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INTERNATIONAL STANDARD

1SO 5725-1986 (E)

Precision of test methods — Determination of
repeatability and reproducibility for a standard test
method by inter-laboratory tests

0 Introdyction

0.1 Tests performed on presumably identical material
{see 4.2) in presumably identical circumstances do not, in

general, yield
random errorg
may influency
controlled. Ir]

identical results. This is attributed to unavoidable
inherent in every test procedure; the factors that
the outcome of a test cannot all be completely
the practical interpretation of test data, this

variability has| to be taken into account. For instance, the dif-

ference betws
within the scd
real deviatiof]
established. S
of material wi
the differenc
variation in tH

0.2 Many d
supposedly id
ity of a test p

a) the og

b) the eg

en a test result and some specified value may be
pe of unavoidable random errors, in which case a

from such a specified value has not been
imilarly, comparing test results from two batches
I not indicate a fundamental quality difference if
b between them can be attributed to inherent
e test procedure.

ifferent factors (apart from variations between
lentical specimens) may contribute to the variabil-
rocedure, including the following :

erator;

uipment used;

c) the chration of the equipment;

d) thee
etc.).

The variabilit
and/or with

vironment (temperature, humidity, air pollution,

between tests performed by different operators
Hifferent equipmeéent) will usually be greater than

between testg carried out by'a single operator using the same

equipment.

0.3 Precisign is¢a\general term for the variability between
repeated testd. Two measures of precision, termed repeatability

between these two extremes are conceivablie;, puch as repeti-
tion of tests within a laboratory at longer-time |ntervals, or by
different operators, or including the effects’of recalibration but
these are not considered in this Intetnational Sfandard. If, in a
particular situation, some intermediate measpre should be
needed, it must be clearly defined by some responsible author-
ity, together with the circumistances under which it applies and
the method by which it should be determined.

0.4 The definitions used in this International Standard are
given in clause3 and the symbols and subscriptq used are given
in annex C,

A bibliography of the publications referred t¢ in this Inter-
national Standard is appended.

1 Scope

This International Standard establishes practicgl definitions of
repeatability r and reproducibility R which lend themselves to
numerical estimation by experiment (see clause 3). It does not
provide any measure of the errors in estimating the values of
r and R. It discusses the implications of these |definitions of r
and R.

This International Standard establishes basic principles for the
layout, organization and analysis of experiments designed for
estimating r and R (see clauses 6 to 17). Expefiments for this

purpose will be referred to as precision experi

ents. Only the

simplest type of experiment for the estimation of
sidered, which consists of tests on samples of id
by several laboratories.

This International Standard aliso presents rule

rand R is con-
lentical material

5 for the inter-

and reproduclbility—have-beenfound-Reeessary-and—fermany

pretation and application of these estimates of 1 and R in prac-

practical cases, sufficient for describing the variability of a test
method. Repeatability refers to tests performed under condi-
tions that are as constant as possible, with the tests performed
during a short interval of time (see 4.3) in one laboratory by one
operator using the same equipment. On the other hand,
reproducibility refers to tests performed in widely varying con-
ditions, in different laboratories with different operators and
different equipment. Under repeatability conditions factors a)
to d) listed in 0.2 are considered constants and do not con-
tribute to the variability, while under reproducibility conditions
they vary and contribute to the variability of the test results.
Thus repeatability and reproducibility are two extremes, the
first measuring the minimum and the second the maximum
variability in results. Other intermediate measures of variability

tical situations (see clauses 18 to 20).

This International Standard does not deal with determining the
accuracy of the test method, as measured by the difference
between the overall mean value and the true value or conven-
tional true value.

2 Field of application

This International Standard deals exclusively with test methods
which yield a single numerical figure as the test result, although
this single figure may be the outcome of a calculation from a
set of observations.
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The essence of the determination of precision values is that
they measure the ability of a test method to repeat a given
determination. Thus the implication is that exactly the same
thing is being measured in exactly the same way.

In order that the measurements are made in the same way, the
test method shall have been standardized and in use in a
number of different laboratories. All tests forming part of a
precision experiment shall be carried out in accordance with
that standard.

Ideally, the various tests should be carried out using the same

when the samples are prepared, but that they should also be
identical at the time of testing.

Because of the above principles, precision should not be deter-
mined using specimens which are known not to be, or are even
suspected of not being identical. Thus the specimens for test
should be taken as similar sub-samples of one bulk sample, and
shall never be drawn from different lots or different con-
signments. These points are discussed further in 4.2.

In practice, where destructive testing is involved, the contribu-
tion to the variability in the test results arising from differences
between the specimens on which the tests are performed shall

specimen. Unforfunately many tests are destructive in nature
(chemical tests, $trength tests of materials) so that the same
specimen is not|available for further determinations. Under
such circumstanges, different specimens shall be used, but
to conform to th¢ basic principle every effort shall be made to
ensure that the specimens are as nearly identical as is possible.
Care shall also be|taken that the specimens are not just identical

either be neghgmle_mmnamd_m_tbmnabﬂmﬁof the test
method itself or else form an inherent part of the tgst method,

and thus truly a component of precision (see 4.2).

The statistical model described in clause 5‘is acdepted as a
suitable basis for the interpretation and-analysis jof the test
results given by a precision experiment Wwhich confprms to the
principles stated above.
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Section one : General principles

3 Quantitative definitions of repeatability and
reproducibility of a standard test method

3.1 For

practical

purposes quantitative definitions are

needed; the following definitions conform with ISO 3534(11,

3.1.1 observed value : The value of a characteristic deter-

mined as the

NOTE — This i

3.19

repeatability value, r : The value below which the ab-

solute difference between two single test results obtained
under repeatability conditions may be expected to lie with a

probability of 95 %.

NOTE — For brevity, in the remainder of this International Standard,
“repeatability value” is shortened to ‘‘repeatability’’ or just “r”" where
the context makes it clear that it is the values that are referred to.

resuttofamrobservation:

a single value obtained from a single observation.

3.1.2 testresult : The value of a characteristic determined by
carrying out g specified test method.

NOTE — The

pst method may specify that a number of individual

observations bg made, and their average reported as the test result. It

may also requirg
of gas volumes

standard corrections to be applied, such as correction
to standard temperature and pressure. Thus a single

test result can e a result calculated from several observed values.

3.1.3 level
results from

bf the test : The general average of the test
all laboratories for one particular material or

specimen tested.

3.1.4 cell : The test results at a single level obtained by one

laboratory.

3.1.5 precisjon: The closeness of agreement between
mutually independent test results obtained under stipulated
conditions.

NOTES

1 Precision dgpends only on the distribution of random errors and

does not relate
value.

2 Repeatabilit

3.1.6
mutually inde
conditions.

3.1.7

to the true value, conventional true value or specified

and reproducibility-are.concepts of precision.

repeatability : The(closeness of agreement between

bendent.test'results obtained under repeatability

3.1.10 repeatability critical difference-\TH
which the absolute difference between two-sin|
obtained under repeatability conditions'may be
with a specified probability.

NOTES

1 The specified probability has to be attached as a
symbol r of the repeatabilityCritical difference, for e
repeatability critical difference for a probability of 90

e value below
gle test results
expected to lie

subscript to the
ample rgq is the
% .

2 The repeatability/vaiue r is the repeatability criticdl difference for a

probability of 95 9%, the subscript being omitted in tH

3.1.11 reproducibility : The closeness of
tween test-results obtained under reproducibilif]

3:1.12 reproducibility conditions : Conditig

is special case.

hgreement be-
y conditions.

ns where test

results are obtained with the same method o identical test

material in different laboratories with different ¢
different equipment.

3.1.13 reproducibility standard deviation
deviation of test results obtained under reprod
tions. It is a parameter of dispersion of the dist]
results under reproducibility conditions.

NOTE — Similarly, reproducibility variance and reprd
cient of variation could be defined and used as para
sion of test results under reproducibility conditions.

3.1.14 reproducibility value, R : The value b
absolute difference between two single test rg

perators using

The standard
Lcibility condi-
Fibution of test

ducibility coeffi-
Ineters of disper-

blow which the
sults obtained

under reproducibility conditions may be expected to lie with a

probability of 95 %.

NOTE — For brevity, in the remainder of this Interna

tional Standard,

"‘reproducibility value’ is shortened to “‘reproducibility’”” or just “R"

repeatability conditions : Conditions where mutually

independent test results are obtained with the same method on

identical test

material in the same laboratory by the same

operator using the same equipment within short intervals of

time.

3.1.8

repeatability standard deviation :

The standard

deviation of test results obtained under repeatability condi-
tions. It is a parameter of dispersion of the distribution of test

results under

repeatability conditions.

NOTE — Similarly, repeatability variance and repeatability coefficient
of variation could be defined and used as parameters of dispersion of

test results und

er repeatability conditions.

where the context makes it ciear that it is the values that are referred to.

3.1.15 reproducibility critical difference : The value below
which the absolute difference between two single test results
obtained under reproducibility conditions may be expected to
lie with a specified probability.

NOTES

1 The specified probability has to be attached as a subscript to the
symbol R of the reproducibility critical difference, for example Rgy is
the reproducibility critical difference for a probability of 90 _%.

2 The reproducibility value R is the reproducibility critical difference
for a probability of 95 %, the subscript being omitted in this special
case.
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3.2 The definitions given in 3.1 apply to results variable on a
continuous scale. If the test result is discrete or rounded off, r
and R are each the minimum value equal to or below which the
absolute difference between two single test results is expected
to lie with a probability of not less than the specified value.

3.3 The terms “repeatability’” and “reproducibility” have
been adopted because they have been in common use for
several years. The symbols r and R are already in general use
for other purposes; in 1SO 3534, r is recommended for the cor-
relation coefficient and R {or w) for the range of a single series
of observations. There should, however, be no confusion if the
full wordings *'repeatability+"—and—reproducibility-R"are-tsed
whenever there i a possibility of misunderstanding; particularly
when r and R ar¢ quoted in standards.

34 Rand r a

5 defined in this international Standard are

meant in the first| place as criteria by which to judge how far a

difference betwe

bn two single test results can be ascribed to

random fluctuations; a difference larger than r or R is suspect
and may justify the conclusion that there exists a systematic

difference, or le

hd to some additional investigation. In this

sense, r and R cdn be termed critical differences, to be applied
to a pair of te§t results obtained under repeatability and
reproducibility canditions respectively.

3.41

It is sometimes required to compare the averages of two

or more tests or| to compare the average of a series with a

specified value.

Critical differences for such purposes can be

derived from r and R as explained in 19.2.1 to 19.2.4.

3.4.2 As define

d, r and R are associated with a probability

level of 95 %. Sgmetimes critical differences with a probability.

level other than 9

tions, the prob.

b % may be preferred; these can be computed

bility level should then be attached as a

as explained in 1{9.1.1. In such cases, to avoid misinterpreta-

subscript; for ex

mple rgg or Ry.

3.4.3 The defipitions in 3.1.9 and 3.1.14-refer to theoretical

constants which

n reality remain unknown.The values of r and

R actually determjined from a precision-experiment as described
in this International Standard are, instatistical terms, estimates

of these constan|

ts, and as such are’subject to errors. Conse-

quently, the probability levels ‘@ssociated with r and R will not
be exactly 95 % But only of'the order of 95 %, and this will also

be true for other
unavoidable but
value as they are
whether the diff

critical differences derived from them. This is
Hoes nat seriously detract from their practical
primarily designed to serve as tools for judging

random uncertainties inherent in the test method or not. Dif-
ferences larger than r or R are suspect.

3.5 If the requ

irements of this International Standard con-

cerning the number of laboratories to be included in a precision
experiment and the number of tests they shouid each carry out
are followed (see 10.1}, the resulting estimates of r and R wiill
be sufficiently precise for practical purposes, with the proviso
that the laboratories participating are truly representative of all
laboratories using the standard method. This hypothetical
population is defined by requirements similar to those given in
10.2. If at some future date it should become evident that this
condition was not or is no longer satisfied by the original preci-

sion experiment, then a fresh precision experiment may be
required, unless it should be possible to re-estimate r and R to
conform to the altered conditions.

3.6 In principle, repeatability r, as defined in 3.1.9, can be
applied to any test method within any single laboratory. A basic
assumption underlying this International Standard is that, for
a standardized test method, repeatability will be, at least ap-
proximately, the same for all laboratories applying the standard
method, so that it is possible to establish one common average
repeatability applicable to any laboratory. However, any
laboratory can, by carrying out a series of tests under

epeatab ondition d e at an estimate o own par-
ticular repeatability for the test method, and check it against
the common standard value. Such a procedureshas not been

worked out in detail in this International Standard.

3.7 When the reproducibility is to\be used as a [critical dif-
ference, the pair of test results to be"compared shal| have been
obtained from two laboratories selected at randorn from the
total population of laboratoriés-using the standard tgst method.
Where test results are always compared between the¢ same two
laboratories, caution is needed, because the probability level
associated with R may then no longer hoid true pwing to a
possible systematic\difference between the results [from these
two particular laboratories. If it is thought that this may be the
case, the two laboratories in guestion should orgarfize a preci-
sion experiment between themselves in order to defermine the
magnitude-of this systematic difference.

