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JAPANESE INDUSTRIAL STANDARD JIS Z 8402-5 : 2002
(ISO 5725-5 : 1998)

Accuracy (trueness and precision) of
measurement methods and results—
Part 5 : Alternative methods for
the determination of the precision of
a standard measurement method

Introduction This part of JIS Z 8402 has been prepared based on the first edi-
tion of ISO 5725-5 Accuracy (trueness and precision) of measurement methods and
results—Part 5: Alternative methods for the determination of the precision of a stan-
dard measurement method published in 1998 without modifying the technical con-
tents. ’

The portions underlined with dots are the matters not stated in the original In-
ternational Standard.

0.1 This part of JIS Z 8402 uses two terms frueness and precision to describe the
accuracy of a measurement method. Trueness refers to the closeness of agreement
between the average value of a large number of test results and the true or accepted
reference value. Precision refers to the closeness of agreement between test results.

0.2 General consideration of these quantities is given in JIS Z 8402-1 and so is
not repeated here. This part of JIS Z 8402 should be read in conjunction with JIS
Z 8402-1 because the underlying definitions and general principles are given there.

0.3 JIS Z 8402-2 is concerned with estimating, by means of interlaboratory experi-
ments, standard measures of precision, namely the repeatability standard deviation
and the reproducibility standard deviation. It gives a basic method for doing this
using the uniform-level design. This part of JIS Z 8402 describes alternative meth-
ods to this basic method.

a) With the basic method there is a risk that an operator may allow the result of
a measurement on one sample to influence the result of a subsequent measure-
ment on another sample of the same material, causing the estimates of the re-
peatability and reproducibility standard deviations to be biased. When this risk
is considered to be serious, the split-level design described in this part of JIS Z
8402 may be preferred as it reduces this risk.

b) The basic 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 method then gives estimates of the
reproducibility standard deviation that are inflated by the variation between
the samples. The design for a heterogeneous material given in this part of JIS
Z 8402 yields information about the variability between samples which is not
obtainable from the basic method; it may be used to calculate an estimate of
reproducibility from which the between-sample variation has been removed.
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¢) The basic method requires tests for outliers to be used to identify data that should
be excluded from the calculation of the repeatability and reproducibility stan-
dard deviations. Excluding outliers can sometimes have a large effect on the
estimates of repeatability and reproducibility standard deviations, but in prac-
tice, when applying the outlier tests, the data analyst may have to use judge-
ment to decide which data to exclude. This part of JIS Z 8402 describes robust
methods of data analysis that may be used to calculate repeatability and repro-
ducibility standard deviations from data containing outliers without using tests
for outliers to exclude data, so that the results are no longer affected by the
data analyst’s judgement.

1 Scope This part of JIS Z 8402

— provides detailed descriptions of alternatives to the basic method for determin-
ing the repeatability and reproducibility standard deviations of a standard mea-
surement method, namely the split-level design and a design for heterogeneous
materials;

— describes the use of robust methods for analysing the results of precision experi-
ments without using outlier tests to exclude data from the calculations, and in
particular, the detailed use of one such method.

This part of JIS Z 8402 complements JIS Z 8402-2 by providing alternative de-
signs that may be of more value in some situations than the basic design given in JIS
Z 8402-2, and by providing a robust method of analysis that gives estimates of the
repeatability and reproducibility standard deviations that are less dependent on the
data analyst’s judgement than those given by the methods described in JIS Z 8402-2.

Remarks : The International Standard corresponding to this Standard is as fol-
lows.

In addition, symbols which denote the degree of correspondence in
the contents between the relevant International Standard and JIS
are IDT (identical), MOD (modified), and NEQ (not equivalent) ac-
cording to ISO/IEC Guide 21.

ISO 5725-5: 1998 Accuracy (trueness and precision) of measurement
methods and results—Part 5: Alternative methods
for the determination of the precision of a standard
measurement method (IDT)

2 Normative references The following standards contain provisions which, through
reference in this Standard, constitute provisions of this Standard. If the indication
of the year of coming into effect is given to these referred standards, only the edi-
tion of indicated year constitutes the provision of this Standard but the revision and
amendment made thereafter are not applied. The normative references without the
indication of the year of coming into effect apply only to the most recent edition (in-
cluding amendments).

JIS Z 8101-1 Statistics—Vocabulary and symbols—Part 1 : Probability and gen-
eral statistical terms

Remarks : ISO 3534-1: 1993 Statistics—Vocabulary and symbols—Part 1 :
Probability and general statistical terms is equivalent to the said
standard.
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JIS Z 8101-2 Statistics—Vocabulary and symbols Part 2 : Statistical quality control
terms

Remarks : ISO 3534-2 : 1993 Statistics—Vocabulary and symbols—Part 2 :
Statistical quality control is equivalent to the said standard.

