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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
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Introduction

Statistical methods have an important role at all stages of the testing process, from the d

esign of the

experiment to the interpretation of results. Hence, those involved in testing require a basic understanding of
statistical principles and knowledge of the statistical techniques which need to be applied.

it {s convenient

formylae are given but, as appropriate, more detailed matter is placed¢n“annexes and, for le
used|methods or more advanced treatment, reference is made to othef_publications. “Applicatid
testing” indicates how and where the methods may be applied, and<gives examples which are
rubbgr properties and tests.

hnd formulae,
International
ttandards on

to principles,
ct are briefly
cedures and
Es commonly
ns to rubber
particular to
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Rubber and rubber products — Guidance on the application of
statistics to physical testing

1
This
not tq
to co
2 |
This

are li

3

For the purposes of this document, the following terms:and definitions apply.

Terms and definitions

Bcope
nternational Standard provides guidance on the application of statistics to rubber testing.

mplement them and provide examples of those techniques applied to particular(fubber testin

References

nternational Standard refers to other publications that provide information or guidance. The|
5ted in the Bibliography.

t is intended

conflict with or replace existing International Standards covering basic statistical techniqugs, but rather

h situations.

e standards

NOTEH These definitions, which are expressed_as*far as possible in non-mathematical terms, apply to the main
statisfical terminology used. More comprehensive and’rigorous lists can be found in the various parts of ISO 3534 and in
the stindards dealing with specific statistical techniques indicated in the Bibliography.

31

popylation

totalily of data that could (theoretically) be obtained to characterize the property of the rubber, gompounding
ingrefient or process being méasured

3.2

sample

data |actually available from the population as a result of an experimental test programme |having been
undeftaken

3.3

variapbility

tendgncy, for tests performed on nominally identical test pieces to produce different test results

3.4

arithmetic mean
sum of the (population or sample) data divided by the number of values used

NOTE

The “average” is the statistic most frequently used to describe a group of data. There are several kinds of

average and they are often used in common parlance without specifying the type, which can be a source of confusion.
Averages fall into two categories: computational and positional. The arithmetic mean is the most frequently used
computational average. Others are considered in Annex B. Positional averages are the median and mode. The calculation

of the

©I1SO

arithmetic mean is given in Equations (1) and (2) in 6.2.2.2.
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3.5

median

middle value (or average of the two middle values) when the data in a sample are arranged in numerically
increasing value

3.6
mode
value of the property being measured which occurs with the greatest frequency

3.7
residual

difference (+ Of *) betweermreach-vatueand-the-mean

NOTE THe sum of the residuals must be 0.

3.8
variance
arithmetic m¢an of the squared residuals

3.9
standard de)iation
square root qf the variance

NOTE THe calculation of standard deviation is given in Equations (5) and (6).in 6.2.3.2.1.

3.10
coefficient gf variation
ratio of the sfandard deviation to the mean, generally expressed'as a percentage

NOTE THe calculation of coefficient of variation is given in Equation (8) in 6.2.3.4.

3.1
range
maximum vajue minus the minimum value

3.12
standard error
standard deviation of the estimate of.the population mean

NOTE THe calculation of stapdard error is given in Equation (7) in 6.2.3.2.3.

3.13
bias
difference bdtween the\average statistic and the true value of the parameter it is estimating, arising out df one
or more systématic.errors

3.14
accuracy
closeness of agreement between a test result and the accepted reference value

3.15

trueness

closeness of agreement between the average value of a large number of test results and the true or accepted
reference value

NOTE It is usually expressed in terms of bias.
3.16

precision
closeness of agreement between test results

2 © I1SO 2006 — All rights reserved
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repeatability
precision obtained under conditions where independent test results are obtained with the same method on
identical test material in the same laboratory by the same operator using the same equipment within a short
interval of time

3.18

reproducibility
precision obtained under conditions where independent test results are produced with the same method on

identi

3.19

cal test material in different laboratories with different operators using different equipment

level
proba

3.20
distr
funct

3.21

density distribution

slop€

3.22
norn
symn

NOTH
3.23
douh
asym
the d

3.24

Weibull distribution
hetrical distribution fully defined by three parameters and found to be useful in charactetlizing lifetime

symn
tests

3.25
degr
numl

3.26

of significance
bility of error associated with a significance test

bution function
on describing the probability that a random variable will take a value less than er equal to a

of the distribution function at every value, i.e. the first derivative of the distribution function

al distribution

netrical “bell-shaped” density distribution which is fully défined by its mean and standard dev
It is also known as the Laplace Gauss or Gaussian distribution.

le exponential distribution

metrical distribution, fully defined by a single “shape” parameter, which has been used to
stribution of tensile strengths in rubber.compounds

such as fatigue

bes of freedom
er of independent differences between the readings available for an estimate of standard de

rang

conf%dence interval

within which a value or parameter can be expected to lie with a given probability

humber x

ation

characterize

viation

3.27

confidence limits
extreme values of the confidence interval

©I1SO
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fom

pr a

4 Symbols

a,b,c... Constant coefficients in a regression line

C The coefficient of concordance in Friedman’s test, or Cochran’s quotient when testing variances
for the presence of outliers

C; The ith cusum value

Coq Factors used in the derivation of regression coefficients

C, The coefficient of variation

fx) A property or parameter which IS a function of x or a density distribution function

F The observed value of Snedecor’s F-ratio in a given case

Fg The statistically critical value for F at a given confidence level and for the given degrees ©of free
for|the lesser and greater mean squares

F, The F-value for a regression line

Hy/H, The null/alternative hypothesis parameter

K Friedman’s statistic for a rank correlation test

M, The mean square for factor z

n The number of values in a series

p(x) A probability distribution function

P, The plot positions for the graphical presentation of a series of values

0 Dixon’s quotient when testing values or means for@utliers

r The repeatability of a test method for a particular test or series of tests

(r) The repeatability expressed as a percentage of the mean from a test or series of tests

R The reproducibility of a test method.for’a particular test or series of tests

(R) The reproducibility expressed as'a percentage of the mean from a test or series of tests

s The estimate of the population standard deviation from the available sample

s' the standard deviation ef)a series of numbers

S The weighted stafhdard error for the combination of two series of values, or the rank sum f
sample in Friedman’s test

St The total sum/of the squares of the differences between individual values and their mean

S, Thee sums of squares for factor z

t,, Stldent’s svalue for a given probability (or confidence level) «

U, The random uncertainty in a measurement

Us The systematic uncertainty in a measurement

v, The number of degrees of freedom for factor z

X An individual numerical value, such as the tensile strength of a single test piece

x; A single value in a series of values, such as a tensile strength in a set of five replicate values

X;j A single value in a series of values in which two factors are present, such as the tensile strength in
sets of replicates obtained at different temperatures

4

© I1SO 2006 — All rights reserved


https://standardsiso.com/api/?name=54a020638738856cb3b23719af887158

5 |

5.1

51.1
a reli
the re

5.1.2
testin
could

in the physical sense, as in taking five parts from a.boxful;

in the statistical sense, as in taking five test.results.

