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Foreword

ISO (the International Organization for Standardization) is a world-wide federation of national standards bodies (ISO
member bodies). The work of preparing International Standards is normally carried out through ISO technical
committees. Each member body interested in a subject for which a technical committee has been established has
the right to be represented on that committee. International organisations, governmental and non-governmental, in
liaison with 1SO, also take part in the work. ISO collaborates closely with the International Electrotechnical
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Introduction

© ISO

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

a)

b)

is part of
principles

asures of
s a basic
ds to this

sample to

gusing the

onsidered

The bagic method requires the preparation of a number of identical samples of the material for Use in the

experiment. With heterogeneous materials this may not be possible, so that the use of the basic m¢
gives egtimates of the reproducibility standard deviation that(are inflated by the variation between thg
The degign for a heterogeneous material given in this part of ISO 5725 yields information about the
between samples which is not obtainable from the basic’ method; it may be used to calculate an e
reprodugibility from which the between-sample variation has been removed.

The basic method requires tests for outliers ‘te-be used to identify data that should be excluded
calculat|on of the repeatability and reproducibility standard deviations. Excluding outliers can sometir

thod then
samples.
variability
stimate of

from the
es have a

large effect on the estimates of repeatability and reproducibility standard deviations, but in practice, when

applying the outlier tests, the data analyst may have to use judgement to decide which data to exd
part of |[SO 5725 describes robust'methods of data analysis that may be used to calculate repeat
reprodugibility standard deviation§ from data containing outliers without using tests for outliers to exc
so that the results are no longeraffected by the data analyst’s judgement.

lude. This
hbility and
lude data,
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provifles detailed descriptions of alternatives to the basic tmethod for determining the repe
reprogducibility standard deviations of a standard measurement method, namely the split-level d

for heterogeneous materials;

desclibes the use of robust methods for analysing the results of precision experiments without

to exclude data from the calculations, and in particular, the detailed use of one such method.

pf ISO 5725 complements ISO 5725-2 by providing alternative designs that may be of more v
than the basic design given in ISQ.5725-2, and by providing a robust method of analys
of the repeatability and reproducihility standard deviations that are less dependent on the d
t than those given by the methaeds-described in ISO 5725-2.
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ISO 3534

1:1993, Statistics — Vocabulary and symbols — Part 1: Probability and general statistical ter

ISO 3534-

3:1985, Statistics — Vocabulary and symbols — Part 3: Design of experiments.

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

principles

and definitions.

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

For the purposes of this part of ISO 5725, the definitions given in ISO 3534-1 and in ISO 5725-1 apply.

The symbols used in ISO 5725 are given in annex A.

4 Split-level design
4.1 Applications of the split-level design

4.1.1 The uniform level erial to be
tested in ea¢h participating laboratory and at each level of the experiment. With this design there is ayrigk that an
operator may allow the result of a measurement on one sample to influence the result of-&)slibsequent
measuremeit on another sample of the same material. If this happens, the results of the precision_expefiment will
be distorted] estimates of the repeatability standard deviation o; will be decreased and estimates of the| between-
laboratory standard deviation op will be increased. In the split-level design, each participatingaboratory i$ provided
with a sample of each of two similar materials, at each level of the experiment, and the eperators are to|d that the
samples are|not identical, but they are not told by how much the materials differ. The split:level design thug provides
a method determining the repeatability and reproducibility standard deviations{ of a standard measurement
method in g way that reduces the risk that a test result obtained on one sample_will influence a test| result on
another sample in the experiment.

4.1.2 The data obtained at a level of a split-level experiment may be used)to draw a graph in which the data for
one material are plotted against the data for the other, similar, material. An example is given in figurge 1. Such
graphs can help identify those laboratories that have the largest biases relative to the other laboratorig¢s. This is
useful whenlit is possible to investigate the causes of the largest laboratory biases with the aim of taking [corrective
action.

4.1.3 It is gommon for the repeatability and reproducibility’ standard deviations of a measurement method to
depend on the level of the material. For example, when the test result is the proportion of an element olptained by
chemical anglysis, the repeatability and reproducibility. Standard deviations usually increase as the proportion of the
element increases. It is necessary, for a split-level:éxperiment, that the two similar materials used at a lgvel of the
experiment are so similar that they can be expected to give the same repeatability and reproducibility standard
deviations. Kor the purposes of the split-level\design, it is acceptable if the two materials used for a lgvel of the
experiment give almost the same level of measurement results, and nothing is to be gained by arranging that they
differ substahtially.

In many chejmical analysis methods;the matrix containing the constituent of interest can influence the precision, so
for a split-lgvel experiment twodmaterials with similar matrices are required at each level of the expériment. A
sufficiently symilar material can:semetimes be prepared by spiking a material with a small addition of the ¢onstituent
of interest. When the materialis a natural or manufactured product, it can be difficult to find two products that are
sufficiently symilar for the plrposes of a split-level experiment: a possible solution may be to use two batches of the
same produft. It shouldtbe remembered that the object of choosing the materials for the split-level dgsign is to
provide the gperators:with samples that they do not expect to be identical.

4.2 Layoutefthe-splittevetdesign
4.2.1 The layout of the split-level design is shown in table 1.
The p participating laboratories each test two samples at q levels.

The two samples within a level are denoted a and b, where a represents a sample of one material, and b represents
a sample of the other, similar, material.
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4.2.2 The data from a split-level experiment are represented by:

Yiik

where

subscript i represents the laboratory (i = 1, 2, ..., p);

subscript j represents the level (j =1, 2, ..., Q);

subscript k represents the sample (k= a or b).

4.3 Org

43.1 Fo
Subclausg
are used

split-level

NOTE —

To asses
the follow

For repeal

Ar:

anization of a split-level experiment

6.3 of ISO 5725-1:1994 contains a number of formulae (involving a quantity dehoted generg
to help decide how many laboratories to include in the experiment. The cagrresponding forn
experiment are set out below.

These formulae have been derived by the method described in NOTE 24 ofdS©O 5725-1:1994.

5 the uncertainties of the estimates of the repeatability and repréducibility standard deviatio|
ng quantities.

fability

196Y[2(p - 1)

For reproducibility

AR

with y= ¢

If the num
equations|

196J al +2(y2 - 1)

op

ber n of replicates is.taken as two in equations (9) and (10) of ISO 5725-1:1994, then it can

2 +1§/[8y4(p—1)]

p — 1 appegars here in place 0f p in ISO 5725-1:1994. This is a small difference, so table 1 and figures B

ISO 5725
standard

To asses
calculate

1:1994 may Ahe\used to assess the uncertainty of the estimates of the repeatability and re¢
leviations inva-split-level experiment.

5 thecuncCertainty of the estimate of the bias of the measurement method in a split-level
the\.quantity A as defined by equation (13) of ISO 5725-1:1994 with n=2 (or us

ISO 5725

low the guidance given in clause 6 of ISO 5725-1:1994 when planning a split-level experiment.

lly by A) that
hulae for the

ns, calculate

)

)

be seen that

(9) and (10) of IS©5725-1:1994 are the same as equations (1) and (2) above, except thgt sometimes

1 and B.2 of
pproducibility

experiment,
table 2 of

1)

1:1994), and use this quantity as described in ISO 5725-1.

To assess the uncertainty of the estimate of a laboratory bias in a split-level experiment, calculate the quantity A, as
defined by equation (16) of ISO 5725-1:1994 with n = 2. Because the number of replicates in a split-level experiment
is, in effect, this number of two, it is not possible to reduce the uncertainty of the estimate of laboratory bias by
increasing the number of replicates. (If it is necessary to reduce this uncertainty, the uniform-level design should be
used instead.)

4.3.2 Follow the guidance given in clauses 5 and 6 of 1ISO 5725-2:1994 with regard to the details of the
organization of a split-level experiment. The number of replicates, nin ISO 5725-2, may be taken to be the number
of split-levels in a split-level design, i.e. two.

The a samples should be allocated to the participants at random, and the b samples should also be allocated to the
participants at random and in a separate randomization operation.
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It is necessary in a split-level experiment for the statistical expert to be able to tell, when the data are reported,
which result was obtained on material a and which on material b, at each level of the experiment. Label the samples
so that this is possible, and be careful not to disclose this information to the participants.

Table 1 — Recommended form for the collation of data for the split-level design

__Level o
Laboratory 1 2 j q

4.4 Statistical model

4.4.1 The hasic model used in this part of ISO 5725 is given as equatign (1) in clause 5 of ISO 5725-1:1994. It is
stated there| that for estimating the accuracy (trueness and precision), of a measurement method, it i§ useful to
assume thatlevery measurement result is the sum of three components:

Yik =y + B + & 3)
where, for the particular material tested,

ny  represents the general average (expectation) at a particular level j =1, ..., q;

Bj repfesents the laboratory component of bias under repeatability conditions in a particular Jaboratory
i=1[,.., pataparticularlevel j=1, -..,G;

gjk repfesents the random error oftest result k=1, ..., n, obtained in laboratory i at level j, under repeatability
corlditions.

4.4.2 For a|split-level experiment/this model becomes:

Yik = Mk + Byj + & (4)

This differs flom equation (3) in 4.4.1 in only one feature: the subscript kin My implies that according to equation (4) the
general averpge may-now depend on the material aor b (k = 1 or 2) within the level j.

The lack of 4 subscript k in B;j implies that it is assumed that the bias associated with a laboratory i does njot depend
on the material a or b within a level. This is why it is important that the two materials should be similar.

4.4.3 Define the cell averages as:
Yii = Wija + VYijp) / 2 5)

and the cell differences as:

Dij = VYija ~Vijp (6)
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4.4.4 The general average for a level j of a split-level experiment may be defined as:

my = (Mg +mp) /2 (7)

4.5 Statistical analysis of the data from a split-level experiment

4.5.1 Assemble the data into a table as shown in table 1. Each combination of a laboratory and a level gives a
“cell” in this table, containing two items of data, y;; and yjy,.

Calculate the cell differences D; and enter them into a table as shown in table 2. The method of analysis requires
each difference to be calculated in the same sense

a-b
and the sign of the difference to be retained.

Calculatethe cell averages Yi and enter them into a table as shown in table 3.

4.5.2 If 4 cell in table 1 does not contain two test results (for example, becausessamples have been spoilt, or data
have beeh excluded following the application of the outlier tests described later) then the corresporlding cells in
tables 2 anhd 3 both remain empty.

4.5.3 Fof each level j of the experiment, calculate the average D; and standard deviation Spj of the qifferences in
column j of table 2:

Dj =(> Dj/p ®)

Soj -\/Z(Du' -0, )" e~ 9)

Here, X rgpresents summation over the laborateriesi =1, 2, ..., p.

If there afe empty cells in table 2, p istnow the number of cells in column j of table 2 containing data and the
summation is performed over non-empty.cells.

4.5.4 Fof each level j of the.experiment, calculate the average Y] and standard deviation Syj of the|averages in
column j of table 3, using:

yi=[> % /p (10)

s = Sy ) /(e (11)

Here, X represents summation over the laboratoriesi =1, 2, ..., p.