JIS Z 8101-3 Statistics—Vocabulary and symbols—Part 3 : Design of experiments

Remarks : ISO/FDIS 3534-3 : 1999 Statistics—Vocabulary and symbols—
Part 3 : Design of experiments is identical with the said standard.

JIS Z 8402-1: 1999 Accuracy (trueness and precision) of measurement methods
and results—Part 1 : General principles and definitions

Remarks : ISO 5725-1: 1994 Accuracy (irueness and precision) of measurement
methods and results—Part 1 : General principles and definitions is
identical with the said standard.

JIS 7 8402-2: 1999 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

Remarks : 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
is identical with the said standard.

3 Definitions For the purposes of this part of JIS Z 8402, the definitions given
in JIS Z 8101-1, JIS Z 8101-2 and JIS Z 8402-1 apply.

The symbols used in JIS Z 8402 are given in annex A.
4 Split-level design
4.1 Applications of the split-level design

4.1.1 The uniform level design described in JIS Z 8402-2 requires two or more iden-
tical samples of a material to be tested in each participating laboratory and at each
level of the experiment. With this design there is a risk that an operator may allow
the result of a measurement on one sample to influence the result of a subsequent
measurement on another sample of the same material. If this happens, the results
of the precision experiment will be distorted: estimates of the repeatability stan-
dard deviation o, will be decreased and estimates of the between-laboratory stan-
dard deviation op will be increased. In the split-level design, each participating
laboratory is provided with a sample of each of two similar materials, at each level
of the experiment, and the operators are told that the samples are not identical, but
they are not told by how much the materials differ. The split-level design thus pro-
vides a method of determining the repeatability and reproducibility standard devia-
tions of a standard measurement method in a way that reduces the risk that a test
result obtained on one sample will influence a test result on another sample in the
experiment.
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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 figure 1. Such graphs can help identify
those laboratories that have the largest biases relative to the other laboratories. This
is useful when it is possible to investigate the causes of the largest laboratory bi-
ases with the aim of taking corrective action.

4.1.3 It is common 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 obtained by chemical analysis, the
repeatability and reproducibility standard deviations usually increase as the pro-
portion of the element increases. It is necessary, for a split-level experiment, that
the two similar materials used at a level of the experiment are so similar that they
can be expected to give the same repeatability and reproducibility standard devia-
tions. For the purposes of the split-level design, it is acceptable if the two materials
used for a level of the experiment give almost the same level of measurement re-
sults, and nothing is to be gained by arranging that they differ substantially.

In many chemical analysis methods, the matrix containing the constituent of in-
terest can influence the precision, so for a split-level experiment two materials with
similar matrices are required at each level of the experiment. A sufficiently similar
material can sometimes be prepared by spiking a material with a small addition of
the constituent of interest. When the material is a natural or manufactured prod-
uct, it can be difficult to find two products that are sufficiently similar for the pur-
poses of a split-level experiment: a possible solution may be to use two batches of
the same product. It should be remembered that the object of choosing the materi-
als for the split-level design is to provide the operators with samples that they do
not expect to be identical.

4.2 Layout of the split-level design |

4.2.1 The layout of the split-level design is shown in table 1.
The p participating laboratories each test two samples at g 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.

4,22 The data from a split-level experiment are represented by:
Yijr
where
subscript i represents the laboratory (i =1, 2, ..., p);

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

subscript 2 represents the sample (2 =a or b).
4.3 Organization of a split-level experiment

4.3.1 Follow the guidance given in clause 6 of JIS Z 8402-1 when planning a split-
level experiment.
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Subclause 6.3 of JIS Z 8402-1 contains a number of formulae (involving a quan-
tity denoted generally by A) that are used to help decide how many laboratories to
include in the experiment. The corresponding formulae for the split-level experi-
ment are set out below.

NOTE : These formulae have been derived by the method described in NOTE 24
of 6.3.2.2 of JIS Z 8402-1.

To assess the uncertainties of the estimates of the repeatability and reproduc-
ibility standard deviations, calculate the following quantities.

For repeatability
A, = 1.961/[2(p = DI orererrrererereresrermemtsncieinesmnietessiscsrcceserensnaeenes (D

For reproducibility
Ar=1.96 {1+ 202 DR+ B/[By*(p = D] +werereverssrremsrmsssissisnrisnnane, 2)

with y= oy/0,.

