurements under intermediate precision conditions, one or more of the factors listed in 0.7 1s
or are different. Under repeatability conditions, those factors are assumed to be constant.

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

As an example, in the determination of copper in copper ore, a collaborative experiment among 35
laboratories revealed that the standard deviation under one-factor-different intermediate precision
conditions (operator and equipment the same but time different) was 1,5 times larger than that under
repeatability conditions, both for the electrolytic gravimetry and NayS,Og titration methods.

1 Scope

1.1 This part of ISO 5725 specifies four intermediate precision measures due to changes in observation
conditions (time, calibration, operator and equipment) within a laboratory. These intermediate measures
can be established by an experiment within a specific laboratory or by an interlaboratory experiment.

Furthermore, this part of ISO 5725
a) discusses the implications of the definitions of intermediate precision measures;

b) presents guidance on the interpretation and application of the estimates of intermediate precision
measures in practical situations;

¢) does not provide any measure of the errors in estimating intermediate precision measures;

d) does not concern itself with determining the trueness of the measurement method itself, but does
discuss the connections between trueness and measurement conditions.

1.2 This part of ISO 5725 is concerned exclusively with measurement methods which yield measurements
on a continuous scale and give a single value as the test result, although the single value may be the
outcome of a calculation from a set of observations.

1.3 The essence of the determination of these intermediate precision measures is that they measure the
ability of the measurement method to repeat test results under the defined conditions.

1.4 The statistical methods developed in this part of ISO 5725 rely on the premise that one can pool
information from “similar” measurement conditions to obtain more accurate information on the
intermediate precision measures. This premise is a powerful one as long as what is claimed as “similar” is
indeed “similar”. But it is very difficult for this premise to hold when intermediate precision measures are
estimated from an interlaboratory study. For example, controlling the effect of “time” or of “operator” across
laboratories in such a way that they are “similar”, so that pooling information from different laboratories
makes sense, is very difficult. Thus, using results from interlaboratory studies on intermediate precision
measures requires caution. Within-laboratory studies also rely on this premise, but in such studies it is
more likely to be realistic, because the control and knowledge of the actual effect of a factor is then more
within reach of the analyst.
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1.5 There exist other techniques besides the ones described in this part of ISO 5725 to estimate and to
verify intermediate precision measures within a laboratory, for example, control charts (see ISO 5725-6).
This part of ISO 5725 does not claim to describe the only approach to the estimation of intermediate
precision measures within a specific laboratory.

NOTE 1 This part of ISO 5725 refers to designs of experiments such as nested designs. Some basic information is given in Annex B
and Annex C. Other references in this area are given in Annex E.

2 Normative references

The following standards contain provisions which, through reference in this text, constitute provisions of
this part of ISO 5725. At the time of publication, the editions indicated were valid. All standards are subject
to revision, and parties to agreements based on this part of ISO 5725 are encouraged to investigate the
possibility of applying the most recent editions of the standards indicated below. Members of IEC and ISO
maintain registers of currently valid International Standards.

ISO 3534-1:1993, Statistics — Vocabulary and symbols — Part 1: Probability and general statistical terms.

ISO 5725-1:1994, Accuracy (trueness and precision) of measurement methods and results — Part 1: General
principles and definitions.

ISO 5725-2:1994, Accuracy (trueness and precision) of measurement methods and results — Part 2: Basic
method for the determination of repeatability and reproducibility of a standard measurement method.

ISO Guide 33:1989, Uses of certified reference materials.

ISO Guide 35:1989, Certification of reference materials — General and statistical principles
3 Definitions

For the purposes of this part of ISO 5725, the definitions given in ISO 3534-1 and ISO 5725-1 apply.
The symbols used in ISO 5725 are given in Annex A.

4 General requirement

In order that the measurements are made in the same way, the measurement method shall have been
standardized. All measurements forming part of an experiment within a specific laboratory or of an
interlaboratory experiment shall be carried out according to that standard.

5 Important factors

5.1 Four factors (time, calibration, operator and equipment) in the measurement conditions within a
laboratory are considered to make the main contributions to the variability of measurements (see Table 1).

5.2 “Measurements made at the same time” include those conducted in as short a time as feasible in order
to minimize changes in conditions, such as environmental conditions, which cannot always be guaranteed
constant. “Measurements made at different times”, that is those carried out at long intervals of time, may
include effects due to changes in environmental conditions.

5.3 “Calibration” does not refer here to any calibration required as an integral part of obtaining a test result
by the measurement method. It refers to the calibration process that takes place at regular intervals
between groups of measurements within a laboratory.

5.4 In some operations, the “operator” may be, in fact, a team of operators, each of whom performs some
specific part of the procedure. In such a case, the team should be regarded as the operator, and any change
in membership or in the allotment of duties within the team should be regarded as providing a different
“operator”.

5.5 “Equipment” is often, in fact, sets of equipment, and any change in any significant component should
be regarded as providing different equipment. As to what constitutes a significant component, common
sense must prevail. A change of thermometer would be considered a significant component, but using a
slightly different vessel to contain a water bath would be considered trivial. A change of a batch of a reagent
should be considered a significant component. It can lead to different “equipment” or to a recalibration if
such a change is followed by calibration.

© BSI 15 March 2002 3
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5.6 Under repeatability conditions, all four factors are at state 1 of Table 1. For intermediate precision
conditions, one or more factors are at state 2 of Table 1, and are specified as “precision conditions with M
factor(s) different”, where M is the number of factors at state 2. Under reproducibility conditions, results
are obtained by different laboratories, so that not only are all four factors at state 2 but also there are
additional effects due to the differences between laboratories in management and maintenance of the
laboratories, general training levels of operators, and in stability and checking of test results, etc.

5.7 Under intermediate precision conditions with M factor(s) different, it is necessary to specify which
factors are at state 2 of Table 1 by means of suffixes, for example:

— time-different intermediate precision standard deviation, sy);

— calibration-different intermediate precision standard deviation, sy();

— operator-different intermediate precision standard deviation, sy);

— [time + operator]-different intermediate precision standard deviation, Syto);

— [time + operator + equipment]-different intermediate precision standard deviation, syrog);

— and many others in a similar fashion.