If there are empty cells in table 3, p is now the number of cells in column j of table 3 containing data and the
summation is performed over non-empty cells.

4.5.5 Use tables 2 and 3 and the statistics calculated in 4.5.3 and 4.5.4 to examine the data for consistency and
outliers, as described in 4.6. If data are rejected, recalculate the statistics.
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4.5.6 Calculate the repeatability standard deviation S and the reproducibility standard deviation SR from:

sj = 9 /V2 (12)
ki =i+ §/2 (13)

4.5.7 Investigate whether s; and sy, depend on the average y., and, if so, determine the functional relationships,
using the methods described in subclause 7.5 of ISO 5725-2:1994.

Téble Z— Recommended form for tabulation of cell differences for the split-level design

Level

Laboratory 1 2 j q

Table 3 — Recommended form for tabulation of cell averages for the split-level design

Level

Laboratory 1 2 j q

4.6 Scrutiny of the data for consistency and outliers

4.6.1 Examine the data for consistency using the h statistics, described in subclause 7.3.1 of ISO 5725-2:1994.

To check the consistency of the cell differences, calculate the h statistics as:

h =(Dj -D )/%j (14)
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the consistency of the cell averages, calculate the h statistics as:

(y,- —x)/§,-

(15)

To show up inconsistent laboratories, plot both sets of these statistics in the order of the levels, but grouped by
laboratory, as shown in figures 2 and 3. The interpretation of these graphs is discussed fully in subclause 7.3.1 of
ISO 5725-2:1994. If a laboratory is achieving generally worse repeatability than the others, then it will show up as
having an unusually large number of large h statistics in the graph derived from the cell differences. If a laboratory is
achieving results that are generally biased, then it will show up as having h statistics mostly in one direction on the
graph derived from the cell averages. In either case, the laboratory should be asked to investigate and report their

findings b

46.2 Ex
ISO 5725

To test fo
in turn.
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turn.
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results that are so inconsistent with the remainder of the data reportedin)the experiment that their ing
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bmine the data for stragglers and outliers using Grubbs’ tests, described in subglal
2:1994.

stragglers and outliers in the cell averages, apply Grubbs’ tests to the yalues in each columrj

retation of these tests is discussed fully in subclause 7.3.2 of ISO 5725-2:1994. They are us

h of the repeatability and reproducibility standard deviations. would affect the values of the
lly. Usually, data shown to be outliers are excluded from the'calculations, and data shown to
ed, unless there is a good reason for doing otherwise. If the tests show that a value in one of

use 7.3.4 of

stragglers and outliers in the cell differences, apply Grubbs’ tests to the values.imeach column of table 2

of table 3 in

bd to identify
lusion in the
bse statistics
be stragglers
tables 2 or 3

excluded from the calculation of the repeatability™~and reproducibility standard deviations, then the

ding value in the other of these tables should also:be excluded from the calculation.

orting the results of a split-level experiment

vice is given in subclause 7.7 of ISO5725-2:1994 on:
fing the results of the statisticakanalysis to the panel;
ons to be made by the panel;and

eparation of a full repert.

commendations™on the form of a published statement of the repeatability and reproducibi
of a standard-measurement method are given in subclause 7.1 of ISO 5725-1:1994.

ample 1: A split-level experiment — Determination of protein

lity standard

4.8.1 Table 4 contains the data from an experiment I which involved the determination by combustion of the
content of protein in feeds. There were nine participating laboratories, and the experiment contained 14 levels.
Within each level, two feeds were used having similar mass fraction of protein in feed.

4.8.2 Tables5 and 6 show the cell averages and differences, calculated as described in clause 4.5.1, for just

Level 14 (

j = 14) of the experiment.

Using equations (8) and (9) in 4.5.3, the differences in table 5 give:

Dy, =8,34%

Sp14 = 0,436 1 %
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and applying equations (10) and (11) in 4.5.4 to the averages in table 6 gives:

Y14 = 85,46 %

Sy14 =0,

453 4 %

so the repeatability and reproducibility standard deviations are, using equations (12) and (13) in 4.5.6:

S14=0,

Sr14=0

31%

50 %

©1SO
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| gives a point in the top right-hand corner: this indicates that the data from aboratory
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the line of equality for the two samples. The other laboratories form a'group in the middle g
us provides a case for investigating the causes of the biases at the(three laboratories.

i further information on the interpretation of “Youden plots”, see references [7] and [8].

alues of the h statistics, calculated as described in 4.6.1,"are shown in tables 5 and 6, for only
br all levels are plotted in figures 2 and 3.

ne h statistics for cell averages show that Laboratory 5 gave negative h statistics at all levels,
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average. ThisZ”does not raise any issues that have not already been covered in 1SO 5725-2, so it \
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Table 4 — Example 1: Determination of mass fraction of protein in feed, expressed as a percentage

Level
Laboratory 1 2 3 4 5
a b a b a b a b a b
1 11,11 10,34 10,91 9,81 13,74 13,48 13,79 13,00 15,89 15,26
2 11,12 9,94 11,38 10,31 14,00 13,12 13,44 13,06 15,69 15,10
3 11,26 10,46 10,95 10,51 13,38 12,70 13,54 13,18 15,83 15,73
4 11,07 10,41 11,66 9,95 13,01 13,16 13,58 12,88 15,08 15,63
5 10,69 10,31 10,98 10,13 13,24 13,33 13,32 12,59 15,02 14,90
6 11,73 11,01 12,31 10,92 14,01 13,66 14,04 13,64 16,43 15,94
7 11,13 10,36 11,38 10,44 12,94 12,44 13,63 13406 15,75 15,56
8 11,21 10,51 11,32 10,84 13,09 13,76 13,85 13/49 15,98 15,89
9 11,80 11,21 11,35 9,88 13,85 14,46 13,96 13,77 16,51 15,72
Level
Laboratpry 6 7 8 9 10
a b a b a b a b a b
1 20,14 19,78 20,33 20,06 46,45 4442 52,05 49,40 65,84 59,14
2 19,25 20,25 20,36 19,94 46,69 44,62 51,94 48,81 66,31 59,19
3 20,48 19,86 20,56 20,11 46,90 44,56 52,18 48,90 66,06 58,52
4 21,54 20,06 20,64 20,46 47,13 45,29 51,73 48,56 65,93 58,93
5 19,90 19,66 20,56 19,24 45,83 43,73 50,84 47,91 64,19 57,94
6 20,31 20,27 20,85 20,63 46,86 43,96 52,18 49,03 65,73 58,77
7 20,00 20,56 20,25 20,19 46,25 44,31 52,25 49,44 66,06 59,19
8 20,43 20,69 20,85 20,27 47,11 44,40 52,44 48,81 65,66 59,38
9 20,64 21,01 20,78 20,89 47,09 45,15 52,19 48,46 66,33 59,47
Level
Laboratpry 11 12 13 14
a b a b a b a b
1 84,16 80,86 85,38 81,71 87,64 88,23 90,24 82,10
2 84,50 81,06 85,56 82,44 88,81 88,38 89,88 81,44
3 82,26 79,43 85,26 82,15 88,58 88,12 89,48 81,67
4 84,39 80,08 85,20 81,76 88,47 87,98 90,04 80,73
5 81,71 79,01 83,58 79,74 86,43 86,19 88,59 80,46
6 82.85 81,16 84,44 80,90 87,78 86,89 89,40 80,88
7 86,25 81,00 84,88 81,44 88,06 88,00 89,31 81,38
8 84,59 81,16 84,96 81,71 88,50 87,98 89,94 81,56
9 83,05 80,93 84,73 81,94 88,24 88,05 89,75 81,35
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Table 5 — Example 1: Cell differences Table 6 — Example 1: Cell averages
for Level 14 for Level 14
Laboratory Cell h Laboratory Cell h
difference statistic difference statistic
% %
1 8,14 ~ 0,459 1 86,170 1,576
2 8,44 0,229 2 85,660 0,451
3 7,81 ~1215 3 85,575 0,263
4 9,31 2,224 4 85,385 ~ 0,156
5 8,13 ~0,482 5 84,525 - 2,052
6 8,52 0,413 6 85,140 — 0,696
7 7,93 ~ 0,940 7 85345 — 0,244
8 8,38 0,092 8 85,750 0,649
9 8,40 0,138 9 85,550 0,208
Table 71— Example 1: Values of averages, average differences;:and standard deviations calculated
from the data for all 14 levels(dn table 4
Level Number _of General Average Standard deviations
laboratories average difference
| P i % bj % S % Sj % S % SR} %
1 9 10,87 0,73 0,35 0,21 0,15 0,36
2 9 10,84 1,05 0,36 0,43 0,30 0,42
3 9 13,41 0,13 0,44 0,55 0,39 0,52
4 9 13,43 0,50 0,30 0,21 0,15 0,32
5 9 15,66 0,27 0,39 0,40 0,29 0,44
6 9 20,27 0,06 0,40 0,73 0,52 0,54
7 9 20,39 0,38 0,30 0,41 0,29 0,37
8 9 45,60 2,21 0,44 0,37 0,26 0,47
9 9 50,40 3,16 0,44 0,35 0,25 0,47
10 9 62,37 6.84 0.53 0.40 0.28 0,57
11 9 82,14 3,23 1,01 1,08 0,77 1,15
12 9 83,17 3,45 0,74 0,46 0,33 0,77
13 9 87,91 0,30 0,69 0,41 0,29 0,72
14 9 85,46 8,34 0,45 0,44 0,31 0,50

10
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Table 8 — Example 1: Values of Grubbs' statistics
Grubbs' statistics for differences

Level One smallest Two smallest Two largest One largest
1 1,653 0,5081 0,3139 2,125
2 1,418 0,3945 0,4738 1,535
3 1,462 0,3628 0,5323 1,379
4 1,490 0,5841 0,4771 1,414
5 7,033 U,3485 U,6075 T.Z8
6 1,456 0,5490 0,3210 1,947
7 1,185 0,6820 0,1712 2,296} (5)
8 0,996 0,7571 0,1418* (6; 8) 1,876
9 1,458 0,5002 0,3092 1,602
10 1,474 0,3360 0,4578 1,737,
11 1,422 0,5089 0,2943 1,865
12 1,418 0,6009 0,2899 1,956
13 2,172 0,2325 0,6326 1,444
14 1,215 0,6220 0,2362 2,224F (4)

Grubbs' statistics for cell averages

Level One smallest Two smallest Two largest One largest
1 1,070 0,6607 0,1291* (6; 9) 1832
2 1,318 0,6288 0,2118 2|165
3 1,621 04771 0,4077 1/680
4 1,591 0,5339 0,3807 1]429
5 1,794 0,4018 0,5009 1)333
6 1,291 0,4947 0,4095 1]|386
7 1,599 0,5036 0,4391 1]470
8 1,872 0,3753 0,4536 1]404
9 2,328%15) 0,1317* (4; 5) 0,7417 1|025
10 2,456 (5) - - 1[000
11 1,756 0,2469 0,5759 1]472
12 2,037 0,1063* (5; 6) 0,7116 1]130
13 2,308* (5) 0,0733** (5; 6) 0,7777 0/994
14 2,052 0,2/81 0,5486 1,576

NOTE — Numbers in brackets indicate the laboratories that give rise to the stragglers or outliers.