If the number n of replicates is taken as two in equations (9) and (10) of JIS Z
8402-1, then it can be seen that equations (9) and (10) of JIS Z 8402-1 are the same
as equations (1) and (2) above, except that sometimes p — 1 appears here in place of
p in JIS Z 8402-1. This is a small difference, so table 1 and figures B.1 and B.2 of
JIS Z 8402-1 may be used to assess the uncertainty of the estimates of the repeat-
ability and reproducibility standard deviations in a split-level experiment.

To assess the uncertainty of the estimate of the bias of the measurement method
in a split-level experiment, calculate the quantity A as defined by equation (13) of
JIS Z 8402-1 with n = 2 (or use table 2 of JIS Z 8402-1), and use this quantity as
described in JIS Z 8402-1.

To assess the uncertainty of the estimate of a laboratory bias in a split-level ex-
periment, calculate the quantity Ay as defined by equation (16) of JIS Z 8402-1 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 labora-
tory 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 § and 6 of JIS Z 8402-2 with regard to
the details of the organization of a split-level experiment. The number of replicates,
n in JIS Z 8402-2, 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 randomiza-
tion operation.

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 ¢ 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.
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Table 1 Recommendéd form for the collation of data for
the split-level design

— . Level
Laboratory 1 2 j q

1

4.4 Statistical model

4.4,1 The basic model used in this part of JIS Z 8402 is given as equation (1) in
clause 5 of JIS Z 8402-1. It is stated there that for estimating the accuracy (true-
ness and precision) of a measurement method, it is useful to assume that every
measurement result is the sum of three components:

yijk = mJ + BU =+ eijk ................................................................................ (3)

where, for the particular material tested,

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

B;; represents the laboratory component of bias under repeatability con-
ditions in a particular laboratoryi=1, ..., p at a particular level j =1,
s G

e;r represents the random error of test result k=1, ..., n, obtained in
laboratory i at level j, under repeatability conditions.

4.4.2 For a split-level experiment, this model becomes:

yijk = mjk + Bij + eijk .............................................................................. (4)

This differs from equation (3) in 4.4.1 in only one feature: the subscript £ in m
implies that according to equation (4) the general average may now depend on the
material a or b (¢ = 1 or 2) within the level j.

The lack of a subscript & in B;; implies that it is assumed that the bias associated
with a laboratory i does not 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:

yij = (Yija +yljb)/2 ...................................................................................... (5)

and the cell differences as:

Dy = Yy = Yij wrerereeee s (6)
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4.4.4 The general average for a level j of a split-level experiment may be defined as:

m; = (my, + mjb)/2 ............................................................................... D

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 yijb'

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.
Calculate the cell averages y; and enter them into a table as shown in table 3.
4.5.2 If a cell in table 1 does not contain two test results (for example, because samples

have been spoilt, or data have been excluded following the application of the outlier
tests described later) then the corresponding cells in tables 2 and 3 both remain empty.

4.5.3 For each level j of the experiment, calculate the average D, and standard de-
viation sj; of the differences in column j of table 2:

| SDjz(Z(DU_Dj)z/(p_l) ................................................................... (9)

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

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

4.5.4 For each level j of the experiment, calculate the average y; and standard de-
viation s,; of the averages in column ;j of table 3, using:

yJ.:Zyij/p .......................................................................................... (10)

Syj=\/2(yij—yj)2/(p—1) ..................................................................... (11)

Here, X represents summation over the laboratories i =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 a 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 stan-
dard deviation sg; from:

8 = sDj/\/_?T ......................................................................................... (12)
S = S S/ werereeeieet et (18)

4.5.7 Investigate whether s,; and sg; depend on the average y;, and, if so, determine
the functional relationships, using the methods described in subclause 7.5 of JIS Z
8402-2.

Table 2 Recommended form for tabulation of cell differences for
the split-level design

Level
Laboratory 1 2 o i I 4
7 - e
2 —— — ————
I i | | l ! I |
I I I | | | | {
| WO I e ——
N 1 ] I
1 ) AR |
1 L) I
| [ | | I | | |
| ] | ] ! | | |
1 1 1 | I | | SO | i
I P | I I I | I |

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

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 4 statistics, described in subclause
7.3.1 of JIS Z 8402-2.

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

By = (D= D)) Sp; wwereereerseresssesnssnsmsmmasssis st e (14)
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To check the consistency of the cell averages, calculate the 2 statistics as:

iy = (g = Y[ 8,5 evevemsssrimsssssmsninis s (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 interpre-
tation of these graphs is discussed fully in subclause 7.3.1 of JIS Z 8402-2. If a
laboratory is achieving generally worse repeatability than the others, then it will
show up as having an unusually large number of large & 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 A 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 back to the organizer of the experiment.