Table 1 — Four important factors and their states

Factor Measurement conditions within a laboratory
State 1 (same) State 2 (different)
Time Measurements made at the same time Measurements made at different times
Calibration No calibration between measurements Calibration carried out between
measurements
Operator Same operator Different operators
Equipment Same equipment without recalibration Different equipment

6 Statistical model

6.1 Basic model

For estimating the accuracy (trueness and precision) of a measurement method, it is useful to assume that
every test result, y, is the sum of three components:

y=m+B+e .. (D)

where, for the particular material tested,

m 1s the general mean (expectation);
B is the laboratory component of bias under repeatability conditions;
e is the random error occurring in every measurement under repeatability conditions.

A discussion of each of these components, and of extensions of this basic model, follows.

6.2 General mean, m

6.2.1 The general mean, m, is the overall mean of the test results. The value of m obtained in a collaborative
study (see ISO 5725-2) depends solely on the “true value” and the measurement method, and does not
depend on the laboratory, equipment, operator or time by or at which any test result has been obtained.
The general mean of the particular material measured is called the “level of the test”; for example,
specimens of different purities of a chemical or different materials (e.g. different types of steel) will
correspond to different levels.

In many situations, the concept of a true value i holds good, such as the true concentration of a solution
which is being titrated. The level m is not usually equal to the true value u; the difference (m — p) is called
the “bias of the measurement method”.

4 © BSI 15 March 2002
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In some situations, the level of the test is exclusively defined by the measurement method, and the concept
of an independent true value does not apply; for example, the Vicker’s hardness of steel and the Micum
indices of coke belong to this category. However, in general, the bias is denoted by 6(6 = 0 where no true
value exists), then the general mean m is

m=u+0 .. (2)
NOTE 2 Discussion of the bias term 0 and a description of trueness experiments are given in ISO 5725-4.

6.2.2 When examining the difference between test results obtained by the same measurement method, the
bias of the measurement method may have no influence and can be ignored, unless it is a function of the
level of the test. When comparing test results with a value specified in a contract, or a standard value where
the contract or specification refers to the true value i and not to the level of the test m, or when comparing
test results obtained using different measurement methods, the bias of the measurement method must be
taken into account.

6.3 Term B

6.3.1 B is a term representing the deviation of a laboratory, for one or more reasons, from m, irrespective
of the random error e occurring in every test result. Under repeatability conditions in one laboratory, B is
considered constant and is called the “laboratory component of bias”.

6.3.2 However, when using a measurement method routinely, it is apparent that embodied within an
overall value for B are a large number of effects which are due, for example, to changes in the operator, the
equipment used, the calibration of the equipment, and the environment (temperature, humidity, air
pollution, etc.). The statistical model [equation (1)] can then be rewritten in the form:

y=m+By+ By +Bgt..te .. (3)

or

y=U+0+By+Byy+ By +..+e .. (4)

where B is composed of contributions from variates By, B(j), B(g) ... and can account for a number of
intermediate precision factors.

In practice, the objectives of a study and considerations of the sensitivity of the measurement method will
govern the extent to which this model is used. In many cases, abbreviated forms will suffice.

6.4 Terms B, B(;), B(y), etc.

6.4.1 Under repeatability conditions, these terms all remain constant and add to the bias of the test results.
Under intermediate precision conditions, By is the fixed effect of the factor(s) that remained the same
(state 1 of Table 1), while By), B(g), etc. are the random effects of the factor(s) which vary (state 2 of
Table 1). These no longer contribute to the bias, but increase the intermediate precision standard deviation
so that it becomes larger than the repeatability standard deviation.

6.4.2 The effects due to differences between operators include personal habits in operating measurement
methods (e.g. in reading graduations on scales, etc.). Some of these differences should be removable by
standardization of the measurement method, particularly in having a clear and accurate description of the
techniques involved. Even though there is a bias in the test results obtained by an individual operator, that
bias is not always constant (e.g. the magnitude of the bias will change according to his/her mental and/or
physical conditions on that day) and the bias cannot be corrected or calibrated exactly. The magnitude of
such a bias should be reduced by use of a clear operation manual and training. Under such circumstances,
the effect of changing operators can be considered to be of a random nature.

6.4.3 The effects due to differences between equipment include the effects due to different places of
installation, particularly in fluctuations of the indicator, etc. Some of the effects due to differences between
equipment can be corrected by exact calibration. Differences due to systematic causes between equipment
should be corrected by calibration, and such a procedure should be included in the standard method. For
example, a change in the batch of a reagent could be treated that way. An accepted reference value is
needed for this, for which ISO Guide 33 and ISO Guide 35 shall be consulted. The remaining effect due to
equipment which has been calibrated using a reference material is considered a random effect.

© BSI 15 March 2002 5
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6.4.4 The effects due to time may be caused by environmental differences, such as changes in room
temperature, humidity, etc. Standardization of environmental conditions should be attempted to minimize
these effects.

6.4.5 The effect of skill or fatigue of an operator may be considered to be the interaction of operator and
time. The performance of a set of equipment may be different at the time of the start of its use and after
using it for many hours: this is an example of interaction of equipment and time. When the population of
operators is small in number and the population of sets of equipment even smaller, effects caused by these
factors may be evaluated as fixed (not random) effects.

6.4.6 The procedures given in ISO 5725-2 are developed assuming that the distribution of laboratory
components of bias is approximately normal, but in practice they work for most distributions provided that
these distributions are unimodal. The variance of B is called the “between-laboratory variance”, expressed
as

Var(B) = 07 . (B)

However, it will also include effects of changes of operator, equipment, time and environment. From a
precision experiment using different operators, measurement times, environments, etc., in a nested design,
intermediate precision variances can be calculated. Var(B) is considered to be composed of independent
contributions of laboratory, operator, day of experiment, environment, etc.

Var(B) = Var(B) + Var(B()) + Var(B) + ... ... (6)

The variances are denoted by

2
Var(By) = 0y,
_ 2

2
Var(Bg)) = O3> etc. .. (7

Var(B) is estimated in practical terms as s2 and similar intermediate precision estimates may be obtained
from suitably designed experiments.

6.5 Error term, e

6.5.1 This term represents a random error occurring in every test result and the procedures given
throughout this part of ISO 5725 were developed assuming that the distribution of this error variable is
approximately normal, but in practice they work for most distributions provided that they are unimodal.