The critical values of the Grubbs' test statistics for 9 laboratories, whether applied to the differences or the cell averages, are as follows.

Straggler Outlier
* *
Grubbs' test for a single outlier 2,215 2,387
Grubbs' test for a pair of outliers 0,149 2 0,085 1

11
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Figure 3 — Example 1: Consistency check on cell averages (grouped by laboratory)

5ign for a heterogeneous material
lications of the design for a heterogen€ous material

example of a heterogeneous materiallis'leather; no two hides are the same, and the propert
fantially within a hide. A common tést that is applied to leather is a tensile strength test in BS
ed on dumbell-shaped specimens (BS 3144 specifies the number of such specimens to cut
heir position and orientation®within the hide, so the natural definition of a “sample” to use
a complete hide). If a precision experiment is performed using the uniform level design
2, in which each laboratory is sent one hide at each level of the experiment, and two teg
bn each hide, variation-between hides will add to the between-laboratory variation, and so
Dility standard deviation. However, if each laboratory is sent two hides at each level, and tw
ed on each hide;the data can be used to estimate the variation between hides and to calcul
ucibility standard deviation of the test method from which the variation between-hides has be

pther _é&xample of a heterogeneous material is sand (that might be used, for example,
This i§ laid down, by the action of wind or water, in strata that always contain graduations in
sand is used the particle size distribution is always of interest. In concrete technology the

es of leather
8144 31, This
from a hide,
when testing
described in
t results are
increase the
b test results

ale a value for

n removed.

for making
particle size,
particle size

distributio

nof sand 1S measured Dy Sieve testing (e.9. BS 812-103 (). To test a sand, a bulk sample 1

s taken from

the product, then one or more test portions are produced from the bulk sample. Typically, the bulk sample will be
about 10 kg in mass, and the test portions will be about 200 g. Because of the natural variability of the material,
there will always be some variability between bulk samples of the same product. Hence, as with leather, if a uniform
level experiment is performed in which each laboratory is sent one bulk sample at each level, the variability between
the bulk samples will increase the calculated reproducibility standard deviation of the test method, but if laboratories
are sent two bulk samples at each level, then values for the reproducibility standard deviation can be calculated that
exclude this variation.

5.1.3 The above examples also highlight another characteristic of heterogeneous materials: because of the
variability of the material, the specimen or test portion preparation can be an important source of variation. Thus
with leather, the process of cutting specimens from a hide can have a large influence on the measured tensile

13
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strength, and with sieve tests on sand the process of preparing test portions from bulk samples is usually the major
source of variability in the test method. If specimens or test portions are prepared for a precision experiment in a
way that does not correspond to normal practice (in an attempt to produce identical “samples”) then the values of
repeatability and reproducibility standard deviations produced by the experiment will not be representative of the
variability experienced in practice. There are situations in which it can be desirable to produce identical “samples”
by some special process designed to eliminate, as far as possible, the variability of the material (for example, for a
proficiency test, or when a precision experiment is used as part of a programme of work during the development of
a measurement method). However, when the aim of the precision experiment is to discover the variability that will
be experienced in practice (for example, when vendors and purchasers test samples of the same product) then it is
necessary for the variability arising as a consequence of the heterogeneity of the material to be included in the
measures of the precision of the measurement method.

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

5.1.4 The dlesign for heterogeneous materials proposed in this clause yields information about the |variability
between samples that is not obtainable from the uniform level design described in ISO.5725-2. There is, [nevitably,
a cost assogiated with obtaining extra information: the proposed design requires more’ samples to be tested. This
extra informtion may be valuable. In the leather example discussed in 5.1.1, ‘information about the|variability
between hides could be used to decide how many hides to test when assessingthe quality of a consignment, or to
decide betwgen testing more hides with fewer specimens per hide or fewer_hides with more specimens pgr hide. In
the sand example discussed in 5.1.2, information about the variability between bulk samples could be used to
decide if the|procedure for taking bulk samples is satisfactory or in need of improvement.

5.1.5 The glesign described in this clause is applicable to experiments involving three factors arrapged in a
hierarchy: wjth a factor “laboratories” at the highest level in the hierarchy, a factor “samples within laboratories” as
the next leval in the hierarchy, and a factor “test results within-samples” as the lowest level of the hierarchy. Another
case that can be encountered in practice is of a three-factor hierarchy with “laboratories” at the highest level, “test
results withip laboratories” as the next level, and “determinations within test results” as the lowest level. This would
arise if the participating laboratories in a precision-experiment were each sent a single sample of a homogeneous
material, wefe asked to carry out two (or perhaps-more) tests per sample, and if each test involved a pumber of
determinations and the test result is calculated\as the average of the determinations. The formulae given jn 5.5, 5.6
and 5.9 may be applied to data obtained in such an experiment, but the repeatability and reproducibility standard
deviations hpve to be calculated in a slightly different manner to that given here (see NOTE 2 to 5.5.5)| It is also
necessary tq specify the number of determinations that are to be averaged to give a test result, because this affects
the values of the repeatability and reproducibility standard deviations.

5.2 Layout of the design_for'a heterogeneous material

5.2.1 The layout of the 'design for a heterogeneous material is shown in table 9.

The p participatingslaboratories are each provided with two samples at g levels, and obtain two test results on each
sample. Thus each cell in the experiment contains four test results (two test results for each of two samplgs).

It is possible to generalize this simple design, by allowing for more than two samples per laboratory per level, or for
more than two test results per sample. The calculations required by the more general design are much more
complicated than those required by the case with two test results per sample and two samples per laboratory per
level. However, the principles of the more general design are the same as for the simple design, so the calculations
will be set out in detail here for the simple design. Formulae for calculating values for the repeatability and
reproducibility standard deviations for the general design are given below in 5.9, and an example of their application
in 5.10.

5.2.2 The data from the design for a heterogeneous material are represented by:

Yijtk

14
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where

subscript i represents the laboratory (i =1, 2, ...,
subscript j represents the level (j =1, 2, ...,
subscript t represents the sample (t=1, 2, ...,
subscript k represents the test result (k=1, 2, ...,

Usually, g =

ISO 5725-5:1998(E)

P);
a);

)

n).

2 and n = 2. In the more general design, g or n or both are greater than two.

NOTE —

values for|
heterogend
number of

5.3 Org

5.3.1 Fo
heteroger

TN TSO 5725-1 and 1SO 5725-2, p 1s used both as the number of laboratories, and as an Index In_ta
Cochran’s test: with the uniform-level experiment the two numbers are the same. With (the
bous material, the index for Cochran’s test can be a multiple of the number of laboratories, so p'is use€

aboratories, and p for the index for Cochran’s test.

anization of an experiment with a heterogeneous material

low the guidance given in clause 6 of 1SO 5725-1:1994 when planning an experin
eous material. An additional question has to be considered:

how fnany samples should be prepared for each laboratory at each level?

Usually, b

ecause of considerations of cost, the answer will be two.

The formuilae, tables and figures in clause 6 and annex B of SO 5725-1:1994 may be used to helg

number o

5.3.2 Th
heteroger
ISO 5725

Ar:

instead o
replacing
repeatabi
case whe
ISO 5725

NOTE —

ISO 5725-1:

5.3.3 The

laboratories, samples and replicates, but with the madifications set out in 5.3.2 to 5.3.5.

b uncertainty of the estimate of the repeatability standard deviation, derived from an expg
eous material, may be assessed by calculating the quantity A, introduced in subcl
1:1994 as:

196,9[2p o(n- 1)

f as defined by equation-(9) of 1SO 5725-1:1994. However, the above equation may be
p in equation (9) of ISO_5725-1:1994 by p’ x g. Hence, in 1ISO 5725-1:1994, figure B.1 and th
ty under A, in table 1 may be used by entering the figure or the table with p = p’ x g. Thus in
N g = 2 samples_are-to be prepared for each laboratory at each level, enter the table or
1 within p = 2p%

The formulag~for A, above (and for Ag below) have all been derived by the method described i
1994.

2] uncertainty of the estimate of the reproducibility standard deviation, derived from an exp

acha matn mave_—ha accaccad b oalapiatins thia Apian A mitradiiand thelh

bles of critical
design for a
d here for the

hent with a

choose the

briment on a
huse 6.3 of

(16)

derived by
e entries for
the common
the figure in

NOTE 24 of

eriment on a
ause 6.3 of

heterogen
ISO 5725-

Ar

instead of

L
cTOoOOS |||Uu.\.||uu, oty PIT— oSSt ootu u_y UMIUUIMLIIIs oty 7\ Htreguecea—H—SHnet

1:1994 as:

=196,/(D; + D, + D3)/(274)

as defined by equation (10) of ISO 5725-1:1994. Here

o, =[(? -1)+(0%/6) +1nd” (5 -2

= [(ﬂbz/g) + (J/Iﬂg)]2 /[ p(o-

17)
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Ds =¥[p'oln-2)

cz):O-H/Gr

(o is defined later, in 5.4.1)

Y =0R/0¢

©1SO

(18)

The values of @ and ymay be derived from preliminary estimates of the standard deviations oy, og and o, obtained
during the process of standardizing the measurement method.

5.3.4 Follow the guidance given in clauses 5 and 6 of ISO 5725-2:1994 with regard to the details of the

organization

Subclause

of an experiment with a heterogeneous material.

5.1.2 of ISO 5725-2:1994 contains requirements for “the group of n tests” or \the ¢

measurements” (for example, that the group of n tests should be carried out under repeatability: conditig

experiment
the tests in g

In an experi
p’xg (i.e. 3

4

participating

vith a heterogeneous material, these requirements relate to the group of g x n tests~in a cell
laboratory at one level.

ment with a heterogeneous material, the number of samples that have to he prepared at ea

oup of n
ns). In an
L i.e. to all

Ch level is

p’ in the usual case when g = 2). It is important that these p’ x.g-samples are allocated to the

laboratories at random.

5.4 Statistical model for an experiment with a heterogeneous material

5.4.1 TheQ
a heterogen

Yijtk =M

The terms n
Hijjt that rep

asic model used in this part of ISO 5725 is reproduced inn4.4.1 as equation (3). For an exper,
bous material, this model is expanded to become:

*+ By + Hije + Gt

, B and e have the same meaning as in eguation (3) in 4.4.1, but equation (19) contains an

ment with

(19)

pXtra term

esents the variation between samples, and a subscript t representing samples within laborajories (the
meaning of the other subscripts is given in 5.2.2).

It is reasongble to assume that the variation-hetween samples is random, does not depend on the labofatory, but
may depend| on the level of the experiment;.so the term Hijt has a zero expectation, and a variance:
var (H,]u) = G,z_”- (20)

5.4.2 For the usual case wijth-fwo samples per laboratory, and two test results per sample (g = n = 2), def|ne:
a) the sample average;;and the between-test-result range, for laboratory i, level j and sample t (t = 1 or 3)

Yit| = (yijtl+ thz)/z (21)

Wit = |th1 ~ Yt 2| (22)
b) the cell average, and the between-sample range, for laboratory i, and level

Yij = (Mj1+ ¥ 2)/2 (23)

Wjj :|Mjl‘)ﬁz| (24)
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c) the general average, and standard deviation of cell averages, for level j

q
Yj=zy|j/p'
=1

Syj = il(yu‘ -y)’ /(8-

where the summation is over the laboratoriesi =1, 2, ..., p’.