38, Although throughout this International| Standard
repeatability and reproducibility are considered in terms of
critical differences, there is no reason for prevent|ng the ex-
pression of precision results in terms of standard deviations or
coefficients of variation if, for any particular appligation, this
would be more appropriate.

3.9 The values of rand R, once determined, can the used in a
variety of ways. For example, they can serve

— toverify that the experimental technique of g laboratory
is up to standard (see 3.6);

— in designing quality control procedures;

— in comparing test results from a batch of material with
a product specification;

— in designing the specifications in the first glace to en-
sure that conformity is verifiable by the test method;

STETICE between Tesuits toutd-beascribed—to — Inhcomparing test results on the same batch of material

obtained by a supplier and a consumer;
— in assessing the suitability of rival test methods.

In some applications, various other factors may have to be
taken into consideration, for example see 4.2.6.

4 Practical implications of the definitions
4.1 Standard test method

4.1.1 As stated in clause 2, the test method under investiga-
tion has to be one that has been standardized. This means that
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there has to be a standard, i.e. a written document that lays

down in full detail how the test should be carried out, -

preferably including a description as to how the test specimen
should be obtained and prepared. The estimates of r and R
derived from such an experiment should always be quoted as
valid only for tests carried out in accordance with the standard
method.

4.1.2 The existence of a standard for the test method implies
the existence of an organization responsible for the establish-
ment of the standard under study.

ISO 5725-1986 (E)

4.2.2 A fluid or fine powder can be homogenized by stirring,
and samples drawn from such batches can then be considered
as identical at the moment they are prepared. Additional
precautions may be needed to ensure that they remain identical
up to the time the tests are carried out. If the material to be
tested consists of a mixture of powders of different relative
density or of different grain size, some care is needed because
segregation may result from shaking, for example during
transport. When reaction with the atmosphere may be ex-
pected, the specimens may be sealed into ampoules, either
evacuated or filled with an inert gas. For perishable materials,
such as foodstuffs or blood samples, it may be necessary to
send them to the participating laboratories in a deep-frozen

4.1.3 Preparing a standard for a test method requires a careful
evaluation of| the method (or possibly several alternative
methods) by [means of experiments in which a number of
laboratories tdke part. Such a standardization experiment will
provide some preliminary information concerning the values of
rand R. The gssential points underlying a precision experiment
to determine 7/ and R is that it will usually require the coopera-
tion of a larger number of laboratories than for a standardiza-
tion experiment, and that these laboratories shall be recruited
from among 3l those using, or likely to use, the standard in
normal operations and not exclusively consist of laboratories
that have gained special experience during the process of stan-

state with detailed instructions of the procedurg for thawing.
Each case has to be judged on its merits.

4.2.3 When the tests have to be' performed on discrete ob-
jects that are not altered by testing, they could,|in principle at
least, be carried out using the same set of obje¢ts in different
laboratories. This, however,~would necessitate tirculating the
same set of objects around-many laboratories often situated far
apart, in different countries or continents, with p considerable
risk of loss or damiage during transport.

dardizing the

ethod. Thus a precision experiment arranged
ination-of r and R should not as a rule be organ-

4.2.4 When-tests have to be performed on solig
cannot be“homogenized (such as metals, ruk

materials that
ber or textile

fabricsand when the tests cannot be repeate

on the same

from a standa
taken into cof
merit.

arding the possible values of r and R obtained
dization experiment is of no value, as they can be
sideration when designing the precision experi-

4.1.4 A predgision experiment can also be considered as-a

practical test ¢
purposes of st
users (laborat
by a precision
been achieved
standard is no
proved. If so,
with a request
c) and 17.3.]

f the adequacy of the standard. One of the\main
pndardization is to eliminate differences‘between
bries) as far as possible, and the data: provided
experiment will reveal how far thispurpose has
. Pronounced differences may‘indicate that the
t yet sufficiently detailed and ‘can possibly be im-
this should be reported 'to/the standards panel
for further investigation.{See 9.6 c), 17.2 b) and

4.2 ldentical material

421 Ina pre
or specimens

cision'experiment, samples of a specific material
f a'specific product are sent from a central point

to a number 9

f laboratories in different places, different coun-

test\piece, inhomogeneity in the test materia|l will form an
essential component of the precision of the megsurement and
the idea of identical material no longer holds gpod. Precision

experiments can still be carried out, but the val
may only be valid for the particular material used
quoted as such. A more universal use of r and R|
table only if it can be demonstrated that the valudq
significantly between material produced at differe
different producers. This would require a more el
iment than has been considered in this Internati

4.25 in4.2.1t04.2.4, reference is made to test
laboratories, with the implication of transportat

es of rand R
and should be
will be accep-
s do not differ
bnt times or by
hborate exper-
nal Standard.

ng in different
on of the test
imens are not

specimens to the laboratory, but some test spe
transportable, such as an oil storage tank. |
testing by different laboratories means that diff:
are sent with their equipment to the test site.

the quantity being measured may be transitory o
as water flow in a river, when care shall be tak
ferent measurements are made under as near

such cases,
rent operators
other cases,
variable, such
n that the dif-

tries, or even in different continents. The requirement that the
tests in these laboratories shall be made on identical material
refers to the moment when these tests are actually carried out,
and in order to achieve this the following two different condi-

tions have to be satisfied :

a) the samples have to be identical when despatched to
the laboratories, and

b) they have to remain identical during transport and dur-
ing the different time intervals that may elapse before the
tests are actually performed in the participating laboratories.

In organizing

precision experiments, both conditions shall be

carefully observed.

objective is to determine the ability to repeat the same measure-
ment.

4.2.6 In practice, r and R, or other critical differences derived
from them using the methods specified in 19.1.1 and/or 19.1.2,
are often used in order to compare batches of commercial
material with a specification or to compare two batches with
each other. A difference larger than that critical difference can
then, inter alia, be explained by the normal commercial in-
homogeneity in the batches of material unless it has been
possible to include this lack of homogeneity in the determina-
tion of » and R. However, in that case, the difficulties will be
the same as those mentioned in 4.2.4.
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4.3 Short intervals of time

According to the definition in 3.1.7, tests for the determination
of repeatability have to be made under constant operating con-
ditions, i.e. during the time covered by the tests, factors such
as those in 0.2 should be constant. In particular, the equipment
should not be recalibrated between the tests unless this is an
essential part of every single determination. In practice, tests
under repeatability conditions should be conducted in as short
a time as possible in order to minimize changes in those factors,
such as environmental ones, which cannot always be
guaranteed constant. [See 10.4.1 ¢).}

given in this International Standard were developed assuming
that the distribution of this error variable was approximately
normal, but, in practice, they work for most distributions pro-
vided that they are unimodal and that the critical differences are
for the 95 % level. Its variance is called the between-laboratory
variance and is expressed as

_ 2
var(B) = of

where af includes the between-operator and the between-
equipment variabilities.

5 Statistical] model
5.1 Basic madel

For estimating the precision of a test method, it is useful to
assume that every single test result, y, is the sum of three com-
ponents :

y=m+ B +He LA

where, for the pgrticular material tested,
m is the general average;
B is the between-laboratory variation;

e is the rangom error occurring in every test.

Other models arg sometimes used, but the above will cover the
majority of pract|cal cases. (See 5.6.}

5.2 General average, m

5.2.1 The genefal average, m, of the material tested is called
the “level of the ftest property'’; specimens of different purities
of a chemical or different materials (e.g. different'types of steel)
will correspond tp different levels. In many technical situations,
the level of the test property is exclusively.defined by the test
method, and the[notion of an independent true value does not
apply. However, [in some situations;~the' concept of a true value
u of the test progjerty may hold good, such as the true concen-
tration of a solufion that is being titrated. The level m is not
necessarily equal to the true value u; the difference (m — u),
when it exists, i called thev"bias of the test method”.

5.2.2 When r dnd"R are used to test the difference between

532 In i f both ran-
dom and systematic components, but they are not.geparated in
this analysis. No attempt has been made in-this International

Standard to give an exhaustive list of the fdctorg that con-
tribute to B, but they include different. climatic |conditions,
variations of equipment within the manufacturer’s|tolerances,
and even the techniques in which({eperators are trained in dif-
ferent places.

5.3.3 If there are a limited.number of laboratories |ikely to use
the method at any time, B can only take a limited number of
values, and to be of practical use, reproducibility shali be deter-
mined from a sét/of laboratories which can be copsidered as
selected at random from all those likely to use the method.
Some caution.is needed when the test results to bg compared
are always performed by the same laboratories. An|example of
the sort.of problem that can arise in this situatior] is given in
clause 23, in which the results from two (11 anfd 1) of the
laboratories are shown to differ consistently by gbout 4 °C.
Where only two laboratories are regularly [concerned,
reproducibility as such should not be used, but a pooperative
experiment between the two laboratories to detdgrmine their
relative bias, and thus their own specific reproducibiility, should
be carried out.

5.4 Error term e in the basic model (see §.1)

5.4.1 The term e represents a random error occurfing in every
single test result and the procedures given in this ihternational
Standard were developed assuming that the distribfition of this
error variable was approximately normal, but, in practice, they
work for most distributions provided that they a\le unimodal

and that the critical differences are for the 95 % level. Within a
single laboratory its variance is called the withifi-laboratory
variance and is expressed as

test results, a bias will have no influence and can be ignored.
But when these criteria are used to compare test results with a
value specified in a contract or in a standard, a bias will have to
be taken into account where the contract or specification refers
to the true value, u, and not to the test level, m. If a true value
exists and is known, the analysis of a precision experiment can
indicate that there is a bias. {See note to 19.2.4.)

5.3 Term B in the basic model {(see 5.1)

5.3.1 The term B is considered to be constant during any
series of tests performed under repeatability conditions, butitis
considered to behave as a random variable in a series of tests
performed under reproducibility conditions. The procedures

9
varel = a.,

5.4.2 It may be expected that aev will have different values in
different laboratories due to differences such as in the skills of
the operators, but, in this International Standard, it is assumed
that for a properly standardized test 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 test method. This common value,
which is the average of all the within-laboratory variances taken
over all the labaoratories taking part in the precision exper-
iment, is called the repeatability variance and is expressed as

varle) = g2
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5.5 Relation between the basic model, and r and R

When the basic model (see 5.1) is adopted, the repeatability
value r depends solely on the repeatability variance (5.4.2),
while the reproducibility value R depends on the sum of the
repeatability variance and the between-laboratory variance
{see 5.3.1). Thus, there are two quantities, called the repeat-
ability standard deviation, expressed as

o, = v/ varle)

and the reproducibility standard deviation, expressed as

ISO 5725-1986 (E)

not yield significant results that indicate its unsuitability. The
action that should be taken when these statistical tests indicate
that the model is unsuitable are discussed in clauses 16 and 17.

6 Design of a precision experiment

6.1 In one layout, samples from g batches of material,
representing g different levels of the test property, are sentto p
laboratories which each perform n tests under repeatability
conditions at each level. These n tests are thus made on iden-

on = \Jof + o2

Hence
repeatability value r = f/2a,, and e(2)
reproduciljility value R = f+/2ap ..(3)
where

the coeffidient

to the diff

f is afa

2 is derived from the fact that r and R refer
brence between two single test results;

ctor the value of which depends both on the

number of test results available for estimating each of the

variances

bnd on the shape of the distributions of the com-

ponents B and e (see 5.1).

However, if these distributions are approximately normal and

the number o
level of 95 %
and the use
International

test results is not too small, then for a probability
the factor f will never differ much from the value 2
of this value is therefore recommended)in this
Btandard, with the value of f+/2 being rounded to

be 2,8. (Takihg into account variations in thewfactor f would

lead to consi
contribute to

Herable complications and would) not effectively
the practical value of r and R.)

In practice, gs the exact values of\the repeatability standard

deviation ang

the reproducibility-standard deviation are not

known, they pre replaced by their estimates s, leading to
r=28s, ..(4)
R = 2,854 ..{5)

tical-material—his-type-of-experimentis-ealleda uniform-level

experiment.

6.2 An alternative preferred in certain ‘cases
the split-level experiment. Each levélis-split into

(see 10.4.2) is
two sub-levels,

a and b, which are only slightly different. Bach laboratory
receives one sample from each of these sub-leyels for testing.

6.3 Full examples o6f both layouts are givgn in the case

studies in section five._Practical considerations
execution are given in section two.

7 Analysis of the data

7.1 The analysis of the data produced by a p
ment, which should be considered as a statistica

entrusted to a statistical expert (see 8.2 and 9.2

following three successive stages :

a) critical examination of the data in order

n planning and

ecision experi-
problem to be
), involves the

to identify and

treat outliers or other irregularities and to tegt the suitability

of the model;

b} computation of preliminary values of r
level separately;

c) establishment of final values of r and R
establishment of a relation between r, R arf
analysis indicates that either of the first two
level m.