6.5.2 Within a single laboratory, its variance is called the within-laboratory variance and is expressed as

Var(e) = a@v .. (8)

6.5.3 It may be expected that 0\22V will have different values in different laboratories due to differences such
as in the skills of the operators, but in this part of ISO 5725 it is assumed that, for a properly standardized
measurement method, such differences between laboratories should be small and that it is justifiable to
establish a common value of within-laboratory variance for all the laboratories using the measurement
method. This common value, which is estimated by the mean of the within-laboratory variances, is called
the “repeatability variance” and is designated by

0” = Var(e) - 9)

This mean value is taken over all the laboratories taking part in the accuracy experiment which remain
after outliers have been excluded.

6 © BSI 15 March 2002
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7 Choice of measurement conditions

7.1 In applying a measurement method, many measurement conditions are conceivable within a
laboratory, as follows:

a) repeatability conditions (four factors constant);

b) several intermediate precision conditions with one factor different;

¢) several intermediate precision conditions with two factors different;
d) several intermediate precision conditions with three factors different;
e) intermediate precision conditions with four factors different.

In the standard for a measurement method, it is not necessary (or even feasible) to state all possible
precision measures, although the repeatability standard deviation should always be specified. As regards
intermediate precision measures, common commercial practice should indicate the conditions normally
encountered, and it should be sufficient to specify only the one suitable intermediate precision measure,
together with the detailed stipulation of the specific measurement conditions associated with it. The
measurement condition factor(s) to be changed should be carefully defined; in particular, for time-different
intermediate precision, a practical mean time interval between successive measurements should be
specified.

7.2 It is assumed that a standardized measurement method will be biased as little as possible, and that the
bias inherent in the method itself should have been dealt with by technical means. This part of ISO 5725,
therefore, deals only with the bias coming from the measurement conditions.

7.3 A change in the factors of the measurement conditions (time, calibration, operator and equipment) from
repeatability conditions (i.e. from state 1 to 2 of Table 1) will increase the variability of test results.
However, the expectation of the mean of a number of test results will be less biased than under
repeatability conditions. The increase in the standard deviation for the intermediate precision conditions
may be overcome by not relying on a single test result but by using the mean of several test results as the
final quoted result.

7.4 Practical considerations in most laboratories, such as the desired precision (standard deviation) of the
final quoted result and the cost of performing the measurements, will govern the number of factors and the
choice of the factor(s) whose changes can be studied in the standardization of the measurement method.

8 Within-laboratory study and analysis of intermediate precision measures

8.1 Simplest approach

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

A graph of (y;, —y) versus the measurement number k, where y;, is the kh test result of n replicate test
results and y1s the mean of the n replicate test results, is recommended to identify potential outliers. A
more formal test of outliers consists of the application of Grubbs’ test as given in subclause 7.3.4 of

ISO 5725-2:1994.

The estimate of the intermediate precision standard deviation with M factor(s) different is given by

Si() = ! Z(Yk - 5)? ... (10)
k=1

n—1

where symbols denoting the intermediate precision conditions should appear inside the parentheses.
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8.2 An alternative method

8.2.1 An alternative method considers ¢ groups of measurements, each comprising n replicate test results.
For example, within one laboratory, a set of ¢ materials could each be measured, then the intermediate
precision factor(s) could be altered and the ¢ materials remeasured, the procedure being repeated until
there are n test results on each of the ¢ materials. Each group of n test results shall be obtained on one
identical sample (or set of presumed identical samples in the case of destructive testing), but it is not
essential that the materials be identical. It is only required that the ¢ materials all belong to the interval
of test levels within which one value of the intermediate precision standard deviation with M factor(s)
different can be considered to apply. It is recommended that the value of t(n — 1) should be at least 15.

EXAMPLE

One operator performs a single measurement on each of the ¢t materials, then this is repeated by a second
operator, and possibly by a third operator, and so on, allowing an estimate of s1(0) to be calculated.

8.2.2 A graph of (yj —¥;) versus the material number j, where Yjk 1s the kth test result on the jth material
and Y;is the average of the n results on the jth material, is recommended to identify potential outliers. A
more formal test of outliers consists of the application of Grubbs’ test as given in subclause 7.3.4 of

ISO 5725-2:1994 either for each group separately or for all tn test results combined.

The estimate of the intermediate precision standard deviation with M factor(s) different, sy(), is then given
by

—1 O = 3)° .. (11)

For n = 2 (i.e. two test results on each material), the formula simplifies to

t
1 2
Siny = EZ()’n - ij) - (12)

j=1

8.3 Effect of the measurement conditions on the final quoted result

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

EXAMPLE

In the international trading of coal, the size of the consignment can often exceed 70 000 t, and the ash
content is determined finally on a test portion of only 1 g. In a contract stipulating that each difference of
1 % in ash content corresponds to USD 1,5 per tonne of coal, a difference of 1 mg in the weighing of ash by
a chemical balance corresponds to 0,1 % in ash content, or USD 0,15 per tonne, which for such a
consignment amounts to a difference in proceeds of USD 10 500 (from 0,1 X 1,5 X 70 000).

8.3.2 Consequently, the final quoted result of chemical analysis or physical testing should be sufficiently
precise, highly reliable and, especially, universal and reproducible. A final quoted result which can be
guaranteed only under conditions of a specific operator, equipment or time may not be good enough for
commercial considerations.
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9 Interlaboratory study and analysis of intermediate precision measures

9.1 Underlying assumptions

Estimation of intermediate measures of precision from interlaboratory studies relies on the assumption
that the effect of a particular factor is the same across all laboratories, so that, for example, changing
operators in one laboratory has the same effect as changing operators in another laboratory, or that
variation due to time is the same across all laboratories. If this assumption is violated, then the concept of
intermediate measures of precision does not make sense, nor do the techniques proposed in the subsequent
sections to estimate these intermediate measures of precision. Careful attention to outliers (not necessarily
deletion of outliers) must be paid as this will help in detecting departure from the assumptions necessary
to pool information from all laboratories. One powerful technique to detect potential outliers is to depict
the measurements graphically as a function of the various levels of the factors or the various laboratories
included in the study.