4

ISO 5725-5:1998(E)

5.5 Stallistical analysis of the data from an experiment with a heterogeneous material

5.5.1 The usual case when two samples are prepared for each laboratory at each level,, anid two teg
obtained ¢n each sample, is considered in detail here. (The general case is considered in5:9 and 5.10.

(25)

(26)

t results are

Assembld the data into a table as shown in table 9. Each combination of a laboratory.and a level gives & “cell” in this

table, containing four test results.

Using eqyations (21) to (26) given in 5.4.2:

a) calcujate the between-test-result ranges and enter them into a table'as shown in table 10;

b) calculate the between-sample ranges and enter them into a table'as shown in table 11;

c) calcujate the cell averages and enter them into a table as.shown in table 12;

Record ranges as positive values (i.e. ignore the sign).

Table 9 — Recommended form for cellation of data from the design for a heterogeneous material

Levell Level 2 | | Level j | evel q
Laboratory Sample Test result number L
2 _ 1 2 _
1 1
2 —_— —_—
2 1
2 —_— —_—
i 1 o o
2
p 1 o o
2 —_— —_—
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Table 10 — Recommended form for tabulation of between-test-result ranges for the design

for a heterogeneous material

©1SO

18

Laboratory Sample Level 1 Level 2 Level | Level q
1 1
2
2 1
2
| | | | | | | | |
| | | | | | | | |
| | | | 1 | 1 | |
i
| | | | | | | | |
| | | | | | | | |
| | | | | L | | | Pt | |
p/
Thable 11 — Recommended form for tabulation of between-samplé ranges for the design
for a heterogeneous material
Laboratory Level 1 Level 2 Level |j Level q
1
2
| | | [ | | | |
| I I I | I | I
| | | | | | | |
i
| | | | | | | |
| i i | i i | i
| | | | | | | |
P L L
Table 12<&-"Recommended form for tabulation of cell averages for the design
for a heterogeneous material
Laboratory Level 1 Level 2 Level j Level q
1
2
| | | | | | | |
| i i | | i | i
| | | | | | | |
i
| | | | | | | |
| i i | | | | |
| | | | | | | |
pl
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5.5.2 If a cell in table 9 contains less than four test results (e.g. because samples have been spoilt, or data have

been excl

uded following the application of the outlier tests described below) then:

a) either use the formulae for the general case given later,

b) orignore all the data in the cell.

Option a)

is to be preferred. Option b) wastes data, but allows the simple formulae to be used.

5.5.3 For each level j of the experiment, calculate the following.

a) The 9
two s

b) Thed

c) The 4
in5.4
5.5.4 Us

outliers, al
5.5.5 Ca
s =
S%j:

If this give

SRj =

pmples):

p 2

um of squared between-sample ranges in column j of table 11 (summing(©ver p’ laboratories)
o

S8 =) vf
=1

2.

5 described in 5.6. If any data are rejected, recalculate the statistics.

Calculate

an estimate of the standard deviation that measures variation between samples s; as:

% = 5%/ H- /6

NOTES

culate the repeatability standard deviation S and the reproducibility standard deviation SR from:
s /(4 0

i+(s8- s§)/( p

S

Si

3

um of squared between-test-result ranges in column j of table 10 (summing over p’ laboratolies and over

(27)

(28)

lverage and standard deviation of the cell averages in column j of table 12, using equations (25) and (26)

b tables 10, 11 and 12, and the statistics calculated in 5.5.3 to examine the data for congistency and

(29)

(30)

(31)

(32)

(33)

1 It may be of interest to perform a significance test to see if the variation between samples is statistically significant, however,
this is not a necessary part of the analysis. It is incorrect to use such a test to decide if the variation between samples can be
ignored in the analysis (so that the test results in each cell are treated as if they are all obtained on the same sample). This
would introduce a bias into the estimation of the repeatability standard deviation, because finding that the variation between

samples is

not statistically significant does not prove that the variation between samples is negligible.
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2

within tests”) the repeatability and reproducibility standard deviations should be calculated as:

% =55,/ 0
sk =+ % /(4 B

These formulae apply when the test result is calculated as the average of two determinations.

©1SO

In the case described in 5.1.5 (when the three factors are “laboratories”, “tests within laboratories” and “determinations

5.5.6 Investigate whether Sij and SRj depend on the general average Y, and, if so, determine the functional

relationshipg

5.6 Scruti

5.6.1 Exani
ISO 5725-2:

To check thg
by = (Mj

Plot these s
grouped by |

To check the
Kij = W

Plot these g
grouped by |

To check thg
Kijt =W

Plot these st
grouped by |

The interprg
reporting ge
averages, W

, using the methods descriped In subclause 7.5 of IS0 5725-2:1994.

ny of the data for consistency and outliers

ine the data for consistency using the h and k statistics, described, in ~subclause
1994,

consistency of the cell averages, calculate the h statistics as:

‘MV%

tatistics to show up inconsistent laboratories, by plotting:the statistics in the order of the
aboratory.

consistency of the between-sample ranges, calculate'the k statistics as:

/SR /P

tatistics to show up inconsistent labofateries, by plotting the statistics in the order of the
aboratory.

consistency of the between-test-result ranges, calculate the k statistics as:

/S5 /2 P

atistics to show up.imconsistent laboratories, by plotting the statistics in the order of the level
aboratory.

tation of these graphs is discussed fully in subclause 7.3.1 of 1ISO 5725-2:1994. If a lab
nerally biased results, then most of the h statistics for the laboratory, in the graph derived frg
Il be tafrge and in the same direction. If a laboratory is not carrying out the tests within le

repeatability
unusually lai

conditions (and allowing extraneous factors to increase the variation between the sam

7.3.1 of

(34)

evels, but

(35)

evels, but

(36)

5, but also

oratory is
m the cell
els under
bles) then

laboratory

is achieving poor repeatability then it will give unusually large k statistics in the graph that is derived from the
between-test-result ranges.

5.6.2 Examine the data for stragglers and outliers using Cochran’s and Grubbs’ tests as described in subclauses
7.3.3 and 7.3.4 of ISO 5725-2:1994.

To test for stragglers and outliers in the between-test-result ranges, calculate Cochran’s statistic for each level j as:

C= Wr%ax/S%

where W,

20

is the largest of the between-test-result ranges Wijt for level j.

(37)
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To use the table of critical values in subclause 8.1 of ISO 5725-2:1994, enter the table at the row corresponding to

p = 2p’ in the left-hand margin and in the column headed n = 2.

To test for stragglers and outliers in the between-sample ranges, calculate Cochran’s statistic for each level j as:

C= Wr%ax/s$lJ

where w

max 1S Now the largest of the between-sample ranges W for level j.

To use the table of critical values in 1ISO 5725-2:1994, enter the table at the row corresponding to p =
hand margin and in the column headed n = 2.

(38)

p’ in the left-

To test fo
in subclad
(26) in 5.4

stragglers and outliers in the cell averages, calculate Grubbs’ statistics from the cell averag
se 7.3.4 of ISO 5725-2:1994 for each level j (where sin ISO 5725-2:1994 is the S)j defined
2).

The interpretation of these tests is discussed fully in subclause 7.3.2 of ISO 5725-2:19940In an exp
heterogerjeous material, the results of applying these tests should be acted on jin\the following
Cochran’g test should be applied to the between-test-result ranges. If it is decided,.oh-the basis of thi
between-test-result range is an outlier and is to be excluded, then the two test results that give the o
should bg excluded from the calculation of the repeatability and reproducibilitysstandard deviations (
test results in the cell should be retained). Next apply Cochran’s test to theybetween-sample ranges
apply Grybbs’ tests to the cell averages. If it is decided that a between<ample range is an outlier,

average i$ an outlier, and that the results that give rise to such an outlier are to be excluded, then ex
test results for the appropriate cell from the calculation of the repeatability and reproducibility standard d

5.7 Regorting the results of an experiment on a heterageneous material

The refergnces given in 4.7 apply equally to an experiment,on a heterogeneous material.

5.8 Example 2: An experiment on a heterogeneous material

5.8.1 Agpregates that are used in the materials (cement-bound or bituminous-bound) that form thg
airfields and highways have to be able to withstand wetting and freezing. A method that is used to n

ES as shown
by equation

briment on a
order. First,
5 test, that a
Iitlying range
but the other
5, and finally
br that a cell
clude all the
eviations.

surfaces of
easure their

ability to qo this is the magnesium sulfate soundness test [2], in which a test portion of aggregate is sfibjected to a

number of cycles of soaking in saturated magnesium sulfate solution, followed by drying. Initially the t
prepared ko that it is all retained-en.a 10,0 mm sieve. The treatment in the test causes the particles to ¢
the test rgsult is the mass fraction of the test portion that passes the 10,0 mm sieve at the end of theg
result in the test (in excess ©f.10 % to 20 %) indicates an aggregate with poor soundness.

5.8.2 The data shown-in table 13 were obtained in an experiment in which pairs of samples of eigh
were sentto eleven.Jaboratories, and two magnesium sulfate soundness test results were obtained on ¢
The samples were approximately 100 kg in mass (they were used for a number of other tests), and the
were appioximately 350 g in mass.

pSt portion is
egrade, and
test. A high

| aggregates
ach sample.
test portions

5.8.3 Tables 14, 15 and 16 show the between-test-result ranges, between-sample ranges, and cell averages,

calculated using equations (21) to (24) in 5.4.2, for only Level 6 of the experiment.

Using equations (27) and (28) in 5.5.3, the between-test-result ranges in table 14 and the between-sample ranges

in table 15 give:

SSg = 38166 (%)° S§e =160,530 0 ( %

21
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Applying equations (25) and (26) in 5.4.2 to the cell averages in table 16 gives:

Y6 =19,

0 % (the general average)

Sys =503 %

©1SO

S0, using equations (29) to (33) in 5.5.5, the repeatability and reproducibility standard deviations, and the standard
deviation that measures variation between samples, are:

be used

Srg =295 % ge =551 % HE =172 %
Table 17 gives the results of the calculations for the other levels.
5.8.4 Figurg¢ 4 shows histograms of between-test-result ranges, between-sample ranges, and .cell avegrages, for
Level 6. Grdphs of this type give an easily understood picture of the amount of variation arising’from thg different
sources (bdtween test results, between samples, and between laboratories). Figure4'-shows that, in this
experiment, gt Level 6, there is wide variation between the cell averages, so that, if the testimethod were
in a specificption, it is likely that disputes would arise between vendors and purchasers-because of diffgrences in

their results.
between sar

5.8.5 Valug
Level 6. The
that the ger
obtained se
other labora
ranges: this
from the bu
Laboratories
biases in mg

5.8.6 Apply
table 18. Tw

The between-sample ranges are smaller than the between-test-result ranges, suggesting th
ples is not important, at Level 6.

s of the h and Kk statistics, calculated as described in 5.6.1, ar€ also shown in tables 14, 15 3
values for all levels are plotted in figures 5 to 7. (In these figures, the levels have been re-ar
eral averages are in increasing order — as shown in table 17.) Figure 5 shows that La|
eral high k statistics for between-test-result ranges, indicating that it has poorer repeatabili]
ories. Figure 6 shows that three laboratories (1, 6 and20) obtained high k statistics for betwes
could be because they did not strictly follow the recommended procedures for preparing teg
Ik samples. Figure 7 shows consistent positive or negative h statistics in most laboratdg
1, 6 and 10 again achieving the largest values). This is strong evidence that there are
st laboratories, indicating that the test method is not adequately specified.

ing Cochran’s test and Grubbs’ test\to the data, as described in 5.6.2, gives the results
0 outliers are identified. In the absence of other information, the data responsible for these

excluded, and the calculations repeated. The-analysis could then be continued with an investigation of

relationships

, in the same way as with the .uniform level design considered in ISO 5725-2.