7.2 Asdetailed in 14.7 to 14.10, the analysis of
periment first computes, for each level separate

end R for each

, including the
d m when the
depend on the

a precision ex-
y, estimates of

the repeatability variance sf, the between-labora

ory variance s?

and the reproducibility variance s%, as defined n 5.3, 5.4 and

5.6 Suitability of the basic model

It is clear that ine basic model presented in 5.1 is an approxima-
tion that, by extensive experience, is known to satisfy practical
requirements as a working hypothesis for designing the experi-
ments and analysing the data. For the purposes of this Inter-
national Standard, the model is an acceptable approximation as
long as the experimental requirements laid down in section two
are met and the statistical tests specified in section three do

5.5, and then the values of repeatability 7 and the reproduc-
ibility R.

7.3 The analysis, especially 7.1 a), includes a systematic
application of statistical tests, a great variety of which are
available from the literature and which could be used for the
purposes of this International Standard. For practical reasons,
only a limited number of these tests, as expiained in section
three, have been incorporated in this International Standard.
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Section two : Organization of an inter-laboratory precision experiment

NOTE — The methods of operation within different organizations are not expected to be identical. Therefore, the contents of this section are only
intended as a guide to be modified as appropriate to cater for a particular situation.

8 Personnel requirements

8.1 Panel

The actual planmi

: Should each laboratory be sent n separate samples for
each level or one sample for n replicate tests ?-(§ee 10.3.) Or

panel of expertg familiar with the test method and its applica-

tion.

8.2 Statisti(Il expert

At least one me

ber of the panel should have experience in the

statistical design and analysis of experiments.

8.3 Executiye officer

The actual orga

to a single labor,

hization of the experiment should be entrusted
htory. A member of the staff of that faboratory

shall take full rekponsibility; he is called the executive officer.

8.4 Supervisors

A staff member

in each of the participating laboratories should

be made resposzibIe for organizing the actual performance of

the tests in ke
ecutive officer,

8.5 Operato|

In each labora

ping with instructions received from the ex-
hnd for reporting the test results.

rs

ory, the tests shall be cafried out by one

operator selectdd as representative of those-likely to perform
the tests in normal operations. He shoald be instructed by the

supervisor as to
tests have to b

amplify the test

9 Tasks an

9.1 The follo
panel :

the dates on which,@nd the order in which, the
b carried out, but the instructions should not
method itself.

d problems

wing questions should be discussed by the

9.2 The tasks of the statistical expert are

f)  What number n of replicates should be specified and
what amount of material should be sent to the laboratories ?
{See 10.1.)

is a split-level experiment desirable ? (See(10:4|2.)

h) Should the laboratories be sent additional|material for
practical exercises before the official-tests are performed ?
(See 10.5.2.}

i) How many laboratories should be recruited {o cooperate
in the experiment ? (See-10.1.)

i) How should the laboratories be recruited and what re-
quirements should they satisfy ? (See 10.2.)

k) What instructions should be issued to the|supervisors
concerning\the execution of the tests, and td how many
significant figures should the test results be repprted ? (See
10.4.3%and 10.5.1.)

1) What information should be requested in addition to the
numerical test results ? (See 10.6.)

m) Who should be appointed to be executivd officer ?

a) to contribute his specialized knowledge in designing the
experiment;

b} to analyse the data;

c) to write a report for submission to the panel following
the instructions contained in section three.

9.3 The task of the executive officer is to organizg the experi-
ment as planned by the panel, in particular

a) to enlist the cooperation of the requisitd number of

- laboratories and to ensure that supervisors are|appointed;

a) s a satisfactory standard available for the test method ?

b) Whatis

the range of leveis encountered in practice ?

c) How many levels should be used in the experiment ?

(See 10.1.)

d) What are suitable materials to represent these levels ?

e} Should the material be specially homogenized before

preparing th
material be i

e samples or should the heterogeneity in the
ncluded in the values of r and R ? (See 10.3.)

bl to organize and supervise the preparation of the
materials and samples, and the despatch of the samples.
For each level, a certain quantity of material should be set
aside as a reserve stock;

c) to draft instructions and circulate them to the super-
visors early enough in advance for them to raise comments
or queries;

d) to design suitable forms for the operator to use as a
working record and for the supervisor to report the test
resuits;

e) to collect the test results and prepare a table suitable for
the statistical analysis.
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9.4 The tasks of the supervisor are

a) to hand out the samples to the operator(s) in keeping
with the instructions of the executive officer;

b) to supervise the execution of the tests (the supervisor
shall not take part in performing the tests);

c} to collect the test results, including any anomalies and
difficulties experienced, and to report them to the executive
officer.

1SO 5725-1986 (E)

10 Comments on clauses 8 and 9
10.1 Number of laboratories and levels

No hard and fast rules can be laid down. The number of levels
in a precision experiment should be chosen in relation to the
range of levels to be covered, bearing in mind the cost of per-
forming tests.

If the range of levels is very wide, r and R can be expected to
depend on the level m. The use of at least six levels is desirable
in order to establish the relationship between these quantities in
a satisfactory manner. On the other hand, for the example on

the determination of the softening point of a tar product given

9.5 The tasks of the operators are

rform the tests in accordance with the standard
test method;

b) to report any anomalies or difficulties experienced (see
10.5.1 ar(d 10.5.3}.

9.6 The final tasks of the panel are
a) to discuss the report by the statistical expert;

b) to ablish final values for the repeatability and
reproducibility;

¢} to decide if further actions are required for improving
the standard for the test method or with regard to
laboratorjes whose results have been rejected as outliers
[see 11.2.3 d}).

9.7 As 9.2 and 9.6 are considered during the final-stages of
the statistical analysis, they are discussed further\in' section
three.

in clause 23 (with a range of levels from 88 tp, 102 °C}, the use
of four levels may be considered as more-tharn adequate.

The number of laboratories should to some extent depend on
the number of levels. It is recommended thaf the number of
laboratories should never be fewer than eight;| and if only one
level is of interest, the number of laboratories should preferably
be higher, for exampie 15 ‘or/more.

Regarding the value‘of n, the recommendefl figure is two
except where it/is ‘customary to make a lajger number of
replicates, such as with certain simple physicaj tests.

10.2 Recruitment of participating lahoratories

10.2/17) From a statistical point of view, the Igboratories par-
ticipating in a precision experiment should bg chosen at ran-
dom from all laboratories likely to use the¢ test method.
Volunteers may not represent a realistic dross-section of
laboratories. However other practical consgiderations may
intervene, for example, a requirement that participating
laboratories be distributed over different contijents or climatic
regions may affect the pattern of representation. The panel
should lay down the recruitment policy and the requirements
for the participating laboratories.
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10.2.2 In enlisting the cooperation of the requisite number of laboratories, their responsibilities should be clearly stated. An example
of a suitable enlistment questionnaire that may be used for this purpose is given below :

Questionnaire on inter-laboratory study

1 Our laboratory is willing to participate in the precision experiment for this standard test method.
ves [] NO [] (tick the appropriate pox)
2 As g participant, we understand that
a) all essential apparatus, chemicals and other requirements specified in the method shallibe available ir} our

laboratory when the programme begins;

b) specified “timing”’ requirements, such as starting date, order of testing specimens;and finishing date of the
programme, shall be rigidly met;

c) the method shall be strictly adhered to;
d) samples shall be handled in accordance with instructions;
e) a qualified operator shall perform the test.

Having stufdied the method and having made a fair appraisal of our capabilities and facilities, we feel that we wil be
adequately| prepared for cooperative testing of this method.

3 Comments :

Signature @, ... .. L.

Companyorlaboratory : .......................... R

10.3 Heterogeneity of the material 10.4 Actual organization of the tests
When the materig| to be'tésted is not homogeneous, it is impor-
tant to prepare the samples in the manner stlpulated by the
method, preferaly
material for each Ievel Some modlflcatlon may be necessary to
ensure that a sufficient amount of material is available to cover
the experiment and keep a certain stock in reserve. For the a) All gn tests should be performed by one and the same
samples at each level, n separate containers should be used for operator using the same equipment throughout.

each laboratory if there is any danger of the materials

deteriorating once the container has been opened (e.g. by b) Each group of n tests belonging to one level shall be
oxidation, by losing volatile components or in the case of carried out under repeatability conditions, i.e. in a short

10.4.1 With g levels and n replicates, each phrticipating
Iaboratory has to carry out qn tests. The performance of these
gtructed as

follows :

hygroscopic material). In the case of unstable materials, special
instructions on storage and treatment should be stipulated.

In general when publishing values of r and R, it is recom-
mended that the material used in the precision experiment
should be clearly specified along with the range of materials to
which the values can be expected to apply.

10

interval of time and by the same operator, and without any
intermediate recalibration of apparatus unless this is an in-
tegral part of making a determination.

c) It is not essential that the ¢ groups of n tests each be
performed strictly within a short interval; different groups of
tests may be carried out on different days.
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d) If in the course of the tests the operator should drop
out, another operator may complete the tests, provided that
the change does not occur within a group of n tests at one
level but only occurs between two of the g groups. Any
such change shall be reported with the test resuits.

e) ltis essential that a group of n tests under repeatability
conditions be performed independently as if they were n
tests on different material. As a rule, however, the operator
will know that he is testing identical material, but the point
should be stressed to him in his instructions that the whole
object of the experlment is to determme what differences in

equals 2, is that of using split-levei experiments. Adoption of
this procedufe may be considered when it is feared that the
operator, when testing successive identical samples, may be in-
fluenced by the result of his first test. In this procedure, instead
of using two [samples that the operator has been told should be
identical, or |performing two tests on the same specimen of
material, twq series of p samples are prepared at slightly dif-
ferent levels fn, and my, (where m, — m,, is small) and each of
the p laboralories receives one sample from series a and one
from series Y for testing. It shall be distinguished clearly which
test result bdlongs to series a and which to series b; they can-
not be intefchanged as can two test results on identical
material. The values of r and R derived from a split-level experi-
ment are valid for the mean level m equal to (m, + my)/2.

The split-level design requires a slight modification in, the
statistical anglysis, as discussed in section three.

10.4.3 Addjtional aspects of organizing the, tests are as
follows :

a) it mdy be necessary to limit the\time that should be
allowed tp elapse between the daylthe samples are received
and the day the tests are performed;

b) any preliminary checking of equipment should be as
laid down in the standard method;

c) all samples should be clearly labelled with the name of
the experiment‘and a sample identification.
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tained in it are sufficiently unambiguous and clear. For exam-
ple, ambiguities may arise when a standard has been translated
into different languages. However, it is desirable that all par-
ticipating laboratories report their test results to the same
number of decimal places, and the supervisors should be in-
structed accordingly. In commercial practice, the test resuilts
may be rounded rather crudely, and in a precision experiment it
may be advisable to use one more decimal than is customary or
laid down in the standard method. When r or R may depend on
the level m, different rules for rounding may be needed for dif-
ferent levels.

precision when
he carries out a test method for the flrst timeof after a long in-
terval. In such cases, subject to the decision of the panel or of
the supervisors, the operators may be“allowed to carry out a
few unofficial tests in order to gain.éxperience With the method
before starting testing on the official samples pf the precision
experiment. Such preliminary familiarization tesgts shall never be
performed on the official samples, and material for them should
be supplied by the execltive officer.

10.5.3 The operators should be told to report any occasions
when they areqot able to follow their instructiops or when they
accidentally4ail to keep to the instructions. They should also be
told thatit.is better to report a mistake thah to adjust the
results “because one or two missing resuits will not spoil the ex-
periment and may indicate a deficiency in the [standard.

10.6 Reporting the test results

The supervisor of each laboratory should writd a full report on
the tests which should contain the following information :

a} the final test results, taking particular care to avoid
transcription and typing errors, e.g. by using photocopies of
the operators’ resuits;

b} the original observations or readings {if pny) from which
the final results were derived, possibly by photocopying the
operators’ workbook;

c) comments by the operators on the gtandard for the
test;

d) information about irregularities or disturbances that
may have occurred during the tests, including any change
of operator that may have occurred along with a statement
as to which tests were performed by which operator;

10.5 Instructions to the operators

10.5.1 Before performing the tests the operators should
receive no instructions that suppiement those contained in the
standard test method; these alone should suffice. The
operators should, however, be encouraged to comment on the
standard, in particular to state whether the instructions con-

e) the date(s) on which the samples were received;
f) the date(s) on which each sample was tested;
g) information about the equipment used, if relevant;

h) any other relevant information.

"
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Section three : Statistical analysis of the results of an
inter-laboratory experiment

11 Preliminary considerations
11.1 Statistical expert
The analysis of the test results produced by a precision experi-

ment is the task of the statistical expert who is a member of the
panel and has taken part in planning the experiment. {See 8.2

P > 5 %, i.e. Cochran’s or Dixon’s test statistic is less
than its 5 % critical value : the item tested is accepted as
correct;

5% » P > 1%, i.e. the test statistic lies between its
5 % and 1 % critical values : the item tested is calied a
straggler and is marked with a single asterisk;

and 9.2.)