9.2 Simplest approach

If material at g levels is sent to p laboratories who each perform measurements on each of the g levels with
a change of intermediate precision factor(s) between each of the n measurements, then the analysis is by
the same method of calculation as explained in ISO 5725-2, except that an intermediate precision standard
deviation is estimated instead of the repeatability standard deviation.

9.3 Nested experiments

A further way of estimating intermediate precision measures is to conduct more sophisticated experiments.
These can be fully-nested or staggered-nested experiments (for definitions of these terms, see ISO 3534-3).
The advantage of employing a nested experimental design is that it is possible, at one time and in one
interlaboratory experiment, to estimate not only repeatability and reproducibility standard deviations but
also one or more intermediate precision standard deviations. There are, however, certain caveats which
must be considered, as will be explained in 9.8.

9.4 Fully-nested experiment
A schematic layout of the fully-nested experiment at a particular level of the test is given in Figure 1.

By carrying out the three-factor fully-nested experiment collaboratively in several laboratories, one
intermediate precision measure can be obtained at the same time as the repeatability and reproducibility
standard deviations, i.e. 0(g), 0(1) and 0, can be estimated. Likewise the four-factor fully-nested experiment
can be used to obtain two intermediate precision measures, i.e. 0(j), 0(1), 0(2) and 0, can be estimated.

The subscripts i, j and & suffixed to the data y in Figure 1a) for the three-factor fully-nested experiment
represent, for example, a laboratory, a day of experiment and a replication under repeatability conditions,
respectively.

The subscripts i, j, k and [ suffixed to the data y in Figure 1b) for the four-factor fully-nested experiment
represent, for example, a laboratory, a day of experiment, an operator and a replication under repeatability
conditions, respectively.

Analysis of the results of an n-factor fully-nested experiment is carried out by the statistical technique
“analysis of variance” (ANOVA) separately for each level of the test, and is described in detail in Annex B.

9.5 Staggered-nested experiment
A schematic layout of the staggered-nested experiment at a particular level of the test is given in Figure 2.

The three-factor staggered-nested experiment requires each laboratory i to obtain three test results. Test
results y;; and y;9 shall be obtained under repeatability conditions, and y;3 under intermediate precision
conditions with M factor(s) different (M = 1, 2 or 3), for example under time-different intermediate
precision conditions (by obtaining y;3 on a different day from that on which y;; and y;5 were obtained).

In a four-factor staggered-nested experiment, y;, shall be obtained under intermediate precision conditions
with one more factor different, for example, under [time + operator]-different intermediate precision
conditions by changing the day and the operator.

Again, analysis of the results of an n-factor staggered-nested experiment is carried out by the statistical
technique “analysis of variance” (ANOVA) separately for each level of the test, and is described in detail in
Annex C.
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Figure 1 — Schematic layouts for three-factor and four-factor fully-nested experiments
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Figure 2 — Schematic layout of a four-factor staggered-nested experiment

9.6 Allocation of factors in a nested experimental design

The allocation of the factors in a nested experimental design is arranged so that the factors affected most
by systematic effects should be in the highest ranks (0, 1, ...), and those affected most by random effects

should be in the lowest ranks, the lowest factor being considered as a residual variation. For example, in a
four-factor design such as illustrated in Figure 1 b) and Figure 2, factor 0 could be the laboratory, factor 1
the operator, factor 2 the day on which the measurement is carried out, and factor 3 the replication. This

may not seem important in the case of the fully-nested experiment due to its symmetry.

10
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9.7 Comparison of the nested design with the procedure given in ISO 5725-2

The procedure given in ISO 5725-2, because the analysis is carried out separately for each level of the test
(material), 1s, in fact, a two-factor fully-nested experimental design and produces two standard deviations,
the repeatability and reproducibility standard deviations. Factor 0 is the laboratory and factor 1 the
replication. If this design were increased by one factor, by having two operators in each laboratory each
obtaining two test results under repeatability conditions, then, in addition to the repeatability and
reproducibility standard deviations, one could determine the operator-different intermediate precision
standard deviation. Alternatively, if each laboratory used only one operator but repeated the experiment
on another day, the time-different intermediate precision standard deviation would be determined by this
three-factor fully-nested experiment. The addition of a further factor to the experiment, by each laboratory
having two operators each carrying out two measurements and the whole experiment being repeated the
next day, would allow determination of the repeatability, reproducibility, operator-different,
time-different, and [time + operator]-different standard deviations.

9.8 Comparison of fully-nested and staggered-nested experimental designs

An n-factor fully-nested experiment requires 27! test results from each laboratory, which can be an
excessive requirement on the laboratories. This is the main argument for the staggered-nested
experimental design. This design requires less test results to produce the same number of standard
deviations, although the analysis is slightly more complex and there is a larger uncertainty in the
estimates of the standard deviations due to the smaller number of test results.
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Annex A (normative)
Symbols and abbreviations used in ISO 5725

a Intercept in the relationship
s=a+bm

A Factor used to calculate the uncertainty of an estimate

b Slope in the relationship
s=a+bm

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

B Component of B representing all factors that do not change in intermediate precision
conditions

By, By, etc. Components of B representing factors that vary in intermediate precision conditions

c Intercept in the relationship
lgs=c+dlgm

cc,c Test statistics

Cority Corits C'ere Critical values for statistical tests

CDp Critical difference for probability P

CRp Critical range for probability P

d Slope in the relationship
lgs=c+dlgm

e Component in a test result representing the random error occurring in every test
result

f Critical range factor

F,(vq, v9) p-quantile of the F-distribution with v; and vy degrees of freedom

G Grubbs’ test statistic

h Mandel’s between-laboratory consistency test statistic

k Mandel’s within-laboratory consistency test statistic

LCL Lower control limit (either action limit or warning limit)

m General mean of the test property; level

M Number of factors considered in intermediate precision conditions

N Number of iterations

n Number of test results obtained in one laboratory at one level (i.e. per cell)

p Number of laboratories participating in the interlaboratory experiment

P Probability

q Number of levels of the test property in the interlaboratory experiment

r Repeatability limit

R Reproducibility limit

RM Reference material

s Estimate of a standard deviation

S Predicted standard deviation

T Total or sum of some expression

t Number of test objects or groups

UCL Upper control limit (either action limit or warning limit)

w Weighting factor used in calculating a weighted regression

w Range of a set of test results

x Datum used for Grubbs’ test
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L R