ISO 19003:2006(E)

The arithmetic mean of a series of numbers, x;

The Z-score in hypothesis testing

The probability of an event occurring

The population mean of a distribution

The estimate of the population mean from the available sample

The population standard deviation of a distribution

imitati £ test "y

Variability

All measurements are subject to variability. It is necessary to know the sourees.of variabi
hble estimate of its magnitude. From this information, it should then be possibleto judge th
sults and hence their uncertainty and significance.

The term population is, expressed simply, the total number of aobjects in a large group
g terms, a population may be, for example, the total number of possible tensile strength

A sample is a selected number of, for example, parts ortensile results taken from the pop

1 To avoid confusion, sample should not be used to mean test piece.

2  Sample can have two meanings:

If five tensile strength measufements are made from a sheet taken from a batch ¢
ple of the results which might be‘qbtained is shown in Table 1.

Table 1 — Tensile strength measurements from one batch of rubber

Measurement number Tensile strength

MPa

1 16,8
15,4
16,3

be obtained on a particular rubber compound if every piece of the material made was testeq.

ity and make
b reliability of

(see 3.1). In
esults which

ulation.

f rubber, an

17,7

ol W N

17,6

The sources of variability are:

a) the intrinsic variability of the sheet rubber, arising from the fact that it is not perfectly homogeneous;

b) the variability due to the testing procedure, including test piece preparation, machine accuracy and
operation error.

If several sheets are tested, there is an additional source of variability due to variations in moulding.

©I1SO
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If several batches are mixed, two more sources of variation are added:

1)
2)

that from the mixing procedure;
any variation in compounding ingredients.

If sheets which are nominally the same are given to a number of operators, there is variability due to the
operators.

Similarly, if a number of different test apparatuses are used, variability due to the machines is introduced.
Taking things further, sheets may be tested in different laboratories and between-laboratory variability

introduced.

5.1.5 Inpr
and the test
have demon

Whatever te
uncontrolled
from
a) random
b) variation
c)
These errors
More serious
wrongly calib

5.1.6 Test

bctice, the magnitude of variability is minimized by carefully controlling the processinglopera
apparatus and procedures. It is never eliminated altogether and inter-laboratory-compar
strated that for many rubber tests it can be far greater than was previously thought:

5t is carried out, there is genuine variation due to the material and also’ variation d
testing errors. It is often very difficult to separate the two. For example{ testing errors can

variations in test piece geometry due to limitations in cutting pregision;

s in the response of the test apparatus;

fluctuatipns in the operator’s performance.

may be large or small and of indeterminate direction so that eventually they tend to cancq
is systematic error or bias which is unidirectional, for example the error due to a machine
rated or an operator consistently misreading-a scale.

ng error apart, the sample of results®will not be representative of the whole population

physical sample is not representative. Differences’ between repeat mixes and between repeat moul

should be ex
of mixing ang
dangerous tg

The evaluati
mixes are uf
that the new
of each com
mixings is ra

pected because of some variation\in the quantities and quality of ingredients used, the effic
the time of curing, etc. If gross.errors are made, some very atypical results are recorded an|
rely heavily on one small sample unless certain that it is representative.

bn of an alternative ingredient by comparison with the standard formula may be considered
iform, the tester follows the procedures correctly and it is concluded, using statistical met|
ingredient is an improvement. It is easily forgotten that this conclusion assumes that the sar
pound were truly representative of the population. If the variability which would arise from ri
her larger thafi the testing error, as is often the case, then tests on a series of repeat mixes

tions
sons

le to
arise

| out.
being

f the
dings
iency
d it is

. The
hods,
hples
bpeat

may

show no diffgrence between the ingredients or even that the new ingredient was worse.

5.2 Accuracy, trueness and precision

Accuracy is the closeness of agreement between a test result and the accepted reference value (see 3.14),
while trueness is the closeness of agreement between the average value of a large number of test results and
the true or accepted reference value (see 3.15). Precision, on the other hand, is the closeness of agreement
between the test results (see 3.16), independent of any reference value that may exist. To keep variability to a
minimum, the test method should be as reproducible as possible, i.e. it should have good precision. However,
having high precision may be of little value if the test has a large bias and hence poor accuracy. Both are
required and indeed they are related in that poor precision (poor reproducibility) will contribute to lowering the
accuracy.

Reproducibility (see 3.18) is the term generally reserved to describe the variation found between different
laboratories, and perhaps also at different times. Repeatability (see 3.17) is used to describe the variation
between repeats in the same laboratory at essentially the same time. It follows that laboratories may exhibit
very good repeatability but, because of bias, the reproducibility between the laboratories is poor.

© I1SO 2006 — All rights reserved
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5.3 Relevance and significance

5.3.1 If accuracy or repeatability were the only interest, testing would be limited to the most accurate or
precise methods. However, the test should be relevant in the sense that the results have a useful meaning in
terms of material or product performance. All tests are not equal: some have more relevance than others in
terms of product performance, material consistency or value as design data. The word significance is
sometimes used to mean relevance and applied to the actual test or property measured, but significance is
used in this International Standard in the statistical sense as in one material being significantly stronger, for
example, than another.

Significance in this sense is concerned with whether observed differences in results are likely to be real or can
reas ||qb=y be—attributed-tochanceatone—t-the plubabi“ty of ubtaillilly theobserveddifference hI'OUgh pure

change is small, for example less than 1 in 20, then the difference is said to be significant.

5.3.2| The set of tensile strength results quoted in 5.1 could be compared to other sets-obtainefl on different
matefials on the same occasion giving, for example, three sets as in Table 2.

Table 2 — Tensile strength measurements from three-materials

Measurement number Tensile strength
MPa
Material A Material B Material C
1 16,8 15,6 16,4
2 15,4 16,4 15,4
3 16,3 14,5 14,3
4 17,7 15,8 14,7
5 17,6 16,0 14,4

The averages of the results for materials A and B are higher than that for C but an assessmgnt should be
made as to whether or not they are significantly higher. Without the use of statistical tools it is rather difficult to
makg this assessment. In fact, using a test for significance as discussed in 7.2.2 it can be proped that A is
significantly greater than C with95 % confidence but that A is not significantly different from B, again with
95 %| confidence. This is a~useful conclusion but its limitations should be appreciated. The statistical tests
prove (with a 1 in 20 chance-of being wrong) that results A are significantly greater than C. They|do not prove
that material A is stronger than material C. It is known that results from one sheet of one mi¥ may not be
representative of a fornmulation and these results from a very small test programme should be treated with

all but tensile
ing that 10 %
pe difference

) igtivity test the
mean value for one materlal was several tlmes hlgher than that for a second materlal but the dlfference could
not be proved significant. The deduction can be made that significance is not only dependent on the difference
between mean values but also on the amount of variability which is inherent in the test.

6 Distribution of results and measures of central tendency

6.1 Principles

A collection of values, for example individual test results relating to a specific property, are arranged about a
mean value. Usually the distribution of results may be represented by a particular mathematical law such as
the curve shown in Figure 1.

© I1SO 2006 — All rights reserved 7


https://standardsiso.com/api/?name=54a020638738856cb3b23719af887158

ISO 19003:2006(E)

From the shape of the curve it is possible to obtain useful measures of the tendency towards a central value,
the degree of the spread of results and the proportion of results likely to differ by more than a certain amount
from the centre.