11.2 Celis

Each combinatior]
the precision exp4

of a taboratory and a level is called a cell of
riment. In the ideal case, the resuits of an ex-

periment with p Igboratories and g levels consist of a table with

pq cells each con
for computing the
ideal situation is
Departures occur
outliers.

aining »n replicate results that can all be used
repeatability r and the reproducibility R. This
not, however, always attained in practice.
due to redundant data, missing data and

11.2.1 Redundant data

Sometimes a labo
n replicates offic
(see 8.4 and 9.4)
done and which a
they are all equall
using the comput

11.2.2 Missing
In other cases, s¢
due to the loss of
analysis recommd

be taken into acc

Fatory may carry out and report more than the
ally stipulated. In that case, the supervisor
reports, or is asked to report, why this was
re the correct test results. If the answer is that
y valid, they can all be taken into account by
ational procedure of 14.9.

data

me of the test results may be\missing, e.g.
a sample or a slip in performing the test. The
nded in clause 16 is such)that completely

unt by the computational procedure of 14.9.

empty cells can si{ply be ignored, while'partly empty cells can

The reasons for t
supervisor’s repof

NOTE — If one of
ment (see 10.4.2) id
discarded and the d

e missing test results should be given in the
t.

he two test results in a cell of a split-level experi-
missing;.the single test result available has to be
ell treated as an empty one.

P < 1 %, i.e. the test statistic is greater\thhn its 1 %
critical value : the item is called a statistical' outlier and is
marked with a double asterisk;

P is the probability of the observed value ¢f the test
statistic.

The 5 % and 1 % critical values for Cochran’s and
Dixon's tests are given.in annexes A and B.

b) Sometimes the, actual application of thesd statistical
tests may be omitted or other statistical tests may|be chosen
because a statistical expert will see from a cursory examina-
tion of the data (for example from a graphical presentation)
that the ‘test will yield either a non-significant ¢r a highly
significant result. In case of any doubt, howevdr, the test
should always be applied.

¢)' It is next investigated whether the stragglers and/or
statistical outliers can be explained by some techpical error,
e.g. a slip in performing the test, a computatiogal error, a
clerical error in transcribing a test result or the pnalysis of
a wrong sample. Where the error is of the computation or
transcription type, the suspect test resuit should be re-
placed by the correct value; where the error is in analysing
the wrong sample, the test result should be placeg in its cor-
rect cell. After such correction has been made, the examin-
ation for stragglers/outliers should be repeated. If the

~ explanation of the technical error is such that it proves

impossible to replace the suspect test result, it|should be
discarded as a real outlier that does not belong to| the exper-
iment proper.

d) When several unexplained stragglers and/of statistical
outliers occur at different levels within the same laboratory,
that laboratory may be considered as an outlier, having too
high a within-laboratory variance, and/or too large a

11.2.3 Outliers

These entries among the original test results, or in the tables
derived from them, deviate so much from the comparable en-
tries in the same table that they are considered as irreconcilable
with the other data. Experience has taught that outliers cannot
always be avoided and have to be taken into consideration.

The following practice is recommended for dealing with
outliers :

a) Cochran’s one-sided outlier test (see clause 12) and

Dixon’s outlier test (see clause 13) are recommended in
combination with the following procedures :

12

systematic error in the level of its test results. It may then be
reasonanm_mﬂ‘mﬁ;]ne 0 discard some or such an
outlying iaboratory.

(This International Standard does not provide a statistical
test by which suspected laboratories may be judged. The
primary decision should be the responsibility of the
statistical expert, but all rejected laboratories shall be
reported to the panel for further action. Examples of out-
lying laboratories occur in the case study of clause 24.)

e) When any stragglers and/or statistical outliers remain
that have not been explained or rejected as belonging to an
outlying laboratory, the stragglers are retained as correct
items, and the statistical outliers are discarded, unless the
statistician for good reasons decides to retain them.


https://standardsiso.com/api/?name=53083986c905cafe068ee2399638b56a

11.3 Computation of r and R

The computation of the repeatability r and the reproducibility R
is carried out, for each level separately, from the data remaining
after elimination or correction of the stragglers and/or outliers.

11.4 Functional relation between r, R and m

Provided that there are several levels and that a functional rela-
tion between r {and/or R) and m is expected (see 15.1), it is
then investigated whether r (and/or R} depends on m and, if
so, the relationship between these quantities is determined.
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|

o
1 . —
ij = ‘/”i,‘ 1 2 (y,;,-k - ,V,",')z ... 1(6)
k=1

njj 2

nyj
Si/ = 1 Z _y2k - —1- 2 -yl“k s (7)
’ g =1 oy ’

k=1 k=1

Small, and in themselves unimportant, rounding errors in Yij
can produce considerable errors in s;. Hence formula (7) is
preferred, and formula (6) should be used only with coded

11.5 Notations used

As stated in 11.2, the ideal case is p laboratories L; (i = 1, 2,
..., p}, each tgsting g levels M; (j. = 1, 2, ..., q) and n replicates
at each level (each L; M; combination) giving a total pgn results
of the tests.|As a result of redundant (see 11.2.1), missing

(see 11.2.2)
laboratories [
tained. Unde

11.5.3 will be|
dard. Specim

or deviating (see 11.2.3) results, or deviating
bee 11.2.3 d)], this ideal situation is not always at-
these conditions, the notations givenin 11.5.1 to
used in the remainder of this International Stan-
bn recommended tables for the statistical analysis

are given in figure 1. For convenience they wili be referred to

simply as tab

11.5.1 Orig

es A, B and C rather than as figure 1.

nal results (tabler A)

11.5.1.1 Casge of a uniform-level experiment

n;; is the ny

Yk isanyo

p; is the nuy

mber of results in cell L,~Mj,
ne of these results (k = 1, 2, ..., ny),

mber of laboratories reporting at least ‘one result

(after any result designated as an outlier has been eliminated).

11.5.1.2 Car of a split-level experiment

Yiia and Yijpa
and b, level j

case only wh

e the resuits obtained, respectively at sub-levels a
laboratory i. The notation p; is applicable to this
en both results forthe two sub-levels exist,

11.56.2 MenIures of cell\spread (table B)

These are d
11.5.3) as de

ived from table A (see 11.5.1) and table C (see
scribed'in 11.6.2.1 and 11.5.2.2,

data. (See 14.11.)

The standard deviation should be expressed with one more
decimal place than the resuits in table A,

For the particular cases where/allln; = n = P, use the cell
range

Wij=|yij1 —)’ifz! ... (8)

that is, without regard) for sign.

11.5.2.2 Case of a split-level experiment

dii =Via = Vi ... {9

taking the sign into account.

11.5.3 Cell averages (for the two types of|experiment)
(table C)

These are derived from table A as follows :

S
yU - n,-j 21 y‘jk

k =

... (10)

The cell averages should be recorded with on¢ more decimal
place than the test results in table A.

11.6.4 Simplified notations used in clause$ 12, 13 and 14

Clauses 12 and 13 concern statistical tests and dause 14 relates
to procedures for calculating r and R, whith are applied
i f ses, for clarity

11.5.2.1 Case of a uniform-level experiment

For the general case, use the intra-cell standard deviation

of layout, the subscript j will be omitted from the notations
defined in 11.5.1 to 11.5.3, when this subscript is not indis-
pensable.

13
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Table A — Recommended form for the collation of the original data

Uniform-level experiment

Split-level experiment

Level Level 1 2
1 2 Jj
Laboratory Laboratory albf{ajb
1 1
2 2
i i 3 L
Yijk ve
P 14
Table B — Recommended form for the collation of measures of spread
Uniform-level experiment Split-level experiment
Level Level
2 i 1 2 J
Laboratory Laboratory
1 1
2 2
Sij .
i or i d,_-,-
Wif
p p
Table C — Recommended form for the collation of cell averages
Level
J q
Laboratory
1
2
i Yij
L

14

Figure 1 — Recommended forms for the collation of test results for analysis
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11.6.6 Corrected or rejected data

As some of the data may be corrected or rejected on the basis
of the tests outlined in 11.2.3, the values of y;;,, n;;and p; used
for the final determinations of r and R may be different from the
values referring to the original test results as recorded in
tables A, B and C in figure 1. Hence, in reporting the final
values of r and R, it should always be stated what data, if any,
have been corrected or discarded.

11.6 Repeatability variance s? and between-

laboratory variance s?

ISO 5725-1986 (E)

For the particular case where all n; = n = 2, the cell range
w; = /2 s;is used, giving

The values of [s2 and sZ are given by the following equations
for a given level j. For convenience, the subscript j has been
dropped.
11.6.1 Case|of a uniform-level experiment
»
Z n; — 1) Sl2
Sr2 = i=1 . (11)
»
IREE
i=M
1 )4
IS - 2| - o
p - .
2 = =1 ... 12)
n
where
P
= i=1
y = -— ... (13)
p
2|
i=1
- y -
3
p
- 1 j =
= -Z,,i_' ! . (14)
p -
=1 "

THeseformutaeare-ittustrated-mamexamptegiven in 14.7.2.

2 d 2
52 z(p—nz(' d) ...18)
i=1
where
S
pZ’
i =\
1 p 2
2.& _ =Rl
st p_,zty, yrl- 3 ... (18)
i =
where
1 P
7=; Vi

The application of these formulae in an example is given in
14.10.2.

12 Cochran's test

12.1 As explained in 5.4.2, this Internatignal Standard
assumes that between laboratories only small differences exist
in the within-laboratory variances. Experience, hfwever, shows
that this is not always the case, so that a test hag been included
to test the validity of this assumption.

Three tests' could be used for this purpose, na[nely

L\¢x

I
-

The application of these formulae in an example is given in
14.8.2 and 14.9.2.

a) Bartlett's (1937) variance homogeneity test;
b) Hartley's (1940) variance ratio test;

c) Cochran’s {1941) one-sided outlier test.

1) Al three tests are fully explained in PEARSON, E.S. and HARTLEY, H.O. Test for heterogeneity of variance, Biometrika tables for statisticians,

3rd ed., Cambridge University Press, 1976, Vol. 1, chapter 16[2] in which

— Bartlett’s test is explained in 16.1 on page 63;
— Hartley's test is explained in 16.5 on page 67;
— Cochran’s test is explained in 16.5 on page 67.

15
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The first two tests, however, cannot be applied when one of
the variances in a set is zero, which may easily happen as a
result of rounding and of the small number of test results on
which the variances are based. Moreover, these tests, even if
no zeros occur, are very sensitive against the value of the
smallest variance which, again due to rounding, is unreliable.
For these reasons, only Cochran’s test is given in detail in this
International Standard.

Cochran’s test applies only to uniform-level experiments, as it is
a test based on homogeneity of variance. For a split-level ex-
periment, Dixon’s outlier test (see clause 13) is applied to the

In addition, it seems unreasonable to reject the data from a
laboratory because it has accomplished a higher precision in its
test results than the other laboratories. Hence, Cochran’s
criterion is considered adequate.

12.4 A critical examination of table B of figure 1 may
sometimes reveal that the standard deviations for a particular
laboratory are at all or at most levels lower than those for other
laboratories. This may indicate that the laboratory works with a
lower repeatability than the other laboratories, which in turn
may be caused either by a modified or incorrect application of
the standard test method or by better technique and equipment.

cell differences d;

12.2 Given a sq
from the same n
criterion C is givel

t of p standard deviations s;, all computed
imber n of replicate test results, Cochran’s
n by :

o 17)

In the case of twolreplicates, the ranges w, can be used instead
of the standard fleviations s; and Cochran’s criterion then
becomes

2
C = Wmax

2
E,wi

i=1

values in the set| If the test is significant, s, (Or w2 is
classified as a stfaggler or statistical outlier according to the
procedure of 11.2.3 a). Critical values for Cochran's)criterion at
the 5 % and 1 %|levels are given forp = 2to@0andn = 2to
6 in annex A.

In these express]ons, Smax and wpa, stand for the highest

Cochran’s test shall be applied to table B in figure 1 at each
level separately.

12.3 As stated|in 12.2,_Cochran’s criterion applies strictly
only when all stafdard deviations are derived from the same

If this occurs, it should be reported to the panel, whlich should
decide whether the point is worthy of more detailed investiga-
tion. (An example of this is laboratory 2 lin-the e¢xperiment
described in clause 22.)

12.5 If the highest standard deviation is classed as|an outlier,
then the value should be omitted and Cochran’s tedt repeated
on the remaining values. This_process can be repeated but it
may lead to excessive rejections when, as is somgtimes the
case, the underlying assumption of normality is not sufficiently
well approximated. The.repeated application of Cochran’s test
is proposed in thig Intérnational Standard only as a Helpful tool
in view of thellack of a statistical test designed for testing
several outliérs_ together. Cochran'’s test is not desigrjed for this
purpose and great caution should be exercised in dragwing con-
clusions;, in particutar when this technique revegls several
statistical outliers in different laboratories within only|one of the
levels, some of these may not really be significant| The data
have to be examined carefully to decide which outl{rs can be

rejected and which can be retained. On the othgr hand, if
several stragglers and/or statistical outliers are foynd at dif-
ferent levels within one laboratory, this may be a strgng indica-
tion that the laboratory’s within-laboratory variancg is excep-
tionally high, and the whole of the data from that|laboratory
should be rejected.