> o O s < ™K <

=

c

x2(v)

Test result
Arithmetic mean of test results

Grand mean of test results

Significance level

Type II error probability

Ratio of the reproducibility standard deviation to the repeatability standard deviation
(OR/Or)

Laboratory bias

Estimate of A

Bias of the measurement method
Estimate of 6

Detectable difference between two laboratory biases or the biases of two measurement
methods

True value or accepted reference value of a test property
Number of degrees of freedom

Detectable ratio between the repeatability standard deviations of method B and
method A

True value of a standard deviation

Component in a test result representing the variation due to time since last
calibration

Detectable ratio between the square roots of the between-laboratory mean squares of
method B and method A

p-quantile of the ¥2-distribution with v degrees of freedom

Symbols used as subscripts

C
E
i

Q)

~.

sHmYvoEE O™

1,2, 3...
D, (2), 3)...

Calibration-different
Equipment-different
Identifier for a particular laboratory

Identifier for intermediate measures of precision; in brackets, identification of the type of
intermediate situation

Identifier for a particular level ISO 5725-2).

Identifier for a group of tests or for a factor (ISO 5725-3)
Identifier for a particular test result in a laboratory i at level j
Between-laboratory (interlaboratory)

Identifier for detectable bias

Between-test-sample

Operator-different

Probability

Repeatability

Reproducibility

Time-different

Within-laboratory (intralaboratory)

For test results, numbering in the order of obtaining them
For test results, numbering in the order of increasing magnitude
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Annex B (normative)
Analysis of variance for fully-nested experiments

The analysis of variance described in this annex has to be carried out separately for each level of the test
included in the interlaboratory experiment. For simplicity, a subscript indicating the level of the test has
not been suffixed to the data. It should be noted that the subscript j is used in this part of ISO 5725 for
factor 1 (factor O being the laboratory), while in the other parts of ISO 5725 it is used for the level of the
test.

The methods described in subclause 7.3 of ISO 5725-2:1994 should be applied to check the data for
consistency and outliers. With the designs described in this annex, the exact analysis of the data is very
complicated when some of the test results from a laboratory are missing. If it is decided that some of the
test results from a laboratory are stragglers or outliers and should be excluded from the analysis, then it
is recommended that all the data from that laboratory (at the level affected) should be excluded from the
analysis.

B.1 Three-factor fully-nested experiment

The data obtained in the experiment are denoted by y;i;, and the mean values and ranges are as follows:

S _ 1 Ji= 5y +7 Y=t >3
3ij = O + i) %= O+ 32) y=FZ)’,’
1

Wiy = i — Vil Wi2) = i1 — Yial

where p is the number of laboratories which have participated in the interlaboratory experiment.

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

SST=>" "> (yx—y)?=S5S0+SS1 + SSe
i J k
where

$50=3" 3 > (i=9) =43 (=5 = 4> () - 4p()°

i

S$1=20 2. 2 053" =23 3 6,-5)" = X i
ik 5 -
AP IDIPUEES DIOILE
ik iy

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

Table B.1 — ANOVA table for a three-factor fully-nested experiment

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

0 SS0 p-1 MSO0 = SS0/(p — 1) o} +20(;) + 40,

1 SS1 p MS1 =SS1/p 02+2043,

Residual SSe 2p MSe = SSe/(2p) 0?

Total SST 4p—-1

14 © BSI 15 March 2002



ISO 5725-3:1994

The unbiased estimates S(%) , 8(21) and s% of 0((2)) , 0(% and G?A, respectively, can be obtained from the mean
squares MS0, MS1 and MSe as

2 =1 -
s, = % (MSO-MS1)
_1
s&) =3 (MS1—-MSe)
s2 = MSe

The estimates of the repeatability variance, one-factor-different intermediate precision variance and
reproducibility variance are, respectively, as follows:

B.2 Four-factor fully-nested experiment

The data obtained in the experiment are denoted by y;;3;, and mean values and ranges are as follows:

Vi = —;“ i1 + Yije2) Wiik1) = g1 — Yiiezl
Vi = % Fijr + ¥i2) Wii2) = i — Vil
yi = % ¥ + ¥2) W) = 1Y — Yl
F=1>

where p is the number of laboratories which have participated in the interlaboratory experiment.

The total sum of squares, SST, can be subdivided as follows:

SST=>" "> > (u—Y)* =SS0+ SS1 + SS2 + SSe
i J k ]

where

0= >" > > Gi-9'=8> ()" -8()’
i j ok ] i

SS1=3" > > > G-W1=4)y. D =W =2 wa
i J k 1 i J i
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SSe = Z Z Z Z(yijkl —)_’ijk)z = %Z Z Zwuk
i k1

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

Table B.2 — ANOVA table for a four-factor fully-nested experiment

Source Sum of squares | Degrees of freedom Mean square Expected mean square
0 SS0 p-1 MSO0 = SS0/(p — 1) 02+203 + 4032 + 803,
1 SS1 p MS1 = SS1/p o} +203+ 403)
2 SS52 2p MS2 = SS2/(2p) o2+ 20(2)
Residual SSe 4p MSe = SSe/(4p) 0‘%
Total SST 8p—-1

2 2 2
The unbiased estimates S(%)), 3(%), Sé) and 53 of 9, 91, 0(21) and O, , respectively, can be obtained from
the mean squares MS0, MS1, MS2 and MSe as follows:

2 -1 _
52, = 1 (MS0-MSD)
1
2 = = _
53, =} ousi-Ms2)
_1 _
2 = 1 usz-Mse)
s2 = MSe

The estimates of the repeatability variance, one-factor-different intermediate precision variance,
two-factors different intermediate precision variance and reproducibility variance are, respectively, as
follows:
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Annex C (normative)
Analysis of variance for staggered-nested experiments

The analysis of variance described in this annex has to be carried out separately for each level of the test
included in the interlaboratory experiment. For simplicity, a subscript indicating the level of the test has
not been suffixed to the data. It should be noted that the subscript j is used in this part of ISO 5725 for the
replications within the laboratory, while in the other parts of ISO 5725 it is used for the level of the test.