6.2 Methodology

6.2.1

6.2.1.1

Types of distribution

The normal distribution

(see 3.9). These parameters are considered further in 6.2.2 and 6.2.3 respectively. The density disttibutjon is

a symmetricg

Values of the
found in any
presented in
experiment)

| bell-shaped function, the mathematical description of which can be found in Annex'A.
ordinate, i.e. the density of the function, f{(z), at given values of z have been tabulated and c

reduced form, such that z is the number of standard deviations x (the"value measured i
s away from the mean. Since the curve is symmetrical it is usual to findyonly the positive V|

of z that are fabulated since f(z) = f(-z).

The proporti

distribution flinction) can be determined from the integral of the density<istribution (see Annex A), but

this integral
available in t

cannot be expressed analytically, it is more convenient tonuse tabulated values, which agai
ne form of the reduced variable Z, in any standard text on statistics.

In these tablgs the value of x, is usually set to 1 with only the positive reduced variable Z quoted.

For these tal
when z 7
when z

If z is negativ

To find the p
procedure is

les:
0, p(Z) = 0,0;
> oo, p(Z) - 0,5.

e, p(Z) = - p(+2).

roportion of the curve (i-e.-the probability of the observation) lying between x; and x,, (x, > x
as follows:

he Z; and Z, where
(v - 1)l

(x5 ¥l

BN be

statistics text book. In order to make the tables suitable for general application; the abscissa z, is

h the
hlues

pn of the whole distribution which lies between two values;*x; and x, (i.e. the probability

since
h are

) the

Find p(Z;) and p(Z,) from the tables.

Determine the required probability p(Z, — Z;) where

P(Zy — Z4) = p(Z3) - p(Z4).

a) Determi
Z»] 3
Zy 3

b)

c)

NOTE

8

The signs should be taken into account.
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6.2.1.2 The double exponential distribution

In the case of the distribution of tensile strengths (and elongations at break) for vulcanizates, there is
considerable evidence that the density distribution function is not symmetrical but is skewed towards lower
strength values (see References [1] to [6]), although this has been questioned by some investigators (see
Reference [7]). The density distribution function which has been found to give a good representation of these
skewed data is given by the double exponential distribution (see 3.23), shown in Figure 2 and described
mathematically in Annex A.

Although of theoretical interest, the double exponential function has not found widespread application, both
because of its complexity and the fact that, with the small number of test pieces normally considered in a
tensile—test—there—isro—sighificantdiffererce—in—the—mearn—and—standard—deviation—derived—from the double

expofential function and from the normal Gaussian function.

6.2.113 The Weibull distribution
A didtribution function that frequently arises out of fatigue data and similar lifetime testing i the Weibull
distribution function (see 3.24), the form of which is illustrated in Figure 3 and'described mathematically in
Annex A.

The (distribution is characterized by the following three parameters:
a) The parameter a represents the minimum life parameter fof. x at which the probability gf failure just
fleaches zero (that is, giving an infinite lifetime). In most practical applications, « is taken to] be zero but,
where there is a genuine fatigue limit, a can take a finite, . nen-zero, value.
b) The parameter b affects both the spread of results and-the peak position of the density functipn.
c) The parameter k alters the shape of the density@istribution.

Vhen k = 1, the function is a simple exponential.

Vhen k> 1, the distribution increases from zero (at x = a), reaches a maximum and thgn decreases
monotonically, reaching zero again at x = infinity.

Vhen k is approximately 3(44, the distribution is approximately Gaussian, with the mean|and median
g¢qual to each other.

Senerally, the WeibulLdistribution is positively skewed (i.e. skewed towards longer lifetimes).

© I1SO 2006 — All rights reserved 9
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Figure 1 —Gaussian (normal) density function
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Figure 2 — Double exponential density function
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Figure 3 — Weibull density function
6.2.2 Meadures of central tendency

6.2.2.1 GIneral

Even under the most careful experimental conditions, carrying out repeat measurements on identical material
produces a gcatter of results. It is useful, therefore, to have some idea of the average or typical value thgt can
be expected|of those results. Since typical values tend to lie towards the middle of the data when thesge are
arranged in numerical order, such numbers are also called measures of central tendency.

The small npumber of experimental results obtained is a sample of the infinite number of results, i.¢. the
population, that would fully encompass the measurement being made. The more results that are available, the
more accurately sample statistics match the population statistics. Clearly, the average of the sample can be
determined precisely but, generally, it is the average of the population from which the sample is drawn that is
of greater interest and this can only be estimated from the sample, or samples, available. It is appropriate to
distinguish sample and population statistics and hence different symbols are used.

6.2.2.2 The mean

The mean (see 3.4) is the most commonly encountered measure of central tendency and it is often also called
the average. The precise meaning should be clear when these words are used as there are several ways of
averaging a set of numerical values. The arithmetic average or mean is the one that is generally meant and so
the word arithmetic is often omitted but, where there is the possibility of confusion, it ought to be included. In

12 © 1SO 2006 — All rights reserved
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this International Standard, where the word mean is used the arithmetic mean is intended unless otherwise
stated.

The mean of a sample, x , is defined as the sum of the individual numerical values in the sample divided by
the number of values in the sample and is given mathematically by the equation

X =

(¥ +x0 +x3+....+x,)

n

which in the shorthand sigma notation becomes

(1)

As n(
valus

popu

wher

Whele there are a large number of results having discrete values;.it may be more convenient

numb

NOTE

The s
to grdg

Othe

6.2.2

If the
midd

Georn
vertid

For t

apply
reasd

k= (Zx)/n
ted previously, the mean of the population from which the sample was taken is given! the sy

is almost never known in practice, but has to be estimated from the sample. The estimated
ation 1z, based on the available sample, is taken to be equal to the sample mean-’In other v

A

!

X

b /1 is an estimate of .

er of occurrences of each value. If each value x occurs ftimes, then

v =[Z(f)]/n

In this case, n = %f.

up the data into bands, counting the number of results in each band.

types of mean sometimes encountered are briefly described in Annex B.

13 The median
data in the set of results are arranged in numerical order, then the middle value (or the me
e values where theré-is'an even number of values) is the median (see 3.5).

hetrically, the median of a density distribution function is the value of the abscissa correspg
al line which_divides the distribution into two equal areas.

pnsile strength or elongation at break, where the double exponential distribution function is
, it is ‘'strongly recommended that the median value be quoted for the measure of central te
nforthis is three-fold:

()

mbol z. This
mean of the
ords

)

o record the

(4)

ame technique can be applied where an infinite variation in value x can occur, but it is more convenient

an of the two

nding to that

expected to
ndency. The

a)
t

b)

he median is not influenced by any extreme values that may have arisen;

calculation;

©I1SO
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for the small number of replicate results normally involved in a tensile test (typically five or even three),

for a small number of replicates, the median can be deduced by inspection without recourse to any

there is an equal probability of an individual observation being greater than or being less than the median.
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6.2.2.4 The mode

The mode (see 3.6) of a density distribution function is the value of the abscissa at which the maximum of the
function occurs. Although little used in practice, it is referenced here for completeness as it has been used to
characterize the double exponential distribution enunciated by Kase from earlier work by Fisher and Tippet [1].