%

t variation

nd 16, for
ranged so
poratory 6
y than the
bn-sample
t portions
ries (with
consistent

shown in
would be
functional

1A
25
.
3%
% %
204 10 4 10 4
4B
38
1A
15 5 54 A
8 ) L69
258
78 ?
456B 126 A
39 2355788
10 - 0 o4 19

Cell averages Between-sample ranges Between-test-result ranges

A, B = Laboratories 10 and 11
Figure 4 — Example 2: Histograms of ranges and averages from tables 14, 15 and 16, for Level 6
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Figure 5 — Example 2: Consistency check on between-test-result ranges
(grouped by laboratory)
3
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ISO 5725-5:1998(E)

Figure 6 — Example 2: Consistency check on between-sample ranges
(grouped by laboratory)
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Figure 7 —'Example 2: Consistency check on cell averages
(grouped by laboratory)
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Table 13 — Example 2: Determination of magnesium sulfate soundness (%)
Level 1 Level 2 | Level 3 | Level 4
Laboratory Sample Test result number

1 2 1 2 1 2 1 2

1 1 69,2 67,0 7,4 8,0 4,1 3,5 10,4 10,1

2 69,7 71,7 6,6 5,7 10,5 13,1 13,9 13,8
2 1 66,5 64,1 19 2,1 3,0 3,2 8,7 6,7
2 65,7 65,8 4,2 3,3 19 1,1 8,3 4.8
3 1 68,7 69,5 6,3 5,8 2,4 2,9 11,7 7,0

2 R7,7 77’7 017 R’Q ')’1 ’2”2 7’0 12,0
4 1 77,5 75,3 2,0 3,6 2,4 1,4 9,4 7,1
2 76,3 77,2 4,7 3,8 6,4 2,3 10,7 7,7
5 1 55,4 63,2 3,8 4,1 1,3 0,8 3,7 6,3
2 65,9 54,7 2,1 3,1 0,7 1,7 3,3 3,7

6 1 64,8 70,9 8,4 6,1 6,0 97 16,5 12,3

2 78,2 73,4 8,3 10,6 12,4 9,8 13,2 16,8
7 1 64,8 63,4 4,3 5,7 2,9 3,0 7,5 9,3
2 67,0 63,4 7,7 3,9 4,3 6,4 11,1 8,3
8 1 64,9 68,4 4.4 2,8 133 2,8 5,7 6,8
2 65,4 65,5 54 6,7 2,7 2,8 4.8 55
9 1 — — — — 1,1 0,0 6,6 7,0
2 — — — — 0,7 3,7 4.9 6,3
10 1 57,0 57,7 3,3 0,4 2,1 2,4 5,5 5,8
2 57,1 52,7 4,2 2,3 3,6 35 3,9 5,7
11 1 70,6 75,2 5,3 6,4 5,7 1,9 9,5 7,2
2 77,9 68,2 315 7,1 1,4 3,0 8,1 7,4

Level 5 Level 6 Level 7 Level 8
Laboratqry Sample Test result number

1 2 1 2 1 2 1 2
1 1 8,9 7,4 31,1 28,5 38,7 41,7 4,2 4,1
2 7,6 9,1 23,0 23,1 44,2 41,1 7,3 4.4
2 1 3,2 3,5 16,5 15,4 36,6 45,2 3,2 54
2 2,8 4,0 10,3 12,8 43,2 40,5 1,7 2,5
3 1 4.4 6,1 24,3 16,7 38,9 43,1 3,7 7,7
2 6,0 6,0 20,8 22,2 46,1 47,4 3,5 5,6
4 1 2,7 3,1 20,2 16,2 32,0 35,5 2,9 2,2
2 2,3 2,9 20,0 11,9 26,5 35,7 3,2 2,3
5 1 1,3 1,4 13,8 15,1 36,7 39,5 1,1 1,2
2 1,5 1,3 11,5 13,3 37,6 34,1 0,6 1,7

6 1 8,2 4,2 20,3 24,7 49,4 50,6 11,9 18,5
2 3,7 4.6 21,0 18,9 48,2 52,4 14,9 8,1
7 1 3,1 55 27,2 23,3 38,9 29,9 — 1,7
2 5,6 55 21,5 22,7 34,4 38,3 2,2 5,0
8 1 1,8 2,2 13,6 12,0 27,0 37,0 0,3 2,2
2 4,0 4,0 15,6 16,7 39,7 34,6 3,6 3,7
9 1 3,8 3,8 17,7 17,1 33,4 33,1 1,8 2,0
2 35 2,8 21,4 16,8 26,5 25,2 2,5 1,6
10 1 35 3,0 21,7 23,9 35,3 26,5 0,5 4,3
2 3,2 3,5 27,0 32,5 18,0 18,2 2,0 2,1
11 1 35 2,5 11,0 18,4 27,0 33,5 51 3,9
2 2,0 2,8 16,4 8,1 35,4 29,3 2,1 5,0
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Table 14 — Example 2: Between-test-result ranges for Level 6
Between-test-result
Laboratory Sample range k statistic
%
1 1 2,6 0,624
2 0,1 0,024
2 1 1,1 0,264
2 2,5 0,600
3 1 7,6 1,825
2 1,4 0,336
4 1 4,0 0,960
2 8,1 1,945
5 1 1,3 0,312
2 1,8 0,432
6 1 4.4 1,056
2 2,1 0,504
7 1 3,9 0,936
2 1,2 0,288
8 1 1,6 0,384
2 1,1 0,264
9 1 0,6 0,144
2 4,6 1,104
10 1 2,2 0,528
2 55 1,320
11 1 7,4 1,777
2 8,1 1,945
Table 15 4 Example 2: Between-sample-ranges Table 16 — Example 2: Cell averages for Level 6
for Level 6
Between-sample
Laborator range k statistic Laboratory Cell average h statistic
Y% %
1 6,75 1,767 1 26,425 1,4Y5
2 4,40 1,152 2 13,750 -1,043
3 1,00 0,262 3 21,000 0,397
4 2,25 0,589 4 17,075 -0,382
5 2,05 0,537 5 13,425 -1,108
6 2,55 0,668 6 21,225 0,442
7 3,15 0,825 7 23,675 0,929
8 3,35 0,877 8 14,475 -0,899
9 1,70 0,445 9 18,250 -0,149
10 6,95 1,819 10 26,275 1,445
11 2,55 0,668 11 13,425 -1,108
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Table 1T — Example 2: Values of averages, sums of squared ranges, and standard deviations, calculpted
from the data for all 8 levels in table 13 (excluding cells with missing data)
Number of General Sums of squared o
Level laboratories average ranges Standard deviations
j p’ y; % SS; %? Sgy; %? s % 5 % Rj % Sy %
3 11 3,7 82,99 96,3725 2,62 1,37 2,56 1,85
5 11 4,0 34,70 11,2550 1588 0,89 2,01 0,34
8 10 4,1 155,39 29,4225 3,49 1,97 3,92 0,00
2 10 5,0 83,51 25,2375 1,95 1,44 2,29 0,47
4 11 8,2 131,07 23,5775 3,10 1,73 3,47 0,00
6 11 19,0 381,66 160,5300 5,03 2,95 5,51 1,72
7 11 36,5 636,19 305,4775 7,28 3,80 7,78 2,58
1 10 67,4 529,71 92,9225 6,23 3,64 7,05 0,00
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Table 18 — Example 2: Values of Cochran's and Grubbs' statistics

Level Iglbuor?;gice)fs Cochran's statistics for between-test- Cochran's statistics for between-
j o result ranges sample ranges
3 11 0,203 0,664* (1)
5 11 0,461** (6) 0,374
8 10 0,298 0,465
2 10 0,232 0,238
4 11 0,169 0,550
6 11 0172 0301
7 11 0,157 0,536
1 10 0,237 0,680*'(6)
Grubbs' statistics for cell averages
Number of One Two Two Ohe
Level Iaborat9ries smallest smallest largest largest
J P
3 11 0,970 0,791 0,098** (1; 6) 2,219
5 11 1,396 0,709 0,302 2,266
8 10 0,849 — — 2,64i3** (6)
2 10 1,259 0,614 0,466 1,713
4 11 1,290 0,681 0,294 2,082
6 11 1,108 0,700 0,479 1,475
7 11 1,649 0,562 0,453 1,875
1 10 1,808 0,345 0,590 1,476

NOTE — Numbers in brackets indicate the laboratories that gives risé to the stragglers or outliers. The critical values are ps follows:

Statist

Cochran's te

Cochran's te

Grubbs' test
outlier

Grubbs' test
outliers

cal test

124
=3

or a single

or a pair.of

Applied to Number of Index in table in Straggler Qutlier
laboratories ISO 5725-2
of p * *)
Between-test-result 10 20 0,389 ,480
ranges 11 22 0,365 ,450
Betweeén-sample ranges 10 10 0,602 ,718
11 11 0,570 ,684
Cell averages 10 10 2,290 2,482
11 11 2,355 2,564
Cell averages 10 10 0,186 4 0j1150
11 11 0,221 3 0[144 8
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5.9 General formulae for calculations with the design for a heterogeneous material

Calculate the following statistics at each level j.

a)

b)

c)

d)

e)

)

h)

The general average (with summation over i, t and Kk):

m=> > Yw/n

where n; is the number of test results included in the sum.

The laboratory effects for each i (with summation over t and k):

5 = > (i —m )/

= |laboratory average — general average
where ny is the number of test results included in the sum.

The gample effects for each i and t (with summation over K):
i = S (Vi —m -~ § )/ R
= sample average — laboratory average

wherg ny; is the number of test results included in the sum.

The residuals for each i, t and k:
ik = Yik — M — B — ht
= test result — sample average

The qum of squares for samples (with summation over i):

5§ =) § B

The qum of squares for-samples (with summation over i and t):

5S4 = > > 9 Hif

The qum of Sguares for repeatability (with summation over i, t and k):

5= 55 4

y Ay Ay =

Degrees of freedom:
vij=pp -1 Vi =9 ~ H Vi =p g
where

p’j is the number of laboratories that report at least one test result;
g is the number of samples for which at least one test result is reported;

n, is the total number of test results.