The methods described in subclause 7.3 of ISO 5725-2:1994 should be applied to check the data for
consistency and outliers. With the designs described in this annex, the exact analysis of the data is very
complicated when some of the test results from a laboratory are missing. If it is decided that some of the
test results from a laboratory are stragglers or outliers and should be excluded from the analysis, then it
is recommended that all the data from that laboratory (at the level affected) should be excluded from the
analysis.

C.1 Three-factor staggered-nested experiment

The data obtained in the experiment within laboratory i are denoted by y;; (j = 1, 2, 3), and the mean values
and ranges are as follows:

(¥in + ) Wiy = in — Yol

1

2
_ 1 _
Yoy =73 i + Y2 + ¥ia) Wi2) = i) — Yaal

= 1 _
Y=71 Z)’i(z)
!

where p is the number of laboratories which have participated in the interlaboratory experiment.

The total sum of squares, SST, can be subdivided as follows:

SST = Z Z (v; — ¥)? = SSO + SS1 + SSe
where
SS0 = 3Z %) - 3p0

1 2
SSe = = ZW"(”

Since the degrees of freedom for the sums of squares SS0, SS1 and SSe are p — 1, p and p, respectively, the
ANOVA table is composed as shown in Table C.1.
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Table C.1 — ANOVA table for a three-factor staggered-nested experiment

Source Sum of squares Degrees of freedom Mean square Expected mean square
0 SS0 p-1 SS0/(p — 1) 02+2 03 + 302
2,4 2
Residual SSe D SSelp o?
Total SST 3p—1

The unbiased estimates s(%), 3(21) and % 2of 0(0), 0'(21) and 0'3, respectively, can be obtained from the mean

squares MS0, MS1 and MSe as follows:
2 1 _3 1
S0~ 3 MSO0 B MS1 + 15 MSe

2 _3 3
5(1)'1 MSl—4MSe

= MSe

The estimates of the repeatability variance, one-factor-different intermediate precision variance and
reproducibility variance are, respectively, as follows:

C.2 Four-factor staggered-nested experiment

The data obtained in the experiment within laboratory i are denoted by Yij G=1,2,3,4), and the mean
values and ranges are as follows:

- 1

Yioy =5 O + ) Wia) = i — Y2l
_ 1 _

Yie) =3 O + Y2 + ¥3) Wi2) = i) — Yl
_ 1 _

Yi3) =7 i + Y2 + Y + Yia) Wi@) = i) — Yl

= 1 _
Y=7p Z)’i(s)
1

where p is the number of laboratories which have participated in the interlaboratory experiment.
The ANOVA table is composed as shown in Table C.2.
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Table C.2 — ANOVA table for a four-factor staggered-nested experiment

Source Sum of squares Degrees of Mean square Expected mean square
freedom
- 2 =2 2,3 + 5 o 2 2
0 4y Fig) —4p©) p—1 SS0/(p — 1) Tr¥35 005 %5 0040
l
3 2 2,7 2 3 2
1 1 2. Wis) p SS1/p Ot e %2t 390
l
9 9 o2+ 4 o2
9 3 Zwi(Z) p SS2/p rT 392
[
1 2 2
Residual 3 Zwiu) p SSe/p Or
i
=2
Total Zz(yij_y) 4p -1
tJ

C.3 Five-factor staggered-nested experiment

The data obtained in the experiment within laboratory i are denoted by Yij (G=1,2,3,4,5), and the mean

values and ranges are as follows:

Yiy = % (i1 + ¥i2) Wity = lYin = Yeal

Vi) = % i1 + Y2 + Yia) Wi2) = iy — Yl
Yi) = % O + Y2 + Vi + Yia) Wwi3) = Vi) = Vil
Yia) = -;3— i + Y2 + Ya + Yia T Vo) Wia) = Vi3) — Vil

y = % Zyi(a)

where p is the number of laboratories which have participated in the interlaboratory experiment.
The ANOVA table is composed as shown in Table C.3.
Table C.3 — ANOVA table for a five-factor staggered-nested experiment

Source Sum of squares Degrees of Mean square Expected mean square
freedom
- 2 =2 2 7 2 11 o 17 2 2
0 5;(yi(4)) -5p(y) |p-1 SS0(p-1) |0, 503t 5 0ot 5 04)*50(,)
4« 2 p 2,18 2 8
1 5 Wi SS1/p o+ 15 9% * 15 O * 5 O
13
3 2 2,7 92 .3 _2
2 4 Zwi(S) p SS2/p o,.* 5 O3 + - 05
i
2 2 2,4 2
3 5 2% p SS3lp Ir*3 %)
13
1 2 2
Residual 5 2 Wi p SSelp Or
l
_2
Total DY 0i=y) 5p—1
i J
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C.4 Six-factor staggered-nested experiment

The data obtained in the experiment within laboratory i are denoted by Yij (G=1,2,3,4,5,6), and the mean
values and ranges are as follows:

Vi) = ‘;— (i + ¥i2) Wity = yir — Yl

Vi) = ‘;’— i + Y2 + ¥a) Wi2) = i) = Yl
Yi@) = ‘21‘ i1 + Y2 + Yz + Yia) Wia) = i) — Vil
Vi) = % Ot + Y2 + Y + Yia + Yis) Wia) = Vi) — Vsl
Yis) = ‘é‘ i + Yz + Yz + Yia + Yis + Yie) Wi(s) = Vi(a) — Yiel

- 1 _
-} S
i
where p is the number of laboratories which have participated in the interlaboratory experiment.

The ANOVA table is composed as shown in Table C.4.
Table C.4 — ANOVA table for a six-factor staggered-nested experiment

Source Sum of squares Degrees of Mean square Expected mean square
freedom
65 (.- )2 — 603> 2,452 1052 4352 +13 52 4en2
0 Z(yi(5)) -6p(y) |p-1 SS0/(p—1) |97+ 3 Oa) *20(3) +30(2) * 5 0(1) * 60(0)
l
5 2 2,16 2 .6 2 7 2 .5 2
1 5 2Wis) p SS1/p Or* 15 %) Y593 T 592 T3 90)
13
4 2 2,11 9 13 2 .8 _2
2 5 LWi p SS2/p T+ 0% 0% 5 %@
l
3 2 2.7 92 .3 2
3 1 Zwi(g) D SS3/p 0r*5 %475 9
1
2 2 2.4 2
4 3 2 Wi D SS4/p Oy 3 O
l
: 1 2 o2
Residual 5 Zwi(l) D SSelp r
l
_ 2
Total >3 =) 6p—1
i

Annex D (informative)
Examples of the statistical analysis of intermediate precision experiments

D.1 Example 1 — Obtaining the [time + operator]-different intermediate precision standard
deviation, sy(), within a specific laboratory at a particular level of the test

D.1.1 Background

a) Measurement method: Determination of the carbon content in steel by vacuum emission
spectrometry with test results expressed as percentages by mass.

b) Source: Routine report of a steel works in November 1984.