Almost all distributions encountered in the rubber industry are unimodal, i.e. having a single maximum value.
However, bimodal (having two maxima) or multi-modal distributions can result where two, or more, different
mechanisms are occurring simultaneously in a process. Thus, tensile testing at a temperature close to the
glass transition of the rubber can lead to a mixture of brittle and rubbery failure. This mixed mode of failure is
best analysed by separating the results from the two types of failure and analysing each independently. An

example of arbimedatdistributienisgivertrFgore4-

YA

0,5

0,4

0,2

0,0

-6

Key

X  parameter y (see Annex A)
Y  probability

Figure 4 — Bimodal density function

6.2.2.5 Inter-relationships

It is clear from the definitions of these various measures of central tendency that for symmetrical distributions
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Mean = Median = Mode

The inter-relationships for non-symmetrical distributions are necessarily more complex and those for the
double exponential and the Weibull distribution are given in Annex C.

6.2.3 Measures of dispersion

6.2.3.1 General

Just as it is useful to know the average value of a set of numbers, so also is their spread or dispersion
important. The more loosely packed the numbers are about the mean, the less discrimination there is between
two sets of numbers or between the experimental values and, for example, the specification requifement.

The yariance and standard deviation are used with the mean, whilst the range is normally used with the
medigan and mode. Also, the quartiles indicate 25 % of the data is higher or lowerrand the percentiles a
specified percent is higher or lower.

6.2.3]12 Standard deviation

6.2.312.1 By definition, the standard deviation s' of a sample of results having values of x; is|given as the
squafe root of the average squared deviation of each of the values from their mean (x ). It is|given by the
equation:

,{Zvﬁﬂj (5)

An dlternative form that is sometimes more convenient to use is given in Annex D. Some|of the risks
assotiated with its use are also given.

The $ymbol s' is used here to represent thé_standard deviation of the sample of » results. If this sample is
representative of the population from which it has been drawn, then the true standard deviation o can be
estimated by equating it with the statistic’s defined by applying Bessel’s correction to Equation (5). s is given
by thg equation:

{Z@fﬂl (6)

n-1

This [s the form of the/standard deviation that should normally be used when performing statisticl tests since
it is gn estimate for.the population as a whole and not simply the particular sample chosen.

6.2.3|2.2 ftcan be shown that

a) 68,26 % of values for a normal distribution lie within + 1 standard deviation of the mean;

b) 95,44 % lie within + 2 standard deviations;

c) 99,73 % lie within + 3 standard devations.

For all practical purposes, in a normal distribution (or the distribution of the means of sets of values), the
whole population is covered by six standard deviations. Therefore this interval is used in the setting of control
charts (see Clause 18).

6.2.3.2.3 Related to the standard deviation is the standard error of the mean, which is determined from the

standard deviation by dividing the standard deviation by the square root of the number of observations in the
sample. It is, therefore, the standard deviation of the estimate of the population mean (see 3.12). Thus
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S = sn (7)

where S is the standard error of the mean.
The standard error is a measure of the expected spread of a series of mean values in the same way that the

standard deviation is a measure of the expected spread of the individual values, and it is the standard error
which should be used when making statistical comparisons between groups of numbers which are themselves

the means of a group of numbers (see 6.3.2.4 and 7.2.2.2).

6.2.3.3 The range
While the stgndard deviation has valuable mathematical properties, historically It was somewhat cumbersome
to calculate Yithout computers and on occasion this might outweigh its value. Where a less precise-€stmate
will suffice, the range, i.e. the maximum value minus the minimum value in the sample, may be\used| It is
possible to egtimate the standard deviation from the range by multiplying the range by a factor which depends
on the number of results in the set. For values of n between 2 and 11, the factors 4, are giveriin-Table 3.
Table 3 — Table of factors for converting range to standard deviation

n A,

2 0,886

3 0,591

4 0,486

5 0,430

6 0,395

7 0,370

8 0,351

9 0,337

10 0,325

11 0,315
Thus, s =~ range x 4,,.
The range ahd the quartiles can~also be used as measures of spread around the median in an analqgous
manner to the standard deyijation around the mean.
6.2.3.4 Coefficient of variation
Where the r¢lative dispersion of results about their mean is of interest as, for example, in the comparigon of
the variabilities-of the volume swell test with the density test, the ratio of the standard deviation to the fnean

can be used o normalize the effects of having very different numerical values for the means. It Is usual to
express this ratio as a percentage and to call it the coefficient of variation (see 3.10). It is given by the

equation:

C, =(s/Xx100)

where C, is the coefficient of variation.

6.2.4 Transformation to normal distribution

(8)

The individual results obtained from a rubber test may not immediately conform to the normal distribution
function. Other possible distribution functions such as the double exponential or Weibull may be theoretically
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(or empirically) found to give a better representation of those data (see 6.2.5). Where certain statistical
interferences need to be made concerning a set of data, for example the determination of confidence intervals
or limits (see Clause 7), knowledge of the distribution function which describes the data is required. Because
of the extensive range of tests and techniques that have been developed for the normal distribution, it is worth
investigating whether a simple transformation of the data will result in a normally distributed data set to an
accuracy sufficient for the situation being analysed.

It is also important to bear in mind that, even where the normal distribution is not found for the individual
readings, the distribution of the means of groups of readings (as low as three per group) such as those
obtained in the usual tests on rubber nearly always approximate to the Gaussian form (central limit theorem).

The transfermationmostcommonty-foundtebeeffectiveinthisregardisto-takethedogarithmsof the values
and freat these as the variable to be analysed. The use of log-probability graph papérlor computer
transformation makes this a very quick and simple test.

Othef transformations that have been found to work on occasion include
a) faking the square root;

b) taking the reciprocal of the value.

Somegtimes the addition of a constant to (or subtraction of a constant from) the value prior to taking logarithms,

roots|or reciprocals is required. It may be possible to deduce a suitable value for this constant from knowledge
of thg process being examined, but often it should be established‘empirically.

6.2.5| Test of departure from normality

6.2.5|1 Normal distribution function

6.2.5|11.1 The simplest way of testing a series of observations for the normality of its distfibution is by
plotting the results on probability paper. A_normally distributed set of observations results in g straight line
from which the mean and standard deviation;€an be derived.

6.2.5|1.2 The procedure is as follows:
a) $ort the data into ascending.numerical order.

b) As probability paper is\printed in the form of a percentage function, calculate the plotting pgsition P,, for
point m out of a total'of » results using the equation:

P,, = 100mln + 1) (9)
c) Plot the valde of the mth point as ordinate against P, as abscissa.

6.2.5{1:3 ~ " A more or less straight line indicates that the distribution is normal, but a marked dpviation from
linearity-indicates that the distribution is non-Gaussian Under these circumstances the nature ofithe deviation
may indicate the kind of distribution function that is more appropriate. In particular, if the larger values are
systematically higher than the straight line defined by the lower values, the use of a logarithm or root
transformation (see 6.2.4) will often result in a linear plot.

6.2.5.1.4 The above check does not provide a true test for normality in the statistical sense, but does give a
rapid indication of the suitability, or not, of the normal distribution function as the model for the data observed.
If the plot is not reasonably linear even after transformations have been applied, then more detailed symmetry
and kurtosis tests may be required (taking into account the purpose for which the data are being used). These
are outside the scope of this International Standard and the interested user is referred to ISO 5479.