ISO 5725-5:1998(E)

(39)

(40)

(41)

(42)

(43)

(44)

(49)

(46)
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i)  Factors for each i (with summation over t):
nj = Z Nit (47)
Kij = z nijzt (48)
j)  Factors (with summation over i):
Kj = Z nij2 (49)
Kil= z Ki (50)
Kil= > K /ny D
k) The repeatability standard deviation Sjj» between-samples standard deviation SHj» between-laboratory standard
deviatioh S and reproducibility standard deviation s using:
Si [ S§ /v (52)
SE“ :[S$I] ~VH X é]/( n- JK) (53)
2|_ .
SLj-[S%“(*f‘ K/p) x & -w X r,%]/(jn- i g (54)
skil= 5 *+ 9)
NOTE — Thle above formulae were derived using statistical\theory set out by Scheffé 4],
5.10 Example 3: An application of the general formulae
5.10.1 The|data of Example 2, Level 4;-are used to provide an example of the application of the general formulae
by omitting gome of the test results (see-table 19). The formulae presented in 5.9 give the general averdge shown
under table 19 and the sums of squates, degrees of freedom and factors shown under tables 20, 21 and 2p.
5.10.2 Applying equations (52).to (55) in step k) of 5.9 then gives:
2 _ od
Si = S§ /v
= 36,895 0/16"%°
o]
Sf] =152%
and

sﬁj =[S$|j —VHj X r% ] /( in- JK)

= [29,907 5-9x1518 52] /(36 -19,667) %>
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SO

and

SO

and

Sy =075 %

s{] =[S% (5= K/p) < §-wy ”%]/(,-n- L

= [378,853 1- (19,666 7—68/36) x 074872 -10 x 1518 52] /(36130 /36)

SLj

SRj

ISO 5725-5:1998(E)

327 %

V1522 +3,272

361%

Table 19 — Example 3: Determinations of magnesium sulfate soundness for Level 4

Laboratory Sample Test result Test result
i t k=1 k=2

% %

1 1 — 10,1

2 13,9 13,8

2 1 — —

2 8,3 4,8

3 1 — 7,0

2 — 12,0

4 1 9,4 —

2 J— J—

5 1 3,7 6,3

2 3,3 3,7

6 1 16,5 12,3

2 13,2 16,8

7 1 7,5 9,3

2 11,1 8,3

8 1 57 6,8

2 4,8 55

9 1 6,6 7,0

2 4,9 6,3

10 1 55 5,8

2 3,9 5,7

11 1 9,5 7,2

2 8,1 7,4

General average: m = 8,1111%
Number of test results: nj = 36
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Table 20 — Example 3: Calculation of the sum of squares for laboratories

Laboratory Number of Laboratory
Laboratory average test results effect Factor
i nj Bj Kij
% %
1 12,600 3 4,488 9 5
2 6,550 2 -1,5611 4
3 9,500 2 1,388 9 2
4 9,400 1 1,288 9 1
5 4250 4 —3-861¢ S
6 14,700 4 6,588 9 8
7 9,050 4 0,938 9 8
8 5,700 4 -2,4111 8
9 6,200 4 -1,9111 8
10 5,225 4 -2,8861 8
11 8,050 4 -0,0611 8
Sunp of squares for laboratories: sz;j =378,853 1 %2
Dedrees of freedom for laboratories: v = 11-1=10
Factors: Kj =130 Kj =68 J” =19,666 7
Table 21 — Example 3: Calculation of the sum-of squares for samples
| aboratory Sample Sample Number of Sample effect
_ average test results Hijt
! ! N %
%
1 1 10,10 1 -2,500
2 13,85 2 1,250
2 1 — 0 —
2 6,55 2 0,000
3 1 7,00 1 —-2,500
2 12,00 1 2,500
4 1 9,40 1 0,000
2 — 0 —
5 1 5,00 2 0,750
2 3,50 2 - 0,750
6 1 14,40 2 - 0,300
2 15,00 2 0,300
7 1 8,40 2 —0,650
2 9,70 2 0,650
8 1 6,25 2 0,550
2 5,15 2 - 0,550
9 1 6,80 2 0,600
2 5,60 2 - 0,600
10 1 5,65 2 0,425
2 4,80 2 -0,425
11 1 8,35 2 0,300
2 7,75 2 - 0,300

Sum of squares for samples:

Degrees of freedom for samples:

S§yj = 29,907 5 %2
Vyj=20-11=9

©1SO
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Table 22 — Example 3: Calculation of the sum of squares for repeatability

Laboratory Sample Test result Test result
[ t k=1 k=2
% %
1 1 — 0,00
2 0,05 -0,05
2 1 — —
2 1,75 -1,75
3 1 — 0,00
2 — 0,00
4 1 0,00 —
2 J— R
5 1 -1,30 1,30
2 -0,20 0,20
6 1 2,10 -2,10
2 -1,80 1,80
7 1 -0,90 0,90
2 1,40 - 1,40
8 1 -0,55 0,55
2 -0,35 0,35
9 1 -0,20 0,20
2 -0,70 0,70
10 1 -0,25 0,15
2 ~0,90 0,90
11 1 1,15 -1,15
2 0,35 -0,35
Sum of squares for repeatability: S$j = 36,895 %2
Degrees of freedom for repeatability] Vij = 36 -20=16
6 Robyst methods for data analysis
6.1 Apglications of robust methods of data analysis
6.1.1 In ]SO 5725-2, it is reCemmended that two tests for outliers (Cochran’s test and Grubbs’ test) should be
applied to|the data obtainedin‘a precision experiment, and any data that give rise to a test statistic in onje or other of
these tests that exceeds‘the critical value of the test at the 1 % significance level should be discarded (unless the

statisticiam has good feason to retain the data). In practice, this procedure is often not easy to apply. Consider the
results of the outliertests in Example 1 of 4.8. These are given in table 8. Laboratory 5 gives only one|cell average
(at Level 10) thatsissSufficiently extreme to be classed as an outlier by Grubbs’ test, but gives three other stragglers,
and a strdgng_ indication in figure 3 that something is amiss in this laboratory. The statistician, in this sityation, has to
decide befween:

a) retaining all the data for Laboratory 5;

b) discarding only the data from Level 10 for Laboratory 5;

c) discarding all the data for Laboratory 5.

His/her decision will have a substantial influence on the calculated values for the repeatability and reproducibility
standard deviations. It is a common experience when analysing data from precision experiments to find data that
are on the borderline between stragglers and outliers, so that judgements may have to be made that affect the

results of the calculation. This may be unsatisfactory. The robust methods described in this clause allow the data to
be analysed in such a way that it is not required to make decisions that affect the results of the calculations. Thus if
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there is reason to expect that the results of a precision experiment will contain outliers, robust methods may be
preferred.

6.1.2 The basic model discussed in clause 5 of 1ISO 5725-1:1994 contains the assumption that establishing a
common value for the repeatability standard deviation for all laboratories using the measurement method is
justifiable. In practice it is often found that some laboratories achieve poorer repeatability than others. See, for
example, figure 5 for Example 2 in 5.8. Laboratory 6 obviously achieved a much worse repeatability than Laboratory
9 in this experiment, so that the assumption that they achieve similar repeatability does not appear to be true in this
instance. Some participants in a precision experiment may achieve poor repeatability when a measurement method
is subjected to a precision experiment for the first time, or when they have little experience of the measurement

method, and

these are situations when the use of robust methods will be particularly appropriate.

6.1.3 The d
values for th

outlying data. If the participants in the experiment can be considered to be divided into two<classes,

produce gog
for the repe
affected by t

6.1.4 The use of robust methods of data analysis does not affect the planning; organization or exec

precision ex
discarded sH
outlier tests
causes of a
discarded ag

6.1.5 The
calculating t

in the data then these will inflate the denominators and produce a distorted effect in the graphs of the sta

example, if,
extreme tha
large h for th
these other
rise to a sin
statistics, an
It is thereforg

6.1.6 Thed

a) cell ave

variation;

b) standar

measur

bject of using robust methods®l, when analysing the data from a precision experiment, G$,tq

d-quality data, and those that produce poor-quality data, then the robust methods’should vyi
htability and reproducibility standard deviations that are valid for the good-quality-data clas
he poor-quality data (provided that the poor-quality-data class is not too largé):

periment. The decision as to whether to use robust methods or methods that require outl
ould be made by the statistical expert, and reported to the panél, When robust methods are
and consistency checks described in ISO 5725-2 or 1ISO 5725-5/should be applied to the dat
Ny outliers, or patterns in the h and k statistics, should be.investigated. However, data sho
a result of these tests and checks.

lenominators in the h and k statistics are standard deviations that, according to the m
hese statistics described in ISO 5725-2, are calculated from the data as reported. If outliers a

at one level of an experiment, one laboratory gives a cell average that is an outlier, and n
N any other outlier at that level, then it'will show up in a graph of h statistics as giving an ex
at level. However, the h statistics forall-the other laboratories for that level will be small, even
aboratories give outliers. The use\of the overall average in the calculation of the h statistic
ilar effect. The use of robust estimates of the standard deviations as the denominators in th
d of robust estimates of the-everall averages in the calculation of the h statistics, avoids this
e recommended that theygare‘used for this purpose.

ata from a precision experiment allow two types of statistic to be calculated:

Fages, from which a standard deviation can be calculated that gives a measure of between-

| deviations or ranges (or differences in a split-level design) within cells that are combined
e of within-laboratory variation.

calculate

e repeatability and reproducibility standard deviations in such a way that they are not’inflyenced by

hose that
bld values
5, and not

ution of a
ers to be
used, the
n, and the
ild not be

ethods of
re present
istics. For
uch more
eptionally
if some of
can give
e hand k
distortion.

aboratory

to give a

The robust methods described here do not replace these cell averages, standard deviations or ranges or
differences, but provide alternative ways of combining them to obtain the statistics that are used to calculate the
repeatability and reproducibility standard deviations.

For example, with the data from one level of the uniform-level design considered in ISO 5725-2, the first stage of the
analysis is to calculate the average and standard deviation of the measurement results in each cell. The cell
averages are then used to calculate a standard deviation that is a measure of between-laboratory variation. When
the robust methods of this clause are used, this calculation is performed using ‘Algorithm A’ and cell averages are
not excluded from the calculation as a result of applying Grubbs’ test. Also in this design, the cell standard
deviations are pooled to give an estimate of the repeatability standard deviation. With robust analysis, this is
performed using ‘Algorithm S’ and cell standard deviations are not excluded as a result of applying Cochran’s test.
With either approach (that described in 1SO 5725-2 or that described here), the two measures are then used to
calculate estimates of the repeatability and reproducibility standard deviations in the same way.
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A more complicated example is the 6-factor staggered-nested design given in annex C of ISO 5725-3:1994. With
this design, the first stage of the analysis is to calculate the average of the data for each laboratory (at each level),
denoted y;y), ... , ¥i(5), and a series of ranges, denoted w;(), ... , W), that contain information about the variability
attributable to the various factors examined in the experiment. To analyse the data using the robust methods
described here, ‘Algorithm A’ is applied to the cell averages, and ‘Algorithm S’ is applied to each series of ranges
in turn. The statistics obtained by these operations are then used to obtain estimates of repeatability, intermediate
precision and reproducibility standard deviations, in the same way as if the method of analysis described in
ISO 5725-3 were being used.