¢) Experimental design: In a specific laboratory, a randomly selected sample out of the materials
analysed on one day was analysed again on the next day by a different analyst. In a month 29 pairs of
such data were obtained (see Table D.1).
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D.1.2 Analysis

The data yj;, yj2 and w; = |yj1 - yj2| are shown in Table D.1. The analysis follows the procedure given in 8.2.

A plot of the data [deviations from the mean of the measurements on both days (¥ ik~ y j) versus the sample
number j] is shown in Figure D.1. This plot and the application of Cochran’s test indicate that the ranges

for samples with numbers 20 and 24 are outliers. There is a large discrepancy between the daily

measurements on these samples which is most likely due to errors in recording the data. The values for

these two samples were removed from the computation of the [time + operator]-different intermediate

precision standard deviation, syp(), which is calculated according to equation (12) as

27

1 2 -3
e E W =287 x10
2 x27 =

Siro) =
Table D.1 — Original data — Carbon content, % (m/m)
Sample No. First day Next day Range
J Yj1 Yie wj
1 0,130 0,127 0,003
2 0,140 0,132 0,008
3 0,078 0,080 0,002
4 0,110 0,113 0,003
5 0,126 0,128 0,002
6 0,036 0,032 0,004
7 0,050 0,047 0,003
8 0,143 0,140 0,003
9 0,091 0,089 0,002
10 0,040 0,030 0,010
11 0,110 0,113 0,003
12 0,142 0,145 0,003
13 0,143 0,143 0,007
14 0,169 0,165 0,004
15 0,169 0,173 0,004
16 0,149 0,144 0,005
17 0,044 0,044 0,000
18 0,127 0,122 0,005
19 0,050 0,048 0,002
20 0,042 0,146 0,104
21 0,150 0,145 0,005
22 0,135 0,133 0,002
23 0,044 0,045 0,001
24 0,100 0,161 0,061
25 0,132 0,131 0,001
26 0,047 0,045 0,002
27 0,168 0,165 0,003
28 0,092 0,088 0,004
29 0,041 0,043 0,002
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Figure D.1 — Carbon content in steel — Deviations from the mean of the measurements
on both days versus the sample number
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D.2 Example 2 — Obtaining the time-different intermediate precision standard deviation by
interlaboratory experiment

D.2.1 Background

a) Measurement method: Determination of the vanadium content in steel by the atomic absorption
spectrometric method described in the instructions for the experiment. Test results are expressed as
percentages by mass.

b) Source: ISO/TC 17, Steel/SC 1, Methods of determination of chemical composition. Experiment
carried out in May 1985.

c¢) Experimental design: A three-factor staggered-nested experiment was carried out with 20
laboratories each reporting two test results obtained under repeatability conditions on one day, followed
by one further test result on the next day at each of the six levels included in the experiment. All
measurements in any laboratory were carried out by one operator, using the same measurement
equipment.

D.2.2 Analysis
The data for all six levels are given in Table D.2.
The analysis of variance is presented for only one of the levels, i.e. level 1.

A plot of the data (test results for day 1 and day 2 versus laboratory number i) is shown in Figure D.2. This
plot indicates that laboratory 20 is an outlier laboratory. There is a large discrepancy between the test
result for day 2 and the mean value for day 1, which is very large compared with the test results for the
other laboratories. This laboratory was removed from the calculations of the precision measures.

In accordance with C.1 of Annex C, wj(1), wj) and ¥; o) were computed and the results are shown in
Table D.3.
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Figure D.2 — Vanadium content in steel — Test results for day 1 and 2 at level 1 versus
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Table D.2 — Original data — Vanadium content, % (m/m)

Laboratory Level 1 (0,01 %) Level 2 (0,04 %) Level 3 (0,1 %) Level 4 (0,2 %) Level 5 (0,5 %) Level 6 (0,75 %)
No. Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2