Log-normal and Weibull graph papers are also available.
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6.2.5.2

6.2.5.2.1

Double exponential distribution function

a) order the data into descending numerical value;

Where the distribution is expected to follow the double exponential function

plot the value as ordinates against an abscissa of plot positions which are given by Table 4.

may be obtained as described:

b)

6.2.5.2.2

a) the mod
b) the stan
c) the med
d) the mea
18

If the double exponential function is valid, then a straight line will result and the following values

(R} (DY) 'H + 4 (R Y ! H H
=, WITICIT CUITCSPUTNTUS U UTE UTUITTale at WITIUIT UIE dabsllssa 15 £C10,

abscissg (i.e. it is the slope of the line);

n, which is the value corresponding to an abscissa of — 0,577 2.

an strength, which is the value corresponding to an abscissa of - 0,366 5;

dard deviation, which is the difference in ordinates corresponding to a unit differénce in the
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6.2.5.3  Weibull distribution function

If the Weibull distribution function is assumed to be valid, the procedure is as follows:

a) sort the data into ascending order;

b) calculate the plotting positions P,, as for the normal distribution above;

c) plot the values for P, against the observed lifetime on special Weibull probability paper.

NOTE Although this can be purchased directly it is readily constructed from narmal log-lag graph paper and Annex E
shows how this can be done.

6.3 Appli¢cations to rubber testing

6.3.1 Gengdral

For many tests, results will approximate to a normal distribution and it is appropriate.to_express results gs the
arithmetic m¢an and the standard deviation as routine practice. Typical examples are-given in 6.3.2 to 6.3.5.

6.3.2 Tensjle testing

6.3.2.1 The following three sets of 12 replicate tensile strengths.shown in Table 5 were observed| after
testing in acqordance with ISO 37 and arranging the results in descending order.

As there are [12 results, the median in each case is the averageof.the middle two values.

Table 5 — Tensile strength measurements

Measurements in MPa

Compound A Compound B Compound C
Tensilg strength Median Tensile strength Median Tensile strength Median
6,7 28,4 19,7
6,2 27,9 19,6
6,1 27,4 19,2
6,1 27,1 19,0
5,9 26,8 18,7
5,8 26,5 18,4
25,8 26,4 18,3
5.8 26,3 18,1
25,8 26,2 17,3
257 26,0 16,4
25,6 259 15,6
251 24,6 15,1
25,0 241 13,5
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6.3.2.2

a) the mean has been calculated as defined in 6.2.2.2;

b) the standard deviation and the standard error of the mean have been calculated as defined in 6.2.3;

The information contained in Table 6 has been calculated by the following methods:

ISO 19003:2006(E)

c) the calculated median has been calculated as defined in C.1 (i.e. for a double exponential distribution)
using the values obtained in a) and b).

Table 6 — Calculated values for tensile strength measurements

Compound Mean Standard Standard error of Observed Calculated
deviation the mean median median
25,8 0,46 0,13 25,8 26,4
B 26,4 1,24 0,36 26,4 26,4
17,6 1,99 0,57 18,3 17,9

6.3.2{3 On comparing the two sets of median values, it is clear that.the median obtained frgm inspection
of the data is essentially the same as that calculated from the mean, the standard deviation and Annex C.

6.3.2|4 Examining the mean values of the three compounds®“(in relation to their standard errprs) shows A
and B to be within experimental error of each other, but compound C to be significantly different.

6.3.2|5 All the results have been summarized graphically in Figure 5.
1 1 1
Y Y Y
A HH B & e
A A A
2 2 2

Key

1 :Eedian 1 (observed valde)
2 edian 2 (calculated-value)

Figure\5— Graphical representation of mean and median data for three compourds
(using the tensile strength data of Table 6)

6.3.3| AFatigue

6.3.3.1 A tension fatigue test carried out in accordance with ISO 6943 on 10 replicate test pieces gave
the observations listed in Table 7.
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Table 7 — Tension fatigue test measurements

Test piece

Cycles to failure

1

oo b~ WN

219
347
494
593
700
858

© 00 N

T 0o/
1146
1461
1795

6.3.3.2 When the data in Table 7 are plotted as a normal distribution function,~a systematic departure
from the expected curve is observed, as shown in Figure 6 where a log-log “scale has been usgd for

convenience

The expected normal distribution of lifetimes is shown as the full cdtve.

6.3.3.3 From the type of test being performed, it would be expected that'a Weibull distribution would give
a good reprgsentation of the data. Hence a Weibull plot, constructed.in accordance with Annex E, resylts in
the plot shoyn in Figure 7. A linear regression analysis (see Clause!1) using the Weibull ordinate fqr the

y-values and|the logarithm of the fatigue life as the x-values produces the following values:

k=153

b=1006.

The strong linearity of the plot (the value of the .variance ratio is over 5 000 and so the regression is highly
significant) irldicates that the coefficient a in the'Weibull equation is zero.

22
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Key

X fatigue life
Y normal ordinate

Figure 6 — Fatigue data: normal plot (using the data of Table 7)
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Y A
10 s
1 =
107"
10.2 1 1 1 1 | 1 L 1 [ ¥ 1 1 1 1 1 1 TS
102 103 104
Key

X fatigue lifp
Y  Weibull ordinate

Figure 7 — Fatigue data: Weibull plot (using the data of Table 7)

6.3.4 ConVersion to normal distribution

6.3.4.1 Data for electrical resistivity testing gave the results shown in Table 8.

Table 8 — Electrical resistivity measurements

Test piece Resistivity

Q.cm

1 2,81 x 1071

3,54 < 108
2,68 x 1010
2,75 x 109
1,20 x 1010

a A W N

If the assumption were made that the data are normally distributed, the analysis would give the values:
a) mean =6,46 x 1010;

b) standard deviation, s = 1,21 x 1011,
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6.3.4.2 Clearly, from the observed mean and standard deviation the data are not normally distributed, a
fact which is readily confirmed by plotting the resistivities sorted into ascending value against the plot positions
17, 33, 50, 67, 83 on standard probability paper. A rapidly increasing slope with increasing probability value is
observed instead of a straight line.

6.3.4.3 When the same data are plotted as the logarithm of resistivity (on log-probability paper for

convenience) a very good straight line is achieved having a mean at approximately 1010 Q-cm. This is very
close to the value of the geometric mean, 9,75 x 109, as would be expected from Annex B.

6.3.5 Other uses of the median

6.3.5 P P y requgntly made of
all the tests. The technique is not a highly precise one and results are usually quoted incwhple numbers.
Spedfications of hardness are almost always given as the required nominal value + 5 hardness dggrees.

6.3.5{2 In this context, there is no mathematical advantage in calculating the niean from the set of five
resulis (almost invariably) taken on a single test piece. Instead, the median, which\ean be dedyced in a few
seconds without a calculator, is the preferred measure of central tendency to use~For example, the results in
Tablg 9 were derived on three compounds of nominal hardness 50 IRHD,when tested in accprdance with
ISO 48.