13 Dixon’s test

13.1 Given a set of data z(h), h = 1, 2, ..., H, drranged in
order of magnitude, then Dixon's test uses the follbwing test
statistics :

in the majority of cells.

number n of test.results obtained under conditions of H Test statistic
repeatability. In actual cases, this number may vary due to z(2) — z{1)
redundant, missing or discarded data. This International Stan- S 210 - e Arger Ot
dard assumes, however, that in a properly organized experi-
ment, such variations in the number of test results per celf will ang 2HH) — 2lH — 1)
be limited and can be ignored, and therefore Cochran’s ZiH) - zih)
criterion is applied using for n the number of results occurring Z2{2) — z(1)
8to 12 Q11 = the larger of TH - ==z
Cochran’s criterion tests only the highest value in a set of stan- and 2UH) - 2H —1)
dard deviations or ranges and is therefore a one-sided outlier AH) - 2(2)
test. Variance heterogeneity may, of course, also manifest itself 2(3) — z(1)
in some of the standard deviations being comparatively too 13ormore | Qyy = the larger of —r——r——y
low. However, small values of standard deviation or range may
be very strongly influenced by the degree of rounding of the ang 2 — 2H —2)
original test results and are for that reason not very reliable. ziH) — z3)

16
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Critical values of these test statistics at the 5 % and 1 % levels
and for values of H = 3 to 40 are reproduced in annex B.

13.2 In analysing a precision experiment, Dixon’s test should
be applied to

a) the test resuits within a cell of table A in figure 1 when
n;; » 3, provided that Cochran's test has already indicated
an anomaly. In this case, h = k, H = n;;, and z(h) = yy,
i and j both being fixed;

b) the cell averages for a given level j in table Cin figure 1,

ISO 5725-1986 (E)

14.3 Non-empty cells

As a consequence of the rule stated in 16.9, the number of non-
empty cells to be used in the computations will, for a specified
level, always be the same in tables B and C. An exception might
occur if, owing to missing data, a cell in table A contains only a
single test result, which will entail an empty cell in table B but

not in table C. In that case, it is possible either

a) to discard the solitary test result, which will lead to

empty cells in both tables B and C, or,

b) if this is considered an unwarranted loss

when in that case, # = i, H = p;, and z{h} = y;, J being
fixed;

of a split-lgvel experiment given in table B in figure 1, when

c) the ce{ differences, d;; = y;;, — ¥, for a given level
in that casg, # = i, H = p;, and z{h) = dj;, j being fixed.

13.3 If Dixdn’'s test reveals one of the extreme values in a
series (the highest or the lowest) as a straggler or statistical
outlier, the test should again be applied to the remaining H — 1
values; and if| this once more proves one of the extremes as
suspect, the tpst should be applied afresh to the remaining set
of H — 2 valdes. However, as explained in Cochran’s test in
12.5, great calition should be exercised in drawing conclusions
from the result of repeated applications of Dixon's test, and the
comments in [12.5 also apply to this test.

14 Computation of the mean level m, the
repeatabiljty r and the reproducibility R

14.1 Method of analysis

In this Interngtional Standard, the method of-analysis adopted
involves carnfing out the computation of 7, 7“and R for each
level separatgly. When there are g levels, the resuits of the
computation pre expressed as mj, r; and R; V=12 .. 4q.
Subsequently}, it is investigated whether r and/or R depend on
m and if so, the functional relationship is determined.

14.2 Basid data

The basic data neéded for the computations are presented in
the three tables’in, figure 1 (see 11.5) :

10 INS

of information,
B.

If option b) is taken, the computations have to b carried out in

accordance with 14.9. For a cell with a single
value could be inserted in table B without influ
outcome, but a nominal value (0)\seems most

The number of non-empty (cells may be differe
levels; hence the subscript)jin p;.

14.4 Number of replicates per cell

est result, any
ncing the final
ppropriate.

ht for different

Owing to missing data or to the possible rejectjon of some of
the original test results, the number of replicjtes per cell in

table A (see 11.5.1) need not be the same, and

this number is

therefore denoted by nj; for laboratory i and levpl /.

14.5 Rounding of resuits

The computations described in the remainder
assume that the instructions for rounding spe:

of this clause
cified in 11.5.2

and 11.5.3 have been observed. No further rounding should be
carried out in the course of the computations, but an ap-
propriate rounding should be applied to the fingal results m, r

and R.

14.6 Variations of procedure

The computational procedure depends on the
iment and on the number of replicates in the
ferent situations are examined, each illustrated

type of exper-
cells. Four dif-
by a numerical

example, which cover most situations likely tq arise. in each

example, only one level is considered so for ¢
subscript j has been omitted. Any outliers four]
been discarded and only the acceptable data a
data-shewn-have-been-extracted-from-tablesB

— table A containing the original results;
— table B containing the measures of within-cell spread;

— table C containing the cell averages.

table A is irrelevant at this stage.

If, owing to random errors, a negative value fo

bnvenience the
d have aiready
re quoted. The
and C only, as

r s? is obtained

from the calculations, a value of zero should be substituted in

the formula for s2.

17
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14.7 Uniform-level experiment with n = 2 replicates per cell

14.7.1

Basic data for one of the levels from tables B and C (see figure 1)

Original data
Laboratory from
table B table C
i W,' }7,
1 0,5 31,45
2 0,0 30,90
3 0.2 30.80
4 0,4 31,30
5 0,3 31,45
6 0,2 31,50
7 0,0 31,40
14.7.2 Computational formulae and numerical results
Number of laboratories : p p=17
Number of replicates : n n=2
Ty = L T, = 218,80
Ty = Ly? T, = 6 839,555 0
T3 = ZW'Z T3 = 0,58
T 0,58
52— 3 s2 = = 00414
2p r 2x7
, P - T3 <2 , 7x68395550 -218802 0,0414
s = - = sZ = - = 0,061 3
pip =1 2 7 x6
s2 = s? + 52 $% = 0,0613 + 0,0414 = 0,1027
T 218,80
o= m=—— =3126
p 7
r=28+/s? r=28+/0,0414 = 0,57
R = 28+/s3 R =28+/0,1027 = 0,90

18
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14.8 Uniform-level experiment with a constant n > 2 replicates per cell

14.8.1 Basic data for one of the levels from tables B and C (see figure 1)

Laborat Original data Number of
aboratory from replicates
table B table C
i Si Vi n;
1 0,82 28,03 3
2 1,50 21,25 3
3 Q'M ’)’7'A7 3
4 0,58 25,50 3
5 1,49 33,08 3
6 0,50 24,23 3
7 2,38 20,53 3
8 0,93 30,17 3
9 1,07 22,40 3
14.8.2 Computational formulae and numerical results
Number of laboratories : p p=29
Number of replicates : n n=3
T1 = 2)7, T1 = 227,66
T, =Ly? T, = 5907,243 4
T3 = Ls? Ty = 22,403
T
s$=—3 s$=22'4031=2,4892
p 9
pTy - T3 52 9 x 5907,2434 - 227,662 2,489 2
s? = - st = = 17,727 4
plp =1} n 9x8
sg = st + s? s& = 17,7274 +2,489 2 = 20,216 6
T, 227,66
m= — m= ——— = 2530
p 9
r=284/s2 r=28+24892 = 4,42
R = 2.8)\/s3 R =28+/202166 = 126

19
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14.9 Uniform-level experiment with unequal number of replicates per cell

14.9.1 Basic data for one of the levels from tables B and C (see figure 1)
Laborat Original data Number of
aboratory from replicates
table B table C
i Si Vi n;
1 0,14 21,30 2
2 0,14 21,50 2
3 007 2075 2
4 0,21 21,75 2
5 0,10 20,90 3
6 0,21 21,05 2
7 0,28 21,50 4
8 0,21 20,85 2
9 0,28 21,10 2
10 0,35 20,85 2
1 (0) 21,30 1
14.9.2 Computational formulae and numerical results
Number of labjoratories : p p=1n
T1 = Zn,?i T1 = 508,30
T, = Zny? T, = 10 767,765 0
T3 = Eni T3 =24
Ty = En? Ty = 58
Ts = Z(n; —[1)-s? Ts = 0,6325
2_ s B 06325 _ g6
" Tz-p 24 -1
ToT3 - 72 Taip - 1) 24 x 10 767,765 0 — 508,302 2411 - 1)
2= 23102 2 2= -00486(| = (= 00884
T3lp 41 T2 - T, 24(11 - 1) 242 — 58
sg =s? + 52 s% = 00884 + 0,0486 = 0,137 0
Ty 508,30
m= — m= ——— = 21,18
T3 24
r=28+/s? r = 2,8./0,0486 = 0,62
R = 28/s% R = 2,8/0,1370= 1,04

20
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14.10 Split-level experiment

14.10.1 Basic data for one of the levels from tables B and C {see figure 1)

1SO 5725-1986 (E)

Laboratory Orlgfl:l::"data
table B table C
i d; Vi
1 - 0,54 18,770
2 - 0,47 18,615
3 8:43 18-465
4 - 0,48 19,660
5 - 0,51 18,865
6 -0,49 18,335
7 -0,53 18,895
8 - 0,50 18,680
9 - 0,57 19,105
14.10.2 Computational formulae and numerical results
Number of laboratories : p p=9
Ty = L7 Ty = 169,390
T, = Xy? T, = 3 189,327 850
T3 = ¥d; Ty = — 4,52
Ty = Ld? Ty = 22838
pTy — T 9.x 2,2838 — (-4,52)2
§2 = s2 £ = 0,000 860
2plp — 1) F 2x9x8
pTy — T2 2 9 x 3 189,327 850 — 169,3902
2= 2 15 2= = 0,152 050
plp -1 2 9 x 8
s& = s? + 52 s& = 0,152 050 + 0,000 860 = 0,152 910
T 169,39
m= — m= ——— = 18,821
p 9
r = 2,8s? r = 2,84/0,000 860 = 0,082
R £.2)8+/5% R = 2,840,152 910 = 1,09
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14.11 Coding data

14.11.1 The calculations can often be simplified and the risks
of computational errors reduced by coding the data. The objec-
tive of coding is to reduce the number of digits to be handled
and/or to reduce the number of decimal places involved. This is
achieved by subtracting a suitable number (the coding cons-
tant} from the basic data and multiplying the remainder by a
factor {the coding factor) which is usually an integral power
of 10.

The data to be used in the calculations then become

A

and any of these relationships lead to

coded s? = v2(uncoded s2),

coded sZ = v2(uncoded s2).

At the end of the calculations, the coded results are translated
back to the original units, first by dividing by v to remove the
coding factor and then, in the case of the mean level, by adding
back the coding constant u.

Coding may be introduced either at the stage of the basic data
(table A) or at a later stage (tables B and C).

x =vily — w
where

x is the coded data;

y is the original data;

u is the coding constant;

v is the coding factor.

From this, x; o v{¥; — u) and the other coded values are
related to their yncoded equivalents by

coded w;; = |v(uncoded w),
coded s;; = Y{uncoded s;),

coded d;; = pluncoded d),

The example given in 14.11.2 shows the efféct of coding by
repeating the calculation of 14.10. The'-coding constant
u = 18,000 and the coding factor v = 100.

Thus the data become
X; (coded) = 100 (v; — 18,000)
so, for laboratory 1,

100(18,770) - 18,000} = 77,0

il

)701

dc1

1

100{dy) = 100(— 0,54) = - 54

NOTE —JFhe coding constant u has no effect on the within-cell dif-
ference,.'nor would it affect the within-cell standard Heviations or
ranges in the other examples. Therefore only the codling factor v
affects the contents of table B.
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14.11.2 Basic data for one of the levels from tables B and C (see figure 1)

Original data Coded data
Laboratory from for
table B table C table B table C
i d; 7 _ dei Xei
1 -0,54 18,770 - 54 77,0
2 -0,47 18,615 - 47 61,5
3 -0,43 18,465 —43 46,5
4 - 0,48 19,660 — 48 166,0
5 - 0,51 18,865 -51 86,5
6 -0,49 18,335 —49 335
7 —053 18.895 - 53 895
8 - 0,50 18,680 - 50 68,0
9 -0,57 19,105 - 57 110,56
14.11.3 Computational formulae and numerical results
Number of laboratories : p =9
Coding constant : u u = 18,000
Coding factor : v v = 100
t = Ixg ty = 739,0
1y = %%, 1y = 72 878,50
t3 = Edc,' ty = — 452
tg = Ld; tq =22'838
It can be seen |by comparison with the uncoded calculation in 14.10-that :
coded 7y =[v({uncoded T; — pu)
coded ¢, =|v2T, - 2v2T; + pv2u?
coded 13 =|vT3
coded t4 = V2T4
The coded valyes of sf, SE and s% are then caleulated in the usual way.
NOTE — The cdded variances are exactly v2 times-the uncoded values.
,  Pla=G 9 x 22838 - (- 452)2
§¢ = ) % ra = 8,60
T 2p(p—1) r 2x9x8
— 42 2 9 x 72878,50 - 739,02 8,60
1 t s X , . .
2270 2o -~ =15205
E™plp -1 2 9 x 8 2
52 =s? + s2 s% = 1520,5 + 8,60 = 1529,
In the final stage, the values of m, r and R are decoded as foliows :
n 739,0
m=u+ — m=18,000 + — . = 18,821
vp 100 x 9

1 1
r= —28/s?2 r = 55 28+/860 = 0,082
v

1 1 —
= /<2 - =
R = 72,8 SR R = 1662'8\/1 528,1 = 1,09

It can be seen that the final results for m, r and R are identical to those found using the basic data without coding.
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15 Establishing a functional relationship
between r (or R) and m

15.1 It cannot always be taken for granted that there exists a
regular functional relationship between r (or R) and m. In par-
ticular where material heterogeneity forms an inseparable part
of the variability of the test results (see 4.2.4 and 4.2.6), there
will only be a functional relationship if this heterogeneity is a
regular function of m. With solid materials of different com-
position and coming from different production processes, a
regular functional relationship is in no way certain. This point
should be decided before the following procedure is applied.
Alternatively, sep
established for edch material investigated.