i Yi1 Yi2 Yi3 Yi1 Yi2 Yi3 Yi1 Yi2 Yi3 Yi1 Yi2 Yi3 Yi1 Yi2 Yi3 Yi1 Yi2 Yi3
1 0,0091 |0,0102 |0,009 8 (0,038 2 (0,038 8 |0,038 5 |0,101 0,103 0,102 0,214 0,211 0,210 0,514 0,510 0,513 0,755 0,753 0,751
2 0,010 0 |0,010 0 |0,0090 |0,0410 (0,0410 |0,0390 |0,111 0,111 0,108 0,220 0,220 0,215 0,520 0,540 0,540 0,800 0,755 0,750
3 0,009 5 |0,009 0 {0,009 4 (0,0390 (0,0380 |0,037 0 |0,108 0,110 0,107 0,213 0,215 0,215 0,500 0,514 0,504 0,738 0,730 0,724
4 0,008 0 |0,008 3 {0,007 7 {0,037 4 (0,0361 |0,0382 0,109 0,106 0,104 0,214 0,222 0,201 0,519 0,518 0,518 0,744 0,742 0,732
5 0,010 0 |0,010 0 |0,0100 {0,0350 {0,037 0 |0,037 0 |0,103 0,103 0,110 0,210 0,210 0,205 0,495 0,500 0,512 0,743 0,753 0,750
6 0,008 9 10,009 4 |0,009 4 (0,036 8 {0,036 8 10,037 7 |0,106 0,106 0,108 0,232 0,240 0,221 0,526 0,532 0,513 0,733 0,740 0,746
7 0,009 8 |0,0099 |0,0101 (0,037 6 [0,0380 |0,038 4 |0,107 0,105 0,108 0,215 0,215 0,216 0,521 0,519 0,526 0,754 0,756 0,756
8 0,009 6 |0,009 4 |0,0099 (0,0379 (0,036 6 |0,0379 0,108 0,107 0,108 0,193 0,195 0,210 0,507 0,493 0,511 0,732 0,729 0,732
9 0,010 4 |0,009 4 |0,0100 (0,036 5 ({0,037 0 |0,036 7 |0,104 0,106 0,105 0,211 0,205 0,213 0,509 0,515 0,515 0,734 0,738 0,747
10 0,010 7 |0,011 8 {0,009 7 {0,037 0 (0,037 5 |0,038 0 |0,105 0,110 0,105 0,210 0,220 0,225 0,520 0,520 0,525 0,760 0,760 0,765
11 0,010 0 |0,010 0 |0,009 0 {0,038 0 (0,038 0 |0,037 5 |0,102 0,102 0,102 0,213 0,211 0,214 0,513 0,516 0,514 0,746 0,748 0,746
12 0,0109 |0,011 5 |0,009 7 {0,0390 [0,0390 |0,039 0 |0,101 0,108 0,105 0,208 0,215 0,210 0,509 0,528 0,510 0,758 0,748 0,750
13 0,010 0 |0,009 5 |0,009 5 (0,037 5 (0,037 5 10,037 5 |0,103 0,104 0,108 0,212 0,222 0,215 0,510 0,520 0,505 0,735 0,755 0,750
14 0,009 6 |0,009 6 |0,0100 (0,037 4 [0,0374 10,0389 |0,104 0,106 0,110 0,218 0,218 0,212 0,520 0,528 0,522 0,740 0,735 0,742
15 0,009 9 |0,0091 |0,008 2 (0,0381 (0,0375 |0,0392 0,109 0,106 0,107 0,214 0,210 0,211 0,510 0,510 0,515 0,749 0,729 0,744
16 0,009 8 |0,010 0 {0,009 5 (0,037 3 (0,037 7 10,039 7 |0,105 0,105 0,104 0,215 0,212 0,218 0,519 0,517 0,531 0,754 0,751 0,759
17 0,010 5 |0,0102 |0,011 2 (0,0389 (0,038 2 |0,037 3 |0,107 0,108 0,104 0,214 0,210 0,209 0,517 0,515 0,514 0,735 0,728 0,741
18 0,010 3 |0,010 5 {0,011 8 (0,038 2 (0,0380 |0,037 4 |0,103 0,104 0,103 0,224 0,218 0,217 0,515 0,514 0,517 0,788 0,798 0,787
19 0,009 8 10,009 6 (0,010 4 0,038 3 (0,037 5 |0,036 6 (0,110 0,109 0,104 0,217 0,215 0,215 0,530 0,525 0,520 0,755 0,745 0,740
20 0,014 0 |0,014 0 |0,0100 {0,037 0 {0,040 8 10,0369 0,104 0,106 0,107 0,214 0,214 0,203 0,518 0,518 0,481 0,730 0,737 0,658
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Table D.3 — Values of w;), w;9) and y;(2)

Laboratory No.
i

wi(1)

w;(2)

Vi)

© 00 30 Ut WK

0,0011
0,000 0
0,000 5
0,000 3
0,000 0
0,000 5
0,000 1
0,000 2
0,001 0
0,0011
0,000 0
0,000 6
0,000 5
0,000 0
0,000 8
0,000 2
0,000 3
0,000 2
0,000 2

0,000 15
0,001 00
0,000 15
0,000 45
0,000 00
0,000 25
0,000 25
0,000 40
0,000 10
0,001 55
0,001 00
0,001 50
0,000 25
0,000 40
0,001 30
0,000 40
0,000 85
0,001 40
0,000 70

0,009 700
0,009 667
0,009 300
0,008 000
0,010 000
0,009 233
0,009 933
0,009 633
0,009 933
0,010 733
0,009 667
0,010 700
0,009 667
0,009 733
0,009 067
0,009 767
0,010 633
0,010 867
0,009 933

The sums of squares of w;(;), wj«) and ¥;(9) and the mean value ; are computed as

D why=552x10"°

i

D Wiy =1244x107°

i

D (i)’ =183216x107°

i

- 1 _
Y=g Zy,-(z) = 0,009 798 25

From these values, the sums of squares SS0, SS1 and SSe are obtained, and the ANOVA table is prepared

as

The unbiased estimates of variances between laboratories s
the estimated repeatability variance s% are obtained as

shown in Table D.4.

s2 = 0,278 x10°°
(0)

52
(1)

0,218 x 107°

s =0,145x10°°

2
oy

between days within a laboratory

2
81y and

26
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The reproducibility standard deviation sg, time-different intermediate precision standard deviation syr),
and repeatability standard deviation s, are obtained as

sp =1/ s,2+s(21) +s(20) =0,801 x 1073
S|(T) = \, Sr2 + S(21) = 0,603 X 10-3
s, =1/ s? =0.381x 1073

The values of these standard deviations for the six levels of vanadium content are summarized in Table D.5
and shown in Figure D.3.

Table D.4 — ANOVA table — Vanadium content

Source Sum of squares Degrees of Mean square Expected mean square
freedom
0 (laboratory) 24,16 X 106 18 1,342 X 10-6 2.5 2 2
1 (day) 8,29 X 10-¢ 19 0,436 X 10-6 2.4 2
o, + g 0'(1)
Residual 2,76 X 10-6 19 0,145 x 10-6 02
r

Total 35,21 X 10-6 56

Table D.5 — Values of s, syt) and s, for six levels of vanadium content in steel

Level Outlier laboratories No. | Average (%) s, (%) s1ery (%) sp (%)

1 20 0,009 8 0,381 x 10-3 0,603 x 10-3 0,801 x 10-3
2 2 0,037 8 0,820 x 10-3 0,902 x 10-3 0,954 X 10-3
3 — 0,105 9 1,739 X 10-3 2,305 X 10-3 2,650 X 10-3
4 6 and 8 0,213 8 3,524 x 10-3 4,710 X 10-3 4,826 x 10-3
5 20 0,516 4 6,237 X 10-3 6,436 X 10-3 9,412 x 10-3
6 20 0,748 4 9,545 x 10-3 9,545 x 10-3 15,962 x 10-3

© BSI 15 March 2002
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