6.1.7 The robust methods that are included in this part of ISO 5725 were chosen because they can be applied to
all the experimental designs given in parts 2, 3, 4 and 5 of ISO 5725, and because the calculations they require are
relatively simple. It should be noted, however, that they provide a means of combining, in a robust manner, cell
averages| cell standard deviations and cell ranges. They do not combine individual test results In a ro%ust manner,

i.e. they gtart with the arithmetic cell averages and the cell standard deviations. There are robust-fpethods that
combine test results within cells in a robust manner, and they would be more complicated to apply-in practice.

6.2 Rolust analysis: Algorithm A

6.2.1 This algorithm yields robust values of the average and standard deviation ef\the data to whichlit is applied,
and is applied to:

a) cell ayerages, in any design;

b) cell differences, in the split-level design.

6.2.2 Depote the p items of data, sorted into increasing order, by:
X1 Xpy oos Xjy ooy Xp

Denote the robust average and robust standard deviation of these data by x*and s*.

6.2.3 Calculate initial values for x* and s* as:

x*= median of x; (=12 ... p (56)

s*= 1,483 x median of |x; = (i=12..p (57)

6.2.4 Upgdate the valuesf x* and s* as follows.

Calculate
0=1|5s (58)
For each k—vatwe{i=4—2—p)ealedlate:

X*—¢ if x<xX-¢
X =tkdg it x>xtg (59)
B‘i otherwise

Calculate the new values of x* and s* from:

p
X*=;>q/p (60)
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st = l134\/

S (% - ¢ /(o)

=1

©1SO

(61)

6.2.5 The robust estimates x*and s* may be derived by an iterative calculation, i.e. by repeating the calculations in
6.2.4 several times, until the change in the estimates of x* and s* from one calculation to the next is small. This is a
simple method to program on a computer.

6.2.6 An alternative method that does not involve iteration and so may be easier to apply if the calculations are
being done by hand, is derived by observing that equations (60) and (61) in 6.2.4 may be written:

x* =X
() =

where
u_

Uy
X and s

These may
possibilities
and so on) U
the values o
those showr
solution by €

A further pos
to find the e

6.3 Robug

6.3.1 This algorithm is applied to within-laboratory standard deviations (or within-laboratory ranges) in an

It yields a ro

6.3.2 Deno

Wyp, Wy,

F15x (w-y)s/(p- u- y)

p-y - -1 x (3)2/[( p—l)/11342—152( pu+ py-4 uy/( p - u)]

is the number of data items x; for which x; < x*— ¢;
is the number of data items x; for which x; > x*+ ¢;
are the average and standard deviation of the (p — u — uy) datajitems x; for which |xi - x*| <

be used to calculate x* and s* directly if u. and uy areskhown. One approach is to try tf
n a systematic order (i.e. try u. =0, uy = 0; thenu_. =0, uy = 1; thenu_. =1, uy = 0; then u_ =

f u_ and uy used to calculate x* and s* In practice, the analyst will be able to use histogram
in figure 4 to identify the values that are likely to differ from x* by more than 1,5s* and s
valuating a small number of cases.

sibility is to use the iterative method to-find an approximate solution, then solve equations (62
act solution. This is the approach thatis used in the examples that follow.

t analysis: Algorithm S

bust pooled value ofithe standard deviations or ranges to which it is applied.

e the p items{af-data, sorted into increasing order, by:

s WL W

(62)

(63)

p.

e various
1,u =1,

ntil a valid solution is found in which the actual numbers of items of data more than 1,5s* from x* equal

s such as
o find the

) and (63)

design.

(These may

be-rahges or standard deviations).

Denote the robust pooled value by w* and the degrees of freedom associated with each w, by v. (When w; is a
range, v = 1. When w; is the standard deviation of n results, v = n— 1.) Obtain the values of £ and 1 required by the
algorithm from table 23.

6.3.3 Calculate an initial value for w* as follows.

w*= median of w,

(=12 ...p)

6.3.4 Update the value of w* as follows.
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Calculate:
v=nxw*

Foreachw; (i =1, 2, ..., p), calculate:

Calculate

Bt w>y

Bv; otherwise

the new value of w* from:

6.3.5 Th

several times, until the change in the estimate of w* from one calculation to the next\is small. Thig

method tg

6.3.6 An
being don

4

(w

~—"

where
I .
>l
uy i

This may

actual number of w; that exceed n x w*is equal to uy. In practice the analyst will be able to use histogr

those sho
small nun

The apprd
then solve

b robust estimate w* may be derived by an iterative calculation by repeating)the calculat

program on a computer.

alternative method, that does not involve iteration, and so may beceasier to apply if the cal
e by hand, is similar to that described in 6.2.6. Equation (67) in 6{3.4 may be written:

[« B ¢

5 the summation over the w; for which w; <y,

5 the number of w; for which w; > y.
be solved by trying uy = 0, uy = 1{ uy = 2, and so on in turn, until a valid solution is obtained

wn in figure 4 to identify the-ranges that are likely to exceed n x w* and find the solution by
ber of cases.

ach that is used in the-examples that follow is to use the iterative method to find an approxin
equation (68) to find-the exact solution.

Table 23 — Factors required for robust analysis: Algorithm S

(65)
(66)
(67)
ons in 6.3.4
is a simple

culations are

(68)

in which the
ams such as
evaluating a

ate solution,

Degrees of freedom Limit factor Adjustment factor

v n S

1 1,645 1,097
2 1,517 1,054
3 1,444 1,039
4 1,395 1,032
5 1,359 1,027
6 1,332 1,024
7 1,310 1,021
8 1,292 1,019
9 1,277 1,018
10 1,264 1,017

NOTE — The values of £ and 1 are derived in annex B.
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6.4 Formulae: Robust analysis for a particular level of a uniform-level design
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6.4.1 With a uniform-level design, a robust estimate of the repeatability standard deviation s, for a level may be
obtained by applying Algorithm S to the cell ranges or cell standard deviations for the level to derive a robust value
w*from equation (67) in 6.3.4. If Algorithm S is applied to the cell standard deviations, then

S = w*

If there are two measurement results per cell and Algorithm S is applied to the cell ranges, then

s = w/V2

6.4.2 A rof
Algorithm A
using

Sq = S*

6.4.3 Next

wey

where nis th
If the expres
s =0

Calculate th{

SR:\/;

6.5 Exam

6.5.1 Exam
and outliers
shown to be
straggler by

6.5.2 If the
be estimateq

ust estimate of the standard deviation of cell averages s for a level may be obtainedyby
fo the cell averages for the level to obtain a robust value s* from equation (61) in clause6.2.4

he between-laboratory standard deviation s_ may be derived using

-(#/9

j=a)e)

e number of measurement results per cell.

sion under the square root is negative then set

b reproducibility standard deviation for the level as

F+ ¢

ble 4: Robust analysis for aparticular level of a uniform-level design

ple 3 in ISO 5725-2:1994.is an example of a uniform-level design in which the data contain
Level 5 in that examiple is of particular interest because Laboratory 1 gave a cell average
a near-straggler by -Grubbs’ test, and Laboratory 6 gave a cell range that was shown to |
Cochran'’s test. Fhese data are reproduced here in table 24.

data fromall the laboratories are retained, the repeatability and reproducibility standard devig
usingtheformulae in clause 7.4 of ISO 5725-2:1994, giving:

(69)

(70)

applying
and then

(71)

(72)

(73)

(74)

stragglers
that was
e a near-

tions may

p =]

m = 20,511
s = 0585
g = 1727
s = 1677
ss = 1776
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6.5.3 However, according to ISO 5725-2, the data analyst used information from other levels in the experiment,
and suspicions concerning the identity of the samples tested by Laboratory 6, to justify excluding data from both
Laboratories 1 and 6 from the calculation, giving:

p

m
s
S
S

R

= 7

20,412

0,393

0,573

0,501

0,637

Clearly the decision to exclude the data from the two laboratories has had a substantial effect on the
the repeatability and reproducibility standard deviations.

6.5.4 Th
calculatio

Ns may be set out conveniently as shown in table 25, in which the_cell ranges have bee

increasing order. Applying Algorithm S using iteration gives the results shown in this table. In this
degrees df freedom of each cell range is v = 1, so £= 1,097 and n =.1,645. From the four iterations

table it af

were being done on a computer, the process could be allowed to centinue until the change in the value
iteration t¢ the next is small.

The solutipn may also be derived directly, as follows. Usingtequation (68) in 6.3.6 with:

c
C
1

M s
<
piing

1]
=

gives
(w)
giving the

w*=

L

«\2
vi) /p=0,2495

F =10972 x 0,2495+(1097 x 1645 w*)? /9
solution (if theyassumption uy = 1 is correct) of:

D,69 % creosote

It may thgn be confirmed that this value gives y = 1,645 x 0,69 = 1,14, so, as assumed, only wg ex
further that feplacing wg by 1,14 gives w*= 0,63 x 1,097 = 0,69, again, so that the solution is shown to

estimates of

b first step in the analysis is to obtain a robust estimate of the repeatability standard deviation. The

N sorted into
example the
shown in the

pears that the robust value w* = 0,7 and only one cell range (wg =198) exceeds . If the| calculations

w* from one

ceeds v and
be valid.

The estimate of the repeatability standard deviation is thus:

s, =0,69/+/2 = 0,49 % creosote

This lies between the two estimates given in 6.5.2 and 6.5.3.

6.5.5 The next step in the analysis is to obtain a robust estimate of the standard deviation of the cell averages.
Applying Algorithm A to the cell averages gives the results shown in table 26, where now the cell averages have
been sorted into increasing order. From the four iterations shown in the table it appears that the robust values are
x*= 20,412 and s*= 1,1, and that only the two extreme cell averages (x; =17,570, xg = 24,140 ) differ from x* by
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more than ¢. If the calculations were being done on a computer, the process could be allowed to continue until the
changes in the values x* and s* from one iteration to the next are small.

If the calculations are being done by hand, the data analyst should use the direct method described in 6.2.6 and try:
u=uy=1
This gives

x' =20,412 and s' =0,573 % creosote

Hence from pguatiors{62-and{63)-#-6-26
(s*)? =6 x (0573)% /[8/11342 -152(9+9-4)/7]
giving:
s*=1070 % creosote
and

X* = x" £ 20412 % creosote

It may then|be confirmed that this value of s* gives ¢ = 1,605 (sojuas assumed, only xj and xg differ from
x*= 20,412 by more than ¢), and that replacing x; by 18,807 and xg by 22,017 gives a new value x*= 20,412 and
a new value|s*= 0,944 x 1,134 = 1,070 again, so the solution is.stiewn to be valid.

The estimaté¢ of the between-laboratory standard deviation.i§’thus, from equation (72) in 6.4.3:

s = \/13702 ~(0492 /2) =1012 % creosote
and the estirpate of the reproducibility standard deviation is, from equation (74) in 6.4.3:

SR = \/10122 +0,492 =1124 % grepsote

Again, this lies between the two_estimates given in 6.5.2 and 6.5.3.