15.2 The reasohing and computational procedures presented
in 16.3 to 15.9 apply to both r and R, but they are presented
here for r only fof the sake of brevity. Only three types of rela-
tionship will be cpnsidered :

a) equation | (a straight line through the origin) :

r=bm

b) equation |! {a straight line with a positive intercept) :

r=a+ fm

c) equation

Il {an exponential relationship) :

logr = ¢ + dlogm{orr = Cmd) : d < 1

It is to be expected that in the majority of cases at least one of
these formulae v»iill give a satisfactory fit. If not, the statistical

expert carrying ol
tion. To avoid co

t the analysis should seek an alternative solu-
fusion, the constants q, b, ¢, C and d, occur-

ring in these equations may be distinguished by suffixes a;, b,,

... for r, and ag,

UR, ... for R, but these have been omitted in

this clause to sinplify the notations.

15.3 In general

d > 0 so that equations,T"and Il will lead to

r = 0 for m = 0, which may seem dnacceptable from an ex-

perimental point

of view. However, when reporting the preci-

sion data, it shoyld be made cléar-that they apply only within
the levels covered by the inter:laboratory precision experiment.

15.4 Fora = (andd'= 1, all three equations are identical,

so when a lies ne

ar zero and/or d lies near unity, two or all three

for some reason, a numerical method of fitting is preferred, the
procedure of 15.6 is recommended for equations | and I, and
that of 15.8 for equation Ill.

15.6 From a statistical viewpoint, the fitting of a straight line
is complicated by the fact that both m and r are estimates and
thus subject to error. However, as the siope b is usually small
{of the order of 0,1 or less}, then errors in m have little influence
and the errors in estimating r predominate.

15.6.1 A good estimate of the parameters of the regression
ineé requires a weighted regression because, statidtically, the
standard error of  is proportional to the predictedvglue of r{7).

The weights have to be proportional to 1/ 72, where F;is the
predicted repeatability for level j. However, ?j
the parameters that have yet to be Calculated.

to be satisfactory in practical applications, is reco

15.6.2 With weights W, equal to 1/r,2U., wheren =10,1,2, ...,
for successive iterations, then the calculated formylae are

T, =1L W,
J
Ty = ZmW,
J
Ty = X W.m2
3 ; Jy
T4 = Zerj
J
T5 = ZWJerJ
J

Then for equation | (r = bm), the value of b is givep by T/ T5.

For equation Il {r = @ + bm), the values of a and b are given
by

of these equations will yield practically equivalent fits. In such
a case equation | should be preferred because it permits the
simple statement :

“Two single test results are considered as suspect when
they differ by more than (1005) %."”

In statistical terminology, this is a statement that the coefficient

of variation, (100s/m), is a constant for all levels.

16.6 If in a plot of r; against m;, or logr; against logm;, the
set of points are found to lie reasonably close to a straight line,
a line drawn by hand may provide a satisfactory solution; but if,

24

T3Ty — T5Tg
— TT T2
T3 2

and
b T1\Ts — ToT,
T3 - T3

15.6.3 For equation |, algebraic substitution for the weights
leads to the following simplified expression :

Z(rj/mj)
_

b =
q
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16.6.4 For equation II, the initial values ry; are the original
values of r as obtained by one of the procedures laid down in
clause 14. These are used to calculate

1
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taken from the case study in clause 24 and have been used here
only to illustrate the numerical procedure. They will be further
discussed in clause 24.

Wy = - (=12 ..4 15.9.1 Example of fitting equation | : r = bm
re.
0/
and to calculate a4 and by as in 15.6.2. This leads to " 3,94 828 14,18 1589 20,41
r; 0,258 0,501 0,355 0,943 1,102
ri = ay + bymy rilm; 0,0665 00605 00250 00605 0,0540
T riim)) 0,265 5
or p=—7 L = 0,053 1
L E— 5
r; =g+ bymj r 0,053 1 m

The computdtions are then repeated with

1
Wi 5 vy
res.
1j
to produce

rp = 4@y + bzm

15.9.2 Example of fitting equation ll : r =|a + bm

The same pr
weights Wy;
will only leag
W, ;is effect
the equation

15.7 Thes
to V(r), thec
r is proportid
error of logr
sion of logr

bcedure could now be repeated once again with
= 1/rZ, derived from these equations, but this
to unimportant changes. The step from Wy, to

ve in eliminating gross errors in the weights, and
for r, should be considered as the final result.

andard error of logr is approximately proportional
pefficient of variation of r. As the standard error of
nal to the predicted value of r{7), the standard
vill be independent of r and an unweighted.regres-
bn log m is appropriate for equation ill.

15.8 For equation lll, the computational-formulae are :

m;and r; Values as in 15.9.1

Wo; 15 4,0 7.9 11 0,82
ry = 0,161 + 0,025 1 m

rj 07260 0,369 0,517 0/552 0,673

Wi; 15 7.3 37 383 2,2
rp = 0,085 + 0,0436

ry; 0,257 0,446 0,703 0,765 0,975

Wy |15 5,0 2,0 17 1,0
r3 = 0,090 + 0,0430 i

r3j 0,261 0,449 0,704 0765 0,974

(The difference from ry is negligible)

NOTE — The values of the weights are not of critical jmportance. Two
significant figures suffice.

15.9.3 Example of fitting equation Il :

T, = Zlogmj logr = ¢ + dlogm
J
logm; + 059 + 0918 + 1,152 + 1193 + 1,310
T, = L (logm;)? 9
J Iogroj - 058 -0300 -0450 - 0025 + 0,042
- ) logr = — 1,0579 + 0,767 9 Jogm or
Ts §'°9’/ r = 0,088 m0.77, which yields
Ty 0,253 0,448 0,678 0,729 0,898
Ty = RAlogm)) (logr)
Jj
and thus
T ToT 16 Statistical analysis as a step-by-step
B B procedure
qT, ~ T?
NOTE — Figure 2 illustrates, in a step-by-step sequence, the pro-
and cedure described in this clause.
d = qTy — T3 16.1 Collect all available test results in one table — table A of
qT, - T% figure 1 (see 11.5 and 11.5.1). It is recommended that this table

15.9 Examples of fitting equations |, 1l, and Ill of 15.2 to the

same set of

data are given in 15.9.1 to 15.9.3. The data are

be arranged into p rows, indexed i = 1, 2, ..., p, representing
the p laboratories that have contributed data, and ¢ columns,
indexedj = 1, 2, ..., g, representing the g levels in increasing
order.

25
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In a uniform-level experiment, the test results within a cell of
table A need not be distinguished and may be put in any
desired order. However, in a split-level experiment, it shall be
clearly stated which of the two test results belongs to sub-
level a and which to sub-level b, and the results shall be entered
in that specific order. {See clause 6.)

16.2 Inspect table A for any obvious irregularities; investigate
and, if necessary, discard any obviously erroneous data and
report to the panel. it is sometimes immediately evident that the
test results of a particular laboratory or in a particular cell lie at a
level inconsistent i i i =

dant data should
be reported to th

be discarded siraight away, but the fact shall
E panel for further consideration. {See 17.1.)

16.3 From tablé A, corrected in accordance with 16.2 when
needed, computg table B containing measures of within-cell

spread, and tablel C containing the cell averages. (See 11.5.1, .
11.5.2 and 11.5.3])

When a cell in ta
only a single test
adopted. A singl

ble A for a uniform-level experiment contains
result, one of the options of 14.3 should be
b test result in a cell for a split-level exper-

iment shall be digcarded.

16.4 Inspectta

bles B and C, level by level, for possible strag-

glers and/or statistical outliers [see 11.2.3 a)]. Apply the

statistical tests o
mark the straggl

clauses 12 and 13 to all suspect items and
brs with a single asterisk and the statistical

outliers with a double asterisk. If there are no stragglers or
statistical outlierg, ignore 16.5 to 16.9 and proceed directly

with 16.10.

16.5 Investigat

b whether there is, or may be;some technical

explanation for the stragglers and/or statistical-outliers and, if
possible, verify Ich explanations. Correct.or discard, as re-
t

quired, those s
been satisfactoril

gglers and/or statistical outliers that have
explained, and apply’ corresponding correc-

tions to the tableg. If there are no'stagglers or statistical outliers
left that have nof been explained, ignore 16.6 to 16.9 and pro-
ceed directly with 16.10.

NOTE — A large rfumbgr of stragglers and/or statistical outliers may
indicate a pronourjcéd-variance in homogeneity or pronounced dif-

ferences between |bberateries—and-th

b, cast-doubt-on-the-suitabil

The decision to reject some or all data from a particular labora-
tory is the responsibility of the statistical expert carrying out the
analysis, but shall be reported to the panel for further con-
sideration. (See 17.1.)

16.8 If any stragglers and /or statistical outliers remain that
have not been explained or attributed to an outlying laboratory,
discard the statistical outliers but retain the stragglers.

16.9 If, in the previous steps, any entry in table B has been
j i i hlso be re-

jected, and vice versa.

16.10 From the entries that have beén retained a$ correct in
tables B and C, compute, by the procedures given irr clause 14,
for each level separately, the mean level m ;, the repeatability r;
and the reproducibility R ;.

16.11 If the experiment only used a single level,|or if it has
been decided thatythe repeatability and reproducibjlity shouid
be given separately for each level {see 15.1) and npt as func-
tions of the leyel, ignore 16.12 to 16.17 and procg¢ed directly
with 16.18,

NOTE, — The following steps 16.12 to 16.16 are applied to r and R
separately, but, for the sake of brevity, they are written oyt in terms of
ronly.

16.12 Plot r; against m; and judge from this plo} whether r
may depend on m or not.

If ris judged to depend on m, ignore 16.13 and procged directly
with 16.14.

If r is judged to be independent of m, proceed with 16.13.

If in doubt, it is best to work out both cases and I¢t the panel
decide.

There exists no useful statistical test appropriate for this
problem, but technical experts familiar with the tgst method
should have sufficient experience to take a decisiop.

ity of the test method; this should be reported to the panel.

16.6
statistical outliers
laboratories [see
with 16.8.

16.7

If the distribution of the unexplained stragglers or

in tables B or C does not suggest any outlying
11.2.3 d)], ignore 16.7 and proceed directly

If the evidence against some suspected outlying

laboratories is considered strong enough to justify the rejection
of some or all data from these laboratories, discard the requisite

data and report t

26

o the panel.

1
16.13 Use the average v 2 r; = r as the final value of the
J

repeatability. ignore 16.14 to 16.17 and proceed directly
with 16.18.

16.14 Judge from the plot of 16.12 whether the relationship
between r and m can be represented by a straight line, and, if
so, whether equation | (r = bm) or equation Il {r = a + bm)
is more appropriate {see 15,2). Determine the parameter b, or
the two parameters a and b, by the procedure of 15.6. If the
linear relationship is considered satisfactory, ignore 16.15 and
proceed directly with 16.16. If not, proceed with 16.15.
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16.15 Plot logr; against logm; and judge from this plot
whether the relationship between logr and logm can reason-
ably be represented by a straight line. If this is considered
satisfactory, fit equation Ill {logr = ¢ + d logm) (see 15.2),
using the procedure of 15.8.

16.16 If a satisfactory relation has been established accord-
ing to 16.14 or 16.15, then the final values of r (or R) are the
smoothed values obtained from this relationship for given
values of m. Ignore 16.17 and proceed with 16.18.

16.17 If no satisfactory relationship has been established ac-

ISO 5725-1986 (E)

e} tables A, B and C (see 11.5) used in the statistical
analysis, possibly as an appendix.

17.2 Decisions taken by the panel

The panel should then discuss this report and take a decision
concerning the following questions :

a) Are the discordant test results of rejected outlying
laboratories, if any, due to defects in the description of the
standard for the test method?

cording to 16 T, Toutd—decide
whether so other relationship between r and m can be
established gr, alternatively, that whether the data are so
irregular that|the establishment of a functional relationship is

considered ag impossible.

16.18 Wheh the final values of r and R have been estab-
lished, it is ppssible to verify that they correspond to a 95 %
probability, ap required by the definitions of 3.1, by means of
the data fron:[ which they have been computed. How this can
be done is ilistrated in the case studies in clauses 22 to 24.