Table 9 — Hardness measureménts

Measurements in IRHD

Result Compound 1 Compound 2 Compound 3
1 50 52 49
2 51 53 48
3 49 51 47
4 51 50 47
5 50 55 46
6.3.5{3 The values given inTable 10 were calculated from those in Table 9.

Table 10 — Values calculated from hardness measurements

Measurements in IRHD

Compound Mean Standard deviation, s Median
1 50 1 50
2 52 2 52
3 47 1 47

In all cases, the median is within the 95 % confidence interval (see 7.2.1) of the mean and gives, for all
practical purposes, the same result. In some instances, it may be necessary to carry out formal statistical
testing in which case the standard deviation as well as the mean are required and there is no advantage in
abstracting the median from the list. Also, if large numbers of replicate hardness values are to be processed,
the median can become more tedious to determine than the mean.

NOTE The use of the median is purely pragmatic. There is no suggestion that the hardness is anything other than
normally distributed about its mean.
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7 Confidence limits and significant difference

7.1 Principles

As was stated in Clause 6, the mean and standard deviation derived for a given set of observations can only
be estimates of the true mean and standard deviation of the whole population from which these observations
are a random selection. To the extent that there is no systematic bias in the observations, the greater the
number of results available, the less uncertainty there is over the accuracy of these estimates.

Unless the true mean (or standard deviation) can be deduced via some a priori reasoning, it is impossible to
state how clpse a given calculated mean (or standard deviation) is to the true value. But it is possible to

indicate with

interval abolit that calculated value. The greater the degree of certainty required, the larger-does

confidence in

Since any ca
measures ar
significant in
given probal

It should be
that the diff
application
compounds
results are s
tear strength
insignificant

Significance
awareness 0
represent ac
this way. Se
one observa
they can oftg
tests also as
not significarn

7.2 Methc
7.21 Conf

7211  Fq

e compared, they cannot be expected to agree precisely. The difference between them bec

!

a known degree of uncertainty (the confidence level) that the true value will lie within a‘part
terval become and the further apart are the limits (the confidence limits) of this intérval.
Iculated measures of central tendency or dispersion are subject to uncertainty, when two

the statistical sense only when it exceeds a limiting value which could-have occurred, v
ility, purely by chance.

noted that a statistically significant difference between two measures of a property does not
brence has any practical significance. The latter can only“be judged in the context @
eing studied and the sensitivity of the application to.the measured property. Thus
aving tear strengths of 10 N/mm and 15 N/mm with standard deviations of 1 N/mm based o
gnificantly different at the 99 % level of confidence but, if the specification calls for a min
of 25 N/mm, neither of them meets the specification*and hence the difference between th
and irrelevant) in practical terms.

f these assumptions is important in order'to’use the technique successfully. Firstly, the data
ual values, such as tensile strength.orlength; subjective values and grades cannot be trea
condly, they must be normally distributed. Finally, they must be independent so that an er
ion does not influence the error-in~another observation. If the data are not normally distril
n be made to approximate tae.nermality by a transformation (for example taking logarithms
sume that the two means _being compared come from similar populations, i.e. their variance
tly different (see 7.2.2.2 formore information).

pdology
dence limitsand confidence intervals

r the.mean
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tests such as Student’s -test make several assumptions about the data being analysed, apd an

must
ed in

ror in

uted,
. The
s are

72111 If the population mean, x4, and standard deviation, o, are known, then it is a simple matter| (see
6.2.1.1) to work out what the probability is that the mean of » results lies within, for example, three standard
deviations of x. Using the normal notation of x to represent the mean of the »n results, then on 99,7 % of
occasions

u-3c/\In<x<u+3c/\n (10)
By similar reasoning, if #is unknown and o is known, it is logical to assert that
¥-3c/\n<j<x+3c/n (11)
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Thus, at a confidence level of 99,7 %, it is expected that the population mean would lie within the confidence
interval of + 3o/\n about the sample mean. If a smaller confidence level, say 95 %, were chosen, the
confidence interval would be + 1,960/Vn.

7.21.1.2 |t is unfortunate that the exact values of x and of o are unknown. Only the estimate s is known
from the sample tested. For the same confidence level 99,7 %, the value 3o/\n has to be increased to take
account of this uncertainty in o, the amount of the increase being dependent on the value of n. The factors
used are given by the Student’s #distribution rather than the normal distribution (which is the limiting value of
the t-distribution when n reaches infinity). Further consideration of the ¢-distribution is outside the scope of this
International Standard and reference should be made to one of the many textbooks on statistics that are
available. A selection of useful reference works is included in the Bibliography.

7.21}1.3 It is, therefore, assumed in the following clauses that the true mean and standafdypeviation are
unknpwn and that only the estimates of the mean x and of the standard deviation s are-krjown. For an
exposgition of situations in which one or other of the true parameters is known, reference 'should be made to
ISO 2602 and ISO 2854.

The gonfidence limits for the mean are normally required for the 95 % and the. 99 % confiderjce levels. In
eithef case, the limits are given by the equations:

dL="1x —(t,5)\n (12)

du= X +(t,5)N\n (13)

¢ = 2(t 5)N\n (14)
wherg

¢ = lower confidence limit;
qu = upper confidence limit;
¢, = confidence level.

It is fherefore possible to be 95 %(or 99 %, etc.) confident that the true mean y of the populgdtion does lie
within this interval about the calculated mean (i.e. the estimated population mean).

In the¢se equations, n is the.number of observations and ¢ is the appropriate Student’s r-value, gbtained from
Table 11.

© 1SO 2006 — Al rights reserved 27


https://standardsiso.com/api/?name=54a020638738856cb3b23719af887158

ISO 19003:2006(E)

Table 11 — A selected table of Student’s r-values

n Confidence level Confidence level

Two-sided case One-sided level
95 % 99 % 95 % 99 %
1,975 10,995 10,95 19,99
2 12,71 63,66 6,314 31,82
3 4,303 9,925 2,920 6,965
4 3,182 5.841 2,353 4,541
5 2,776 4,604 2,132 3,747
6 2,571 4,032 2,015 3,365
7 2,447 3,707 1,943 3,143
8 2,365 3,499 1,895 2,998
9 2,306 3,355 1,860 2,896
10 2,262 3,250 1,833 2,821
11 2,228 3,169 1,812 2,764
12 2,201 3,106 1,796 2,718
13 2,179 3,055 1,782 2,681
14 2,160 3,012 1,711 2,650
15 2,145 2,977 N761 2,624
16 2,131 2,947 1,753 2,602
17 2,120 2,921 1,746 2,583
18 2,110 2,898 1,740 2,567
19 2,101 2,878 1,734 2,552
20 2,093 2,861 1,729 2,539
21 2,086 2,845 1,725 2,528
22 2,080 2,831 1,721 2,518
23 2,074 2,819 1,717 2,508
24 2,069 2,807 1,714 2,500
25 2,064 2,797 1,711 2,492
26 2,060 2,787 1,708 2,485
27 2,056 2,779 1,706 2,479
28 2,052 2,771 1,703 2,473
29 2,048 2,763 70t 2,467
30 2,045 2,756 1,699 2,462
40 2,024 2,707 1,682 2,430
50 2,008 2,680 1,676 2,404
60 2,000 2,664 1,673 2,393
120 1,980 2,617 1,658 2,358
inf. 1,960 2,576 1,645 2,326

28
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7.21.1.4 As noted in 6.2.3.2.3, the quantity s/n is called the standard error of the estimate (of the mean). It
can thus be seen that to halve the confidence interval approximately four times as many observations have to
be taken.