Table 24 — Example 4: Thermometric titration of creosote oil

Laboratory Data Cell average Cell range
i % creosote % creosote % creosote
1 24,28 24,00 24,140 0,28
2 20,40 19,91 20,155 0,49
3 19,30 19,70 19,500 0,40
4 20,30 20,30 20,300 0,00
5 20,53 20,88 20,705 0,35
6 18,56 16,58 17,570 1,98
7 19,70 20,50 20,100 0,80
8 21,10 20,78 20,940 0,32
9 20,71 21,66 21,185 0,95
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Table 25 — Example 4: Applying Algorithm S to the cell ranges (% creosote)
(v=1;&=1,097; n=1,645)
Iteration ol 1 2 3 4
v — 0,66 0,86 1,00 1,09
WI 0,00 0,00 0,00 0,00 0,00
w5 0,28 0,28 0,28 0,28 0,28
W§ 0,32 0,32 0,32 0,32 0,32
W 0,35 0,35 0,35 0,35 0434
Wé 0,40 0,40 0,40 0,40 0,44
W§ 0,49 0,49 0,49 0,49 0,44
W§ 0,80 0,66 0,80 0,80 0,8(
W 0,95 0,66 0,86 0,95 0,95
W§ 1,98 0,66 0,86 1,00 1,04
Hooled w 0,83 0,47 0,56 0,60 0,62
New w* 0,402 0,52 0,61 0,66 0,64
1) The column for iteration 0 is taken from table 24 after rearrangement’in increasing order.
2) 0}40 is the median range [see equation (64) in 6.3.3].
Table 26 — Example 4: Applying Algorithm A to the cell averages (% creosote)
Iferation ob 1 2 3 4
0] — 1,424 1,478 1,514 1,539
X*— @ — 18,876 18,909 18,893 18,872
X4+ @ — 21,724 21,865 21,921 21,950
X] 17,570 18,876 18,909 18,893 18,872
X5 19,500 19,500 19,500 19,500 19,500
X3 207100 20,100 20,100 20,100 20,100
XZ 20,155 20,155 20,155 20,155 20,1%5
X5 20,300 20,300 20,300 20,300 20,300
Xg 20,705 20,705 20,705 20,705 20,705
p e 20,940 20,940 20,940 20,940 20,940
Xg 21,185 21,185 21,185 21,185 21,185
X9 24,140 21,724 21,865 21,921 21,950
Average 20,511 20,387 20,407 20,411 20,412
Standard 1,727 0,869 0,890 0,905 0,916
deviation
New x* 20,300 2) 20,387 20,407 20,411 20,412
New s* 0,949 2) 0,985 1,009 1,026 1,039

1) The column for iteration 0 is taken from table 24 after rearrangement in increasing order.
2) 20,300 and 0,949 are derived using equations (56) and (57) in 6.2.3.
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6.6 Formulae: Robust analysis for a particular level of a split-level design
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6.6.1 With a split-level design, a robust estimate of the repeatability standard deviation s, for a level may be
obtained by applying Algorithm A to the cell differences for the level to derive a robust value s* from equation (61),
and then calculating s, using

§ = s*42

6.6.2 A robust estimate of the standard deviation of cell averages

(75)

for a level may be obtained by applying

Algorithm A again to the cell averages for the level to derive a robust value s* from equation (61), and then obtaining

syas:

5 = s

The formulal
the level.

6.7 Exam

6.7.1 Thed
showed a cq
of these ang
the calculati
used here tg

6.7.2 To ol
(from table
increasing o
s*= 0,36, an

Applying the

X' =82
SO equations

X* = 8,2

giving

b given in 4.5.6 may then be used to calculate an estimate of the reproducibility standard de

ble 5: Robust analysis for a particular level of a split-level design

nsistent negative bias in the results from Laboratory 5. If the data @nalyst cannot discover t
malies then he/she is put in the difficult position of having to decide which data, if any, to ex
bn of the repeatability and reproducibility standard deviations.\JFhe data for Level 14 (see tg
illustrate the results that are obtained by robust analysis.

tain a robust estimate of the repeatability standard.déviation, apply Algorithm A to the cell @
b). This gives the results shown in table 27, in_which the cell differences have been s
rder. From the four iterations shown in the table; it appears that the robust values are x* 5
d that only xg differs from x* by more than ¢.

method described in 6.2.6 with u_. = 0 and uy = 1 gives
19 and s' =0,257 % protein
(62) and (63) in 6.2.6 may pe written:

19+15 x s*/ 8

7x (0257)%7[8 /11342 ~152(0+9-0) /8]

(76)

\viation for

ata of Example 1 in 4.8 contained a number of stragglers and an outlier(see table 8). Also, the figure 3

e causes
lude from
ble 4) are

ifferences
orted into
8,29 and

s*=0,3
and, using e

s =03

54°% protein
quation (75) in 6.6.1,

54 //2 =0,250 % protein

The robust average of the cell differences is

x*=8,219+15 x 0,354/8 =8,285 % protein
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With these values of x* and s*,

9 =15 x 0,354 =0531

SO

X*—@p=7754 and x*+¢ =8_816 % protein

It was assumed for the calculation of x* and s*that only xg was outside these limits. It may be confirmed that this is
indeed the case, so that a valid solution has been obtained.

6.7.3 Ap
averages

blying Algorithm A to the cell averages (from table 6) gives the results shown in table 28,4V
have been entered in increasing order. The situation here is similar to that found in,table 2

and xg afe more than ¢ from x* and x* is converging on the average of x5 to Xg, namely-85,486.

method of
X' =

Hence eq
(597

giving

6.2.6 again, but with u_ = uy = 1, the average and standard deviation of x5 to xg are:
B5,486 and s' =0,209

Liation (63) in 6.2.6 may be used to derive s* from:

=6 x (0,209)2/[8/L1342—1,52(9+9—4)/7]

s*=(,390 % protein

Now equg
X* =
To check

»=1

X* -
It will be 9

To obtain

tion (62) in 6.2.6 may be used to give
B5,486 % protein
that the solution is valid, calculate

5 x 0,390=0,585

0 =84,901 and-~x*+¢ =86,071% protein

een that, as-assumed, only x; and xg fall outside these limits.

the reproducibility standard deviation, use equation (76) in 6.6.2 to give:

sy:

hich the cell
b, where xj
Applying the

D,390 % protein

and then equation (13) in 4.5.6 to give:

Sgr = 0,410 % protein

Hence, in this example, the robust method gives estimates s, and sg that are somewhat smaller than the values
obtained using all the data as reported (given in table 7).

43


https://standardsiso.com/api/?name=5a99c7b8ef29a5ae9d18b75c3fe5ceb1

ISO 5725-5:1998(E)

Table 27 — Example 5: Applying Algorithm A to the cell differences

(% protein)

©1SO

Iteration 0 1 2 3 4
) — 0,53 0,56 0,55 0,54
X*— ¢ —_ 7,85 7,74 7,74 7,75
X*+ @ — 8,91 8,86 8,84 8,83
X1 7,81 7,85 7,81 7,81 7,81
% 7,93 7,93 7,93 7,93 7,93
X3 8,13 8,13 8,13 8,13 8,13
vl 8,14 8,14 8,14 8,14 8,44
5 8,38 8,38 8,38 8,38 8,38
6 8,40 8,40 8,40 8,40 8,40
7 8,44 8,44 8,44 8,44 8,44
8 8,52 8,52 8,52 8,52 8,52
9 9,31 8,91 8,86 8,84 8,83
Average 8,340 8,300 8,290 8,288 8,287
Standard deviation 0,436 0,326 0,322 0,317 0,31%
Nepw x* 8,380 1) 8,300 8,290 8,288 8,287
New s* 0,356 1) 0,370 0,365 0,359 0,357
1) Obtained using equations (56) and (57) in 6.2.3.
Table 28 — Example 5: Applying Algorithtn™A to the cell averages (% protein)
Itergtion 0 1 2 3 4
o — 0,446 0,492 0,519 0,537
x*I ¢ — 85,104 85,009 84,971 84,95
xh o — 85,996 85,993 86,009 86,024
1 84,525 85,104 85,009 84,971 84,950
5 85,140 85,140 85,140 85,140 85,140
5 85)345 85,345 85,345 85,345 85,34%
Z 85,385 85,385 85,385 85,385 85,38%
E 85,550 85,550 85,550 85,550 85,550
% 85,575 85,575 85,575 85,575 85,57%
X7 85,660 85,660 85,660 85,660 85,660
X§ 85,750 85,750 85,750 85,750 85,750
X9 86,170 85,996 85,993 86,009 86,024
Average 85,456 85,501 85,490 85,487 85,487
Standard deviation 0,453 0,289 0,305 0,316 0,324
New x* 85,550 1) 85,501 85,490 85,487 85,487
New s* 0,297 1) 0,328 0,346 0,358 0,367

1) Obtained using equations (56) and (57) in 6.2.3.
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6.8 Formulae: Robust analysis for a particular level of an experiment on a heterogeneous

material

6.8.1 With the design for a heterogeneous material, in the usual case when two samples are prepared for each of
p’ laboratories at each level, and two test results are obtained on each sample, robust estimates of the repeatability
and reproducibility standard deviations may be obtained by three applications of Algorithms A and S as follows.

a) Apply Algorithm S to the between-test-result ranges to derive a robust value w* from equation (67) in 6.3.4, and

set

ss =2 p( w)?

(77)

b) Apply

c) Apply

These cal
in increas

6.8.2 Th
standard

Algorithm A to the cell averages to derive a robust value s*from equation (61)\in6.2.4, and s
by =5
ng order, as shown in the examples that follow.

b formulae given in 5.5 may then be used to calculate estimates of the repeatability and rg
leviations, and of the standard deviation s, that measures variation between the samples.

6.9 Example 6: Robust analysis for a particularclevel of an experiment on a heterogen

material

6.9.1 Th
illustrate t

6.9.2 Ap

b data for Level 6 of Example 2 in 5.8 do_not contain any outliers or stragglers, so they are
ne results that are obtained by robust.analysis in such a case.

blying Algorithm S to the between-test-result ranges (from table 14) gives the results showr

Here the dlegrees of freedom v = 1 so.p = 1,645 and & = 1,097, and the number of data items p = 2p’ =

four iterat
and uy de

2

SO equatid

ons shown in the tableit appears that the robust value is w*= 4,5 and that wjg to w5, exce
fined as in 6.3.6, in this-case:

1
%\2
v ) /p: 137,92 /22 26,2691

n(68) in 6.3.6 becomes

Algorithm S to the between-sample ranges to derive another robust value w*from equation (|67), and set

(78)

11
—

(79)

culations may be set out conveniently in tabular form, with the first Column of ranges or averages entered

eproducibility

Eeous

Lised here to

in table 29.
P2. From the
ed . With 7

(w*)2 =10972 x 6,269 1+ 4(1097 x 1,645 w*)?/ 22

giving

w* =

4,30 %

It may then be confirmed that with this value of w*, w= 7,1, and the four values wijg to w5, exceed y, so that this
value of w*is a valid solution.
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