17 Reporting to, and decisions to be taken
by, the panel

17.1 Report by the statistical expert

Having completed the statistical analysis, the statistical expert
should write |a report to be submitted to the panel. in this
report, the following information should be given :

a) a full|laccount of the observations received fram the
operators [and/or supervisors concerning the standard for
the test method [see 10.6 c)i;

b) a full account of the laboratories, that have been
rejected ds outlying laboratories in steps 16.2 or 16.7,
together with the reasons for their (rejection;

c) afull gccount of the stragglers and/ or statistical outliers
that were|discovered, and‘whether these were explained
and corredted, or discarded:

d) a tabie of the finalresults m;, r;, and R, and an account
of the conmclusion-reached in steps 16.12, 16.14 or 16.15,
illustrated |by.one'of the plots recommended in these steps;

b} What action should be taken with-resgect to rejected
outlying laboratories? (See 17.3.)

c) Do the results of the outlying)laboratofies and/or the
comments received from thé operators ahd supervisors
indicate the need to improve the standand for the test
method? If so, what are/ the improvements fequired?

d) Do the resultsiof*the precision experinpent justify the
establishment of final values of the repeatability and the
reproducibility?{ If so, what are the figal values for
repeatability’and reproducibility, in what forpn shall they be
published,<and what is the region in which the precision
data,apply?

17.3 Outlying laboratories
If the method has been accepted as being satigfactory,

a) all laboratories rejected as outliers shall
the fact and of the reasons for their rejecti

b) a laboratory rejected on the basis of stiagglers and/or
statistical outliers in table B will show too|high a repeat-
ability variance, which may be due to poor technique or lack
of experience of the operator. These laboratpries should be
encouraged to improve their method, using the established
value of the repeatability as a guide (see segtion four).

c) a laboratory rejected on the basis of stfagglers and/or
statistical outliers among the cell averages injtable C may be
misreading the standard, or using some insfrument with a
serious systematic error in its readings. This fequires further
investigation; the panel should discuss h this can be
organized and take corresponding action.
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Section four : Utilization of precision data

18 Publication of repeatability and
reproducibility values

18.1 When a standard test method, for which precision data
have been determined, is published, such data shall be included
in a section of the method headed '‘Precision”. This section is
as much an integral part of the method as other sections on ap-
paratus, reagents, etc.

19 Other critical differences derivable from
rand R

19.1 The critical differences, as stated in 3.3.2, are for 95 %
probability levels. It is possible, however, to derive the critical
differences for other probability levels.

18.2 The repeatability and reproducibility values should nor-
mally be published as a table of five columns giving, respective-
ly, the range of test results (or a typical result), the repeatability
for that range (or[level), both as a standard deviation and as a
critical difference| and the reproducibility for that range (or
level) again both ps a standard deviation and as a critical dif-
ference :

Range or levgl

Repeatability
conditions

Reproducibility
conditions

Sr r SR R

From...... to
From...... to
etc.

From...... to

18.3 A stateme
the difference bet
level. Suggested

“The differend

nt should be added linking the precision to
veen two results and to the 95 % probability
vordings are as follows :

e between two single results'found on identi-

within the sh

rtest feasible time interval will exceed the

cal test materiEI by one operator using the same apparatus

repeatability v
cases in the n

“’Single result:

lue r on average notymore than once in 20
brmal and correct.operation of the method.”

5 on identical\tést material reported by two

laboratories will differ by.more than the reproducibility value

R on average
and correct of

hot more than once in 20 cases in the normal
eration’ of the method.”

19.1.1 Critical difference for probability levels|other
than 95 %

These can be obtained by multiplying the.critical diff¢rences for
a level of 95 % by the multiplying factors given fn table 1.
These multiplying factors are only validwhen the disfribution of
the components B and e in the.mede! of 5.1 are|normal or
approximately normal.

Table 1 — Multiplying factors for finding cfitical
differences for-probability levels other thar] 95 %

Probability level, P

o Multiplying factor
(3]

0 0,82
95 1,00
98 1,16
9 1,29
99,6 1,40

19.2 As stated in 3.1.9, 3.1.14 and 18.3, the uses|of r and R
are limited to the cases of two single test results obtgined under
either repeatability or reproducibility conditions. It is possible,
however, to derive from r and R critical differencep (via their
variance components) for cases other than two pingle test
results (see 19.2.1 to 19.2.4}. The examples of crifical differ-
ences are given for the 95 % probability level; for gther prob-
ability levels, the factors in table 1 can be used.

19.2.1 More than two single determinations cprried out
in one laboratory

If, in one faboratory under repeatability conditions, two groups
of tests are performed, with the first group on n, tegts giving a
mean value of y, and the second group of n, tests giving a

18.4 A stateme

nt can optionally be added that both resuits

should be considered suspect if the repeatability or reproduci-
bility value, as appropriate, is exceeded. Statements regarding
subsequent actions, e.g. repetition of the test, may also be
included in the section on precision.

18.5 In general,
should be added

a brief mention of the precision experiment
to the precision section, possibly as a foot-

note. A suggested wording is as follows :

"The precision data were determined from an experiment

conducted in
samples.”’

30

(year) involving (p) laboratories and (q)

mean value of y,, then with s, still being the basic standard
deviation :

1 1

CrDge (|37 = 3|1 = » 1/ 4 1
ol — 7)) =r o * o (18)

NOTE — If ny and n, are both unity, this reduces to r, as expected.

19.2.2 Two laboratories each doing more than one
determination

If the first taboratory performs n, determinations giving a mean
value y;, while the second laboratory performs n, determi-
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nations giving a mean value y,, then the variance of the diffe-
rence (y7 — ) is given by

v -7

fl

Therefore

“1 1
2 20 4
ST <2n1 2n2>
1 1
2 _ 2 (10—~ —
SR Sr < 2’11 2’12>

ISO 5725-1986 (E)

Xy

<

1
p

to be compared with the reference value m,, then the variance
of y'is given by

1 1 1
2= —(s2+ L -2
Yy p p n

Therefore

CrDgs (|73 =73l =1 RZ—r2/1 —1——-1\...(19)
v \ N4 4”2/

In particular,
and if ny =

if ny = ny = 1, this reduces to R as expected,
o = 2, this produces

2
CrDgs (|3 — 72|) = |/R2 - 12—

19.2.3 Comparison with a reference level for one

laboratory

If n determin|

lations performed by one laboratory under repeat-

ability conditjons produce a mean value ¥ which is to be com-

pared with a feference value m,, then the variance of y — mis
given by
1 n-1

2 _ 2 - g2 2

s)T—sE+ nsf—sﬂ~sr< - >
Therefore

1 n -1
CrD%(lJ_—mo‘)=$ R2—r2< . > L (200

19.2.4 Comparison with a reference leyel for several

laboratoried

If p laborator
ges y; {wherg

es have performed n; déterminations giving avera-
b/ = 1,2, ..., p), and.an overall average

1 1/n‘) ’)/1 1 l
NN pZni>...(21)

NOTE — When, in comparing two averages, ‘ora single average with a
reference value, the absolute difference ‘exteeds the corresponding
critical differences as given above, then'the differente should be con-
sidered as suspect. There may be an assignable cauge and this should
be investigated. In particular, when the reference Yalue in 19.2.3 or
18.2.4 is a ‘true value’” or ‘‘Conventional true valup’’, a suspect dif-
ference may indicate that thejtest method has a bi£

20 Practical applications

There are'many practical applications of repeatdbility and repro-
ducibility, some of which are indicated in clause 19. Some of
these‘applications cover such matters as conformity with speci-
fications, the problems to be borne in mind when designing
specifications, differences in resuits obtained by a supplier and
a consumer, etc. There are also some slight mogdifications to be
made to the procedures indicated in this Interngtional Standard
to cater for such problems as the recalibration of equipment
between tests, the effect on repeatability of Ignger time inter-
vals between tests, the verification of the rdpeatability of a
single laboratory, or the effect on reproducibilify when the two
cooperating laboratories are always the same.

Such practical applications and variations in procedure have
not been discussed in detail in this Internationgd! Standard. The
practical applications and variations in procedyres will be dealt
with in future International Standards,

31
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Section five : Examples

NOTE — Technical Committee ISO/TC 69 is grateful to the individuals and organizations that provided the practical data for these examples.

21 Generali

nformation

21.1 Inareport on the results of a precision experiment, full details should be given concerning the standard of the test method and
the way the samples have been prepared. In most of the examples given in clauses 22 to 25 this information is missing. In the
literature, data are often used to illustrate the statistical analysis, the test method by which they were obtained being considered im-
material. As the mjain purpose of these examples in this section is to show how the analysis by the step-by-step procedure

works out in prac

adopted here. Hoy

if so desired.

21.2 The exa

m
always tell the wrrole story. Not infrequently an attentive statistician will notice peculiarities in the/data that are not covered by the

tests laid down in
International Star

preferably be carried out by a statistical expert experienced in the analysis of experimental data.

21.3 It may be
computed. Such

21.4 The exam
periments, the fir
example covers
complete but so
The final examplg

22 Uniformilevel experiment with no missing or outlying data

21

22.1.1 Test

Determination of
standardized met|

22.1.2 Source

Backgrdgund

wever, some references are given so that the interested reader can find details of the standards for thetes

les in this section show, in particular, that the application of a systematic analytical procedure by rot

clause 16 and this induces him to apply some further criteria or graphical presentation. As it is imprac
dard to cover all possible variations, a few examples have to suffice. They demonstrate why the anal

Hesirable to check the 95 % level for the repeatability and for the reproducibility on the data from which
checks are illustrated in the examples.

bies have been chosen to cover most aspects of theyanalysis. The first three examples are of unifor
t giving an example with few problems as all data are complete and there are no suspect observations. 1

is a case of a split-level experiment.

sulfur contenitsin coal, with results expressed as a percentage by mass. Analysis carried out in accords
hod described'in the source cited (see 22.1.2).

f clause 16
ice, and to illustrate the report to the panel made by the statistical expert (see 17.1), this usual procedujr has been

methods,

e does not

ical in this
sis should

they were

m-level ex-

[he second
:’Te case where some test results were missing, and the third example shows a case where the data werg originally
e of the observations were suspect. This third example also covers the fitting of a functional relation to

he results.

nce with a

TomkINs, S.S. Industrial and engineering chemistry, Analytical edition, 1942, 14, pp. 141-145.(3]

22.1.3 Description

Eight laboratories participated in the experiment. Laboratory 1 reported four test results and laboratory 5 reported five or four; the

other laboratories

22.2 Original

all carried out three tests.

data

The original data are given, as a percentage by mass [% (m/m}], in table 2, in the format of table A in figure 1 (see 11.5) and do not
invite any specific remarks.

32
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Table 2 — Original data

Level j
1 2 3 4
Laboratory /
0.71 1,20 168 3,26
] 0.71 118 1,70 3.26
0,70 123 168 320
0.71 1.21 1,69 3,24
0,69 1.22 1,64 3.20
2 0.67 121 1,64 320
0.68 122 1,65 320
3 0.65 131 1,61 3.36
0,69 1,30 1.62 338
0,67 1,23 1,68 3.16
4 0.65 118 166 322
0.66 1,20 1,66 3.23
0,70 1,31 1,64 3,20
0,69 1,22 167 319
5 0.66 122 1,60 318
0.71 124 166 327
0.69 168 324
0,73 1,39 1,70 3,27
6 0.74 1,36 173 3.31
0.73 137 1.73 3.29
0,71 1,20 1,69 3,27
7 0.71 126 1,70 3,24
0,69 1,26 1,68 323
0,70 124 1,67 3,25
8 0.65 122 168 3,26
0.68 1.30 1.67 3.6

22.3 Computation of the standard deviations, s;

The standard deviations are given, as a percentdge by mass {% (m/m)], in table 3 in the format of table B in figurg¢ 1 (see 11.5).

Table 3 — Standard deviations

Level j 1 2 3 4
Laboratory | Sjj ngj i ny; i ni; Sjj njj
1 0,005 4 0,021 4 0,010 4 0,028 4
2 0,010 3 0,006 3 0,006 3 0,000 3
3 0,021 3 0,015 3 0,006 3 0,010 3
4 0,010 3 0,025 3 0,012 3 0,038 3
5 0,019 5 0,043 4 0,032 5 0,038 5
6 0,006 3 0,015 3 0,017 3 0,020 3
7 0,012 3 0,035 3 0.010 3 0,021 3
8 0,025 3 0,042 3 0,006 3 0,006 3

Cochran’s test is applied with n = 3 when, for p = 8 laboratories, the critical values are for 5 % = 0,516 and for 1% = 0,615 :
For level 1, largest s is in laboratory 8 : Y 52 = 0,001 82 : test value = 0,347,
For level 2, largest s is in laboratory 5 : X s2 = 0,006 36 : test value = 0,287;
For level 3, largest s is in laboratory 5 : X s2 = 0,001 72 : test value = 0,598;

For level 4, largest s is in laboratory 4 : . s2 = 0,004 63 : test value = 0,310.
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This indicates that one cell in level 3 may be regarded as a straggler, and there are no outliers. The straggler is retained in subsequent

calculations.