4.6.2 Examine the data for stragglers and outliers using Grubbs’ tests, described
in subclause 7.3.4 of JIS Z 8402-2.

To test for stragglers and outliers in the cell differences, apply Grubbs’ tests to
the values in each column of table 2 in turn.

To test for stragglers and outliers in the cell averages, apply Grubbs’ tests to the
values in each column of table 3 in turn.

The interpretation of these tests is discussed fully in subclause 7.3.2 of JIS Z
8402-2. They are used to identify results that are so inconsistent with the remain-
der of the data reported in the experiment that their inclusion in the calculation of
the repeatability and reproducibility standard deviations would affect the values of
these statistics substantially. Usually, data shown to be outliers are excluded from
the calculations, and data shown to be stragglers are included, unless there is a good
reason for doing otherwise. If the tests show that a value in one of tables 2 or 3 is
to be excluded from the calculation of the repeatability and reproducibility standard
deviations, then the corresponding value in the other of these tables should also be
excluded from the calculation.

4.7 Reporting the results of a split-level experiment

4.7.1 Advice is given in subclause 7.7 of JIS Z 8402-2 on:

— reporting the results of the statistical analysis to the panel;

— decisions to be made by the panel; and

— the preparation of a full report.

4,7.2 Recommendations on the form of a published statement of the repeatability

and reproducibility standard deviations of a standard measurement method are given
in subclause 7.1 of JIS Z 8402-1.

4.8 Example 1: A split-level experiment—Determination of protein

4.8.1 Table 4 contains the data from an experiment 5! which involved the determi-
nation by combustion of the content of protein in feeds. There were nine participat-
ing laboratories, and the experiment contained 14 levels. Within each level, two
feeds were used having similar mass fraction of protein in feed.
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4.8.2 Tables 5 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:
D,,=834%
Sp14=0.436 1%
and apply equations (10) and (11) in 4.5.4 to the averages in table 6 gives:
Y1 =85.46 %
8,14 =0.453 4 %

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

8,14 =0.31 %
Sp1a=0.50 %

Table 7 gives the results of the calculations for the other levels.

4.8.3 Figure 1 shows the results for samples a from table 4 plotted against the cor-
responding results for samples b, for Level 14, in a “Youden plot”. Laboratory 5 gives
a point in the bottom left-hand corner of the graph, and Laboratory 1 gives a point
in the top right-hand corner: this indicates that the data from Laboratory 5 have a
consistent negative bias over samples a and b, and that the data from Laboratory 1
have a consistent positive bias over the two samples. It is common to find this sort
of pattern when plotting the data from a split-level design as in figure 1. The figure
also shows that the results for Laboratory 4 are unusual, as the point for this labo-
ratory is some distance from the line of equality for the two samples. The other
laboratories form a group in the middle of the plot. This figure thus provides a case
for investigating the causes of the biases at the three laboratories.

NOTE : For further information on the interpretation of “Youden plots”, see
references [’ and 8], '

4.8.4 The values of the h statistics, calculated as described in 4.6.1, are shown in
tables 5 and 6, for only Level 14. The values for all levels are plotted in figures 2
and 3.

In figure 3, the A statistics for cell averages show that Laboratory 5 gave nega-
tive h statistics at all levels, indicating a consistent negative bias in their data. In
the same figure, Laboratories 8 and 9 gave A statistics that are nearly all positive,
indicating consistent positive biases in their data (but smaller than the negative bias
in Laboratory 5). Also, the h statistics for Laboratories 1, 2 and 6 indicate a bias
that changes with level in each of these laboratories. Such interactions between the
laboratories and the levels may provide clues as to the causes of the laboratory biases.

Figure 2 does not reveal any noteworthy pattern.

4.8.5 Values of the Grubbs’ statistics are given in table 8. These tests again indi-
cate that the data from Laboratory 5 are suspect.
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4.8.6 At this point in the analysis, the statistical expert should initiate an investi-
gation at Laboratory 5 of the possible causes of the suspect data, before proceeding
with the analysis of the data. If the cause cannot be identified, there is a case in
this instance for excluding all data from Laboratory 5 from the calculation of the
repeatability and reproducibility standard deviations. The analysis would then con-
tinue with an investigation of possible functional relationships between the repeat-
ability and reproducibility standard deviations and the general average. This does
not raise any issues that have not already been covered in JIS Z 8402-2, so it will
not be considered here.
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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 1111 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 15.12
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 1258 | 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 1113 10.38 11.38 10.44 12.94 12.44 13.63 13.08 15.75 15.56
8 11.21 10.51 11.32 10.84 13.09 13.76 13.85 1349 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
Laboratory 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 44 42 52.05 49.40 65.84 59.14
2 10.25 20.25 20.36 19.94 46.89 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 18.90 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 69.38
9 20.64 21.01 20.78 20,89 47.09 45.15 52.19 48.46 66.33 59.47
Level
Laboratory 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 80.09 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 B8.24 88.05 89.75 81.35