NOTE t is approximately constant except at very small values of n.
7.21.1.5 The value of ¢, depends on the confidence level required, the number of observations (or, more
precisely, the number of degrees of freedom) and whether a single-sided or a two-sided confidence interval is

being sought.

In the simple cases being considered here, the number of degrees of freedom is (n — 1).

7.211.6 A single-sided confidence interval is used when, for example, a comparison (is)|being made
betwgen an observed mean value for a test, such as compression set, and the specification maximum (or
minimum) to which it is being tested. This is because the only concern is with those valués that fight exceed
(or npt reach) the requirement and there is no interest in the values at the other-sidé of thg distribution
functlon, these being those that conform to the specification limit. In this case, ¢, is_given in the|tables under
the cplumns for 1, o5 for the 95 % and #; g for the 99 % confidence limits.

7.211.7 A two-sided confidence interval is used when, for example, itisynecessary to know the interval
withim which the true mean could be expected to lie with the given degtee of confidence. In thjs case, both
sideq of the distribution function are equally important and will contribute’ equally to the probability. Thus, for
95 %|confidence the ¢ 975 column is required and for 99 % confidenegithe ¢ gg5 column is requirgd.

7.211.8 There are situations where it might be more convenient to calculate the value |of Student’s
t-factpr, for a given probability and number of degrees of freedom, rather than using refefence tables.
Provided that an error not exceeding 0,5 % of the true #-value is acceptable, then the following gquation may
be uged:
1,= A+ BCVn=1] (13)

wherg the constants 4, B and C are as given in‘Table 12.

Table 12 — r-value constants

‘ 4 B c
lo.ss 0,8757 0,770 03 7,062 3
(9975 1,053 1 0,909 30 12,819 2
0,99 1,264 0 1,069 9 28,559 0
lo,995 1,418 7 11717 53,120 9

7.2112 For the standard deviation

7.21.21 As in the case of the mean, the standard deviation calculated from a set of data can only be an
estimate of the true standard deviation for the population as a whole and as such will have a measure of
uncertainty associated with it. Confidence limits can therefore be set which, to a stated degree of confidence,
contain the population standard deviation.

7.21.2.2  Unlike the confidence limits for the mean, the limits for the standard deviation are not symmetrical
about the estimate s. This arises out of the fact that the standard deviation, unlike the mean, cannot be
negative.

7.21.2.3 As discussed in 7.2.1.1.6 and 7.2.1.1.7 when considering the confidence limits for the mean,

there are two cases to be considered. These are the single-sided case and the two-sided case depending on
whether just an upper (or lower) limit, or both, is being considered.
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9 1/2
cus =[”S2] (16)
Xa

where ¢y, is the upper confidence level for s.

2 1/2

ns

‘L, =[ 2] (17)
X1-a

where c| ; is the lower confidence level for s.

The denominator in these equations comes from the chi-squared distribution function which is defined ds the
distribution of the sums of the squares of independent standardized normal variants. Some valuesare giyen in
Table 13 and more comprehensive tables are available in the list of references.

For the singl¢-sided case, « = 0,95 or 0,99 for the 95 % or 99 % confidence limits, respectively.

For the two-gided case, « = 0,975 or 0,995 for the 95 % or 99 % confidence limits, réspectively.

As stated in 7.2.1.1.5, the number of degrees of freedom to be entered to find,the’/chi-squared factor is (n|— 1).
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Table 13 — A selected table of chi-squared values
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n Chi-squared for two-sided case Chi-squared for one-sided case
95 % 95 % 99 % 99 % 95 % 95 % 99 % 99 %
760,0252 ?((),9752 ?(o,oos2 ?((),9952 ?(o,os2 750,952 750,012 250,992

1 0,001 5,023 0,000 039 7,879 0,004 3,841 0,000 2 6,635
2 0,051 7,378 0,010 10,597 0,103 5,991 0,020 9,210
3 0,216 9,348 0,072 12,838 0,352 7,815 0,115 11,345
4 0,484 11,143 0,207 14,860 0,711 9,488 0,297 13,277
5 0,831 12,833 0,412 16,750 1,145 11,071 0,554 15,086
6 1,237 14,449 0,676 18,548 1,635 12,592 0,872 16,812
7 1,690 16,013 0,989 20,278 2,167 14,067 1,239 18,475
8 2,180 17,535 1,344 21,955 2,733 15,507 1,646 20,090
9 2,700 19,023 1,735 23,589 3,325 16,919 2,088 21,666
10 3,247 20,483 2,156 25,188 3,940 18,307 2,558 23,209
11 3,816 21,920 2,603 26,757 4,575 19,675 3,053 24,725
12 4,404 23,337 3,074 28,300 5,226 21,026 3,571 26,217
13 5,009 24,736 3,565 29,819 5,892 22,362 4,107 27,688
14 5,629 26,119 4,075 31,319 6,571 23,685 4,660 29,141
15 6,262 27,488 4,601 32,801 7,261 24,996 5,229 30,578
16 6,908 28,845 5,142 34,267 7,962 26,296 5,812 32,000
17 7,564 30,191 5,697 35,719 8,672 27,587 6,408 33,409
18 8,231 31,526 6,265 37,156 9,390 28,869 7,015 34,805
19 8,907 32,852 6,844 38,582 10,117 30,144 7,633 36,191
20 9,591 34,170 7,434 39,997 10,851 31,410 8,260 37,566
21 10,283 35,479 8,034 41,401 11,591 32,671 8,897 38,932
22 10,982 36,781 8,643 42,796 12,338 33,924 9,542 40,289
23 11,689 38,076 9,260 44,181 13,091 35,173 10,196 41,638
24 12,401 39,364 9,886 45,559 13,848 36,415 10,856 42,980
25 137120 40,647 10,520 46,928 14,611 37,653 11,524 44,314
26 13,844 41,923 11,160 48,290 15,379 38,885 12,198 45,642
27 14,573 43,194 11,808 49,645 16,151 40,113 12,879 46,963
28 15,308 44,461 12,461 50,993 16,928 41,337 13,565 48,278
29 16,047 %45,722 137124 52,336 17,768 42,557 4,257 49,588
30 16,791 46,979 13,787 53,672 18,493 43,773 14,954 50,892

7.2.2 Significant difference

7.2.21

General

Closely related to the concept of confidence limits is that of significant difference, where a comparison needs
to be made either between two means or two standard deviations. In the following subclauses, it is assumed
that there are two sets of observations with the statistics shown in Table 14.
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Table 14 — Statistics for observation sets

Observation set Mean value Estimated standard Number of
deviation observations
1 X 54 ny
2 Xy Sy ny

For the mean

7.2.2.2
The means d
%1 -7,
where
%1 -3y
tlZ
S
In most case

I

S

It is assumeqd
S1 and S2. |f
come from t{
significance
7.2.2.3 Fd

7.2.2.3.1

Theprocedure is as follows:

annot be regarded as likely to be different at the given confidence level « if

> 1,5

signifies the absolute value of the difference;

is the value of Student’s 7 (Table 11) for the two-sided case, entered for (n4 + n, — 2) degrg
freedom, being 97,5 for the 95 % confidence level or 99,5 for the/99 % confidence level;

is the weighted standard error for the combined sets of abservations, which is calculated b
equation:

2 5 1/2
_|mtny (nqg =1)s4" + (1 = 1Ns5

S

nqhno nq+noy -2

5, 4 = ny and the equation can be considerably simplified to the form:

2+S2

N

in this analysis that thereis no significant difference (at a stated level) in the standard devia
such a difference is¢significant, then the two sets of observations cannot be considered to
he same populationvand hence their means would not usually be compared. The test fa
bf the difference between two standard deviations is given in 7.2.2.3.