22.4 Computation of the cell averages, y;

The cell averages are given, as a percentage by mass (% (m/m])], in table 4 in the format of table C in figure 1 (see 11.5).

Table 4 — Cell averages

Level j 1 2 4
Faorarory ! ¥ ij T iy i i i ij
1 0708 | 4 |1205| 4 |1688| 4 [3240| 4
2 0680 | 3 | 1217 | 3 |1643| 3 |320 ]| 3
3 0667 | 3 | 1207 3 |1613| 3 |330] .3
4 0660 | 3 |1203| 3 |1667| 3 |3203 |3
5 069 | 5 |1248| 4 | 1650 | 5 | 32167 V5
6 073 | 3 [1373| 3 |1720]| 3 |3200) 3
7 0703 | 3 | 120 3 |1690 | 3 |32e7| 3
8 0677 | 3 | 1263| 3 |1673| 3 (37| 3

Dixon's test is applied with H = 8 for which the critical values are for 0, at5 % = 0,608 and at 1 % = 0,717

found are as folio

At level 1, QH =

At level 2, QH =

At level 3, Q” =

At level 4, Oy,

and there are no

WS

0,733 - 0,708 _ 0,025
0,733 — 0,667 0,066
1,373 — 1,297 _ 0,076
1,373 — 1,205 0,168
1,720 — 1,690 _ 0,030
1,720 — 1,643~ 0,077

_ 3,370 - 3,290 _ 0,080

T 3,370 — 3,203 0,167

stragglers or outliers.

22,5 Computation of m;,_r{and R;

The computed va
in 14.9.

= 0,379

= 0,452

= 0,390

= 10,479

. The values of Q14

ues formy,r; and R; are given, as a percentage by mass [% (m/m)], in table 5 and are calculated ag described

Table 5 — Computed values of m;, r; and R,

Level j pj m; s? rj s% Rj
1 8 0,690 0,000 230 0,042 0,000 698 0,074
2 8 1,252 0,000 828 0,081 0,003 673 0,171
3 8 1,667 0,000 291 0,048 0,001 210 0,097
4 8 3,250 0,000 679 0,073 0,003 389 0,163

2251 Dependence of r {or R) on m

Plots of the values of r and R, given in 22.5, against m do not indicate any dependence and the average values can be adopted.
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values of r and R

Rounded to three decimal places, the final values are

r = 0,061

% (m/m)

R = 0,126 % (m/m)

22.6 Chec

k on the values of r and R

22.6.1

As we have m
criterion for rg
in eight labor.

6 +3+
and likewise
30, 34 ang

Of these 132
probability le

Repdatability -

ore than two tests per cell, the verification procedure is slightly more complicated than if we had exactly 1
peatability. With n tests in a cell, we can derive from them n(n — 1)/2 differences between two single te|
htories we can get

B + 3+ 10 +3+3+3=234inlevel 1,

34 in levels 2, 3 and 4, respectively.

Hifferences, eight differences or 6,1 % lie above the repeatability and 93,9 % below, which is compatilj
el.

22.6.2 Reproducibility

The averages
Therefore, th
example,

for n,

for n,

if we apply an
in total. Of tH

22.7 Conc

The precision

in 22.4 are based on three, four or five test results, which is again slightly more complicated than if w|
b formula given in 19.2.2 shall be used, but wefind that there is very little difference for different valu

0,115

po = 3; CrDgg

po = 5; CrDgs = 0,113

average criterion of 0,114 to all comparisons between cell averages, at each ievel we can form 28 differe]

lusions

of the-test method, expressed as a percentage by mass [% {(m/m}], is given as

Repeatability

wo, the normal
bt results. Thus

le with a 95 %

e had just two.
es of n, as, for

ces, thatis 112

ese, nine (0 + 6 + 0.%/3) or 8,0 % lie above the critical difference, which is quite an acceptable result.

Standard deviation s, = 0,022

Value of r = 0,061

Reproducibility

Standard deviation sy = 0,045

Value of R = 0,126

These values may be applied within a range from 0,69 to 3,256 % (m/m)}, being determined from a uniform-level experiment involving
eight laboratories covering that range of values, in which only one straggler was detected and retained.
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23 Uniform-level experiment with missing data
23.1 Background

23.1.1 Test

Determination of the softening point of pitch by ring and ball, involving temperature measurement in degrees Celsius.

23.1.2 Source

Standard methods for testing tar and its products. 7th edition, 1979. Pitch section, Method Serial No. PT3 using neutral glycerine. (4!

23.1.3 Materidl

This was selected from commercial batches of pitch collected and prepared as specified in the “Samples’ chapter of the Hitch section
of the publication referred to in 23.1.2.-

23.1.4 DescriTion
16 laboratories pgrticipated; it was intended to test four specimens at approximately 87,6 °C, 925 °C, 97,5 °C and 102,5|°C to cover
the normal commercial range of products, but wrong material was chosen for level 2 with @ mean temperature of about $6 °C which
was similar to level 3. Laboratory 5 applied the method incorrectly at first on the sample forlevel 2 (the first one they testefl) and there

was then insuffi¢ient material remaining for more than one determination. Laboratory 8'found that they did not have d sample for
level 1 (they had two specimens for level 4).

23.2 Original data

The original datg are given, in degrees Celsius (°C), in table 6 in the format of table A in figure 1 (see 11.5).

Table 6.+ Original data

Level j
1 2 3 4
Laboratory i
1 91,0 89,6 97,0 97,2 96,5 97,0 104,0 104,0
2 89,7 89,8 98,5 97,2 97,2 97,0 102,6 103,6
3 88,0 87,5 97,8 94,5 94,2 95,8 103,0 99,5
4 89,2 88,5 96,8 97,5 96,0 98,0 102,5 103,5
5 89,0 90,0 97,2 — 98,2 98,5 101,0 100,2
6 88,5 90,5 978 97,2 99,5 103,2 102,2 102,0
7 88,9 88,2 96,6 97,5 98,2 99,0 102,8 102,2
8 - —_ 96,0 97,5 98,4 97,4 102,6 103,9
9 90,1 88,4 95,5 96,8 98,2 96,7 102,8 102,0
10 86,0 85,8 95,2 95,0 94,8 93,0 99,8 100,8
1 87,6 84,4 93,2 93,4 93,6 93,9 98,2 97,8
12 88,2 874 95,8 95,4 95,8 95,4 101,7 101,2
13 91,0 90,4 98,2 99,5 98,0 97,0 104,5 105,6
14 87,5 87,8 97,0 95,5 971 96,6 106,2 101,8
15 87,5 87,6 95,0 95,2 97,8 99,2 101,5 100,9
16 88,8 85,0 95,0 93,2 97,2 97,8 99,5 99,8

There are no obvious stragglers or statistical outliers, and no statistical tests are required at this stage.

23.3 Cell ranges

In this example there are two results per cell and the ranges can be used to represent the variability. The cell ranges are given, in
degrees Celsius (°C), in table 7 in the format of tabie B in figure 1 (see 11.5).
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Level j

1 2 3 4

Laboratory i
1 1,4 0,2 0,5 0,0
2 0,1 1,3 0,2 1,0
3 0,5 33 1,6 3,6
4 0,7 0,7 2,0 1,0
5 1,0 — 0,3 0,8
6 2,0 0,6 3,7 0,2
7 0,7 0,9 0,8 0,6
8 - 1,5 1,0 1,3
9 1,7 1,3 1,5 0,8
10 0,2 0.2 1.8 1,0
11 3,2 0,2 0,3 0,4
12 0,8 0,4 0.4 0,5
13 0,6 1,3 1.0 1.1
14 0,3 1,5 0,5 34
15 0,1 0,2 1,4 0,6
16 3,8 1,8 0,6 0,3

Application of Cochran’s test leads to the values of the test statistic C given in table 8.
Table 8 — Values of Cochran’s test statistic
Level j

Cochran’s 1 2 3 4

test statistic

c 0,391 0,424 0,434 0,380

(15) (15) (16) (16)

From annex A, the critical values at the 5 % probability levet are given as 0,471 for p = 15 and 0,452 for p = 16 where n = 2. No
stragglers are|indicated.

23.4 Cell Ilerages

The cell avera

es are given, in degrees\Celsius (°C), in table 9 in the format of table C in figure 1 (see 11.5).

Table 9 — Cell averages

Level j
1 2 3 4
Laboratory i
1 90,30 97,10 96,75 104,00
2 89,75 97,85 97,10 103,10
3 87,75 96,15 95,00 101,25
4 88,85 97,15 97,00 103,00
5 89,50 — 98,35 100,60
6 89,50 97,50 101,35 102,10
7 88,55 97,05 98,60 102,50
8 - 96,75 97,90 103,25
9 89,25 96,15 97,45 102,40
10 85,90 95,10 93,90 100,30
" 86,00 93,30 93,75 98,00
12 87,80 95,60 95,60 101,45
13 90,70 98,85 97,50 105,05
14 87,65 96,25 96,85 103,50
15 87,55 95,10 98,50 101,20
16 86,90 94,10 97,50 99,65

NOTE — The entry fori = 5, j = 2 has been dropped (see 14.3).
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From table 9, taking j = 3 as an example, Dixon’s test statistic is

95,00 - 93,75
98,50 — 93,75
Q2 = the higher of and
101,35 — 98,60
101,35 — 95,00

= 0,263

= 0,449

The critical value at § % for p (or H) = 16 is 0,546. No straggler is indicated. Similar calculations for the other three levels show
values of Oy, of 0,260, 0,429 and 0,473, which are also not significant at the 5 % level.

23.5 Compuf

The computed v|

ation of mj, r; and Rj

Table 10 — Computed values of m;, r; and R;

plues for my, r; and R; are given, in degrees Celsius (°C), in table 10 and calculated as described,in 14.

Level j pj nj s? 7y 5% R;
1 15 88,40 1,230 3 3n 2,787 8 4,68
2 15 96,27 0,856 0 2,59 2,550 4 4,47
3 16 97,07 0,986 9 2,78 4,041°4 5,63
4 16 101,96 1,007 8 2,81 3,667 0 5,37

23.5.1 Depend

A plotofrorR

ence of r (or R) onm

hgainst m shown in figure 3 does not reveal any marked«dependence. The changes over the range of va

any at all, are t¢o small to be considered significant. Moreover, in-viéew of the small range of values of m and the n

measurements, 4
which was state:
reproducibility.

6,0

5,0

40

30 -

2,0

dependence on m is hardly to be expected. It seems'safe to conciude that r and R do not depend on m i
H as covering normal commercial material, so that the averages may be taken as the final values for repe

ues of m, if
pture of the
h this range,
htability and

1.0

Repeatability r-and seproducibility R, °C

0 T

90

Mean level, mj, °C
—_——reee—

95

Figure 3 — Plot of r; and R; against m;
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23.5.2 Final values of r and R
Rounded to 0,1 °C, the final values are
r=28°C

R =5,0°C

23.6 Check on the values of r and R

23.6.1 Repeatability

Table 7 contalns 62 absolute differences between single test results to which the repeatability should apply. Of thdse about 5 %
should be grehter than the repeatability 2,8 °C. In fact, six of the ranges or almost 10 % are greater than 2,8 °2C/|This could be
explained as accidental and within practical fimits, but a closer inspection of table 7 would be useful before drawing|any final con-
clusions. A tally of the ranges is given in table 11.

Table 11 — Tally of ranges

0,0 1,0 2,0 3,0
Interval in °C to to to to
09 1.9 2,9 3.9
Tally frequency 34 20 2 6

There are only|two ranges in the interval 2,0 to 2,9, both lying at the lower limit.of 2,0, but there are six in the interval 3,0 to 3,9 evenly
spread through the interval and scattered through table 7, not occurring particularly in one laboratory or one level.

If the errors wWithin laboratories possessed approximately normal distributions with a common variance, then the rapges in table 7
would have agproximately the distribution of the absolute vaiues of a-normal variate with mean zero. The tally given in fable 11 seems
to contradict this. :

If al! ranges in|table 7 higher than 3,0 °C were eliminated, the repeatability would be reduced from 2,8 °C to 1,9 °C, which indicates
the degree of improvement that might possibly be achieved.,If a high precision of the test were of primary importance, the point might
warrant further investigation.

23.6.2 Reproducibility

The 95 % critjcal value for the differencé\between two averages of duplicate tests calculated from the formula in 19.2.2 is 4,6 °C.

From table 9 in 23.4, table 12 giving #he-absolute difference between the possible pairs can be drawn up.

Table 12 — Number of pairs
and number of differences exceeding 4.6 °C

Number Number
Level of of differences
pairs exceeding 4,6 °C

1 105 2

2 105 2

3 120 10

4 120 7
Total 450 21

Thus 4,7 % of the differences exceed the critical difference and this is aimost exactly the 5 % according to the definition of

reproducibility.

23.7 Conclusions

For practical applications, the values of » and R for the test method can be considered as independent of the level of material, and,
expressed in degrees Celsius (°C), are given as
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