Information : The data of sample b at level 5/1aboratory 2 “15.12”, and of sample

Documents

PROTECTED 3Y COPYRIGHT


http://www.avadocuments.com/doc/jis-z-8402-5-2002
http://www.avadocuments.com/doc/jis-z-8402-5-2002

Table 5 Example 1: Cell differences
for Level 14

13

Z 8402-5 : 2002 (ISO 5725-5 : 1998)

Table 6 Example 1: Cell averages

for Level 14

Laboratory Cell h Laboratory Cell h
difference statistic average statistic
% %
1 8.14 -0.459 1 86.170 1576
2 8.44 0.228 2 85.660 0.451
3 7.81 -1.215 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 85.345 - 0.244
8 8.38 0.092 8 85.750 0.649
9 8.40 0.138 9 85.550 0.208
Information : In table 6, “Cell average” is miswritten as “Cell difference” in

Table 7 Example 1: Values of averages, average differences, and standard

deviations calculated from the data for all 14 levels in table 4

Level Number _of General Average Standard deviations
laboratories average difference
J P Y % Dj Yo Syj % spj % 5 %o Sg; %
1 e 10.87 0.73 0.35 0.1 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 0.29 037
8 9 45.80 2.2 0.44 0.37 0.26 0.47
9 9 50.40 3.16 0.44 0.35 0.25 047
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
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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 0.3138 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
§ 2.033 0.3485 0.6075 1.289
6 1.456 0.5480 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
1 1.422 0.5089 0.2943 1.885
12 1.418 0.6009 0.2899 1.956
13 2172 0.2325 0.6326 1.444
14 1.215 0.6220 0.2362 2.224* (4)

Grubbs' statistics for cell averages

Level One smallest Two smallest Two largest One largest
1 1.070 0.6607 0.1291* (6; 9) 1.832
2 1,318 0.6288 0.2118 2.165
3 1.621 0.4771 0.4077 1.680
4 1.591 0.5339 0.3807 1.429
5 1.794 0.4018 0.5009 1.333
6 1.201 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" {5) 0.1317* (4; 5) 0.7417 1.025
10 2.456* (5) 0.1114 0.7577 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 0.2781 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 Qutlier
Y/ )
Grubbs' test for a single cutlier 2.215 2.387
Grubbs' test for a pair of outliers 0.149 2 0.085 1
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Sample b —mass fraction of protein in feed, %

80 ]

89 895

Sample ¢ — mass fraction of protein in feed, %

Figure 1 Example 1: Data obtained at Level 14
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Figure 3 Example 1: Consistency check on cell averages
(grouped by laboratory)

5 A design for a heterogeneous material

5.1 Applications of the design for a heterogeneous material
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5.1.1 An example of a heterogeneous material is leather; no two hides are the same,
and the properties of leather vary substantially within a hide. A common test that
is applied to leather is a tensile strength test in BS 3144 Bl. This is performed on
dumbbell-shaped specimens (BS 3144 specifies the number of such specimens to cut
from a hide, and also their position and orientation within the hide, so the natural
definition of a “sample” to use when testing leather is a complete hide). If a preci-
sion experiment is performed using the uniform level design described in JIS Z 8402-2,
in which each laboratory is sent one hide at each level of the experiment, and two
test results are obtained on each hide, variation between hides will add to the be-
tween-laboratory variation, and so increase the reproducibility standard deviation.
However, if each laboratory is sent two hides at each level, and two test results are
obtained on each hide, the data can be used to estimate the variation between hides
and to calculate a value for the reproducibility standard deviation of the test method
from which the variation between-hides has been removed.

5.1.2 Another example of a heterogeneous material is sand (that might be used, for
example, for making concrete). This is laid down, by the action of wind or water, in
strata that always contain graduations in particle size, so when sand is used the
particle size distribution is always of interest. In concrete technology the particle
size distribution of sand is measured by sieve testing (e.g. BS 812-103 [11), To test
a sand, a bulk sample is 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
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 speci-
mens 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 produced identical “samples” by some
special process designed to eliminate, as far as possible, the variability of the mate-
rial (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.
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