2)

r the standard deviation

a) Determi

F=

1€ the ratio of the variances using the equation:

(S1/S2)2

it being taken that s > s5.

b)

levels are given.

Use one

1)

a:

32

of the following:

0,05 for a single-sided 95 % confidence level;

(18)

es of

y the

(20)

tions
have
r the

(21)

Consult Table 15 where the critical values for Snedecor’s F-quotient at the 95 % and the 99 % confidence
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a = 0,025 for a two-sided 95 % confidence level,
a = 0,01 for a single-sided 99 % confidence level;

a = 0,005 for a two-sided 99 % confidence level.

d) Establish the critical F-value for the (n4 — 1) degrees of freedom for s, and the (n, — 1) degrees of freedom
for s, by finding the intersection of the column with (n4 — 1) degrees of freedom and the row with (n, — 1)
degrees of freedom. If the calculated F-value is greater than this tabulated critical F-value, then the two
standard deviations are different at the chosen confidence level.

Table 15 — Snedecor’s F-values for selected degrees of freedom
(DF, = lesser degrees of freedom, DF 4 = greater degrees of freedom)

a) |Fys for one-sided test
DF, DF,
3 4 5 6 7 8 10 12 15 20 24 30 40 60 120
3 9,28 | 9,12 | 9,01 | 894 | 8,89 | 8,85 | 8,79 | 8,74 | 8,80 | 8,66 *|.8,64 | 8,62 | 8,59 ||8,57 | 8,55
4 6,59 | 6,39 | 6,26 | 6,16 | 6,09 | 6,04 | 596 | 591 | 5,86 |,580 | 5,77 | 5,75 | 5,72 ||5,69 | 5,66
5 541 | 519 | 505 | 495 | 4,88 | 482 | 4,74 | 468 | 4,62 ()4,56 | 453 | 4,50 | 4,46 ||4,43 | 4,40
6 4,76 | 4,53 | 439 | 4,28 | 4,21 | 4,15 | 4,06 | 4,00 |3,94 | 3,87 | 3,84 | 3,81 | 3,77 ||3,74 | 3,70
7 435 | 412 | 397 | 3,87 | 3,79 | 3,73 | 3,64 | 3,57 \3,51 | 3,44 | 3,41 | 3,38 | 3,34 ||3,30 | 3,27
8 4,07 | 3,84 | 369 | 3,58 | 3,50 | 3,44 | 3,35 |«3,28 | 3,22 | 3,15 | 3,12 | 3,08 | 3,04 (|3,01 | 2,97
10 3,71 | 3,48 | 3,33 | 3,22 | 3,14 | 3,07 | 2,98 2,91 | 2,85 | 2,77 | 2,74 | 2,70 | 2,66 |[2,62 | 2,58
12 3,49 | 3,26 | 3,11 | 3,00 | 291 | 2,85 | 2575 | 2,69 | 2,62 | 2,54 | 2,51 | 2,47 | 2,43 ||2,38 | 2,34
15 3,29 | 3,06 | 2,90 | 2,79 | 2,71 | 2,64 2,54 | 2,48 | 2,40 | 2,33 | 2,29 | 2,25 | 2,20 ||2,46 | 2,11
20 3,10 | 2,87 | 2,71 | 2,60 | 2,51.}245 | 235 | 2,28 | 2,20 | 2,12 | 2,08 | 2,04 | 1,99 |[1,95 | 1,90
24 3,01 | 2,78 | 262 | 251 | 24271 2,36 | 225 | 2118 | 2,11 | 2,03 | 1,98 | 1,94 | 1,89 |[1,84 | 1,79
30 292 | 2,69 | 2,53 | 2,42-°2,33 | 2,27 | 2,16 | 2,09 | 2,01 | 1,93 | 1,89 | 1,84 | 1,79 |[1,74 | 1,68
40 2,84 | 261 | 245 | 2,34 | 2,25 | 2,18 | 2,08 | 2,00 | 1,92 | 1,84 | 1,79 | 1,74 | 1,69 ||1,64 | 1,58
60 2,76 | 2,53 | 2,34~ 12,25 | 2,17 | 2,10 | 1,99 | 192 | 1,84 | 1,75 | 1,70 | 1,65 | 1,59 ||1,53 | 1,47
120 | 2,68 | 2,45 | 2,29 | 2,17 | 2,09 | 2,02 | 1,91 [ 1,83 | 1,75 | 1,66 | 1,61 | 1,55 [ 1,50 ||1,43 | 1,35
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Table 15 (continued)

b) Fys for two-sided test

DF, DF

3 4 5 6 7 8 10 12 15 20 24 30 40 60 120
15,44 115,10 (14,88 | 14,43 | 14,62 | 14,54 | 14,42 | 14,34 | 14,25 [ 14,17 | 14,12 | 14,08 | 14,04 | 13,99 | 13,95
998 | 9,60 | 9,36 | 9,20 | 9,07 | 898 | 8,84 | 8,75 | 8,66 | 8,56 | 851 | 8,46 | 8,41 | 8,36 | 8,31
7,76 | 739 | 715 | 6,98 | 6,85 | 6,76 | 6,62 | 6,52 | 6,43 | 6,33 | 6,28 | 6,23 | 6,18 | 6,12 | 6,07
6,60([ 6,23 | 599 | 582 | 5,70 | 5,60 | 5,46 | 5,37 | 527 | 5,17 | 5,12 | 5,07 | 5,01 | 4,96 §,90
589(| 552 | 529 | 512 | 499 | 490 | 4,76 | 4,67 | 4,57 | 4,47 | 4,42 | 4,36 | 4,31 | 425)| 4,20

8 542|| 5,05 | 482 | 465 | 453 | 443 | 430 | 4,20 | 4,10 | 4,00 | 3,95 | 3,89 | 3,84~ 378 | B,73
10 | 4,83|| 447 | 424 | 407 | 3,95 | 3,85 | 3,72 | 3,62 | 3,52 | 3,42 | 3,37 | 3,31 | 3,26/| 3,20 | B,14
12 | 4,47|| 412 | 3,89 | 3,73 | 3,61 | 3,51 | 3,37 | 3,28 | 3,18 | 3,07 | 3,02 | 2,96 "\2,91 | 2,85 | R,79
15 | 4,15/ 3,80 | 3,58 | 3,41 | 3,29 | 3,20 | 3,06 | 2,96 | 2,86 | 2,76 | 2,70 | 2,64 | 2,59 | 2,52 | P,46
20 | 3,86|| 3,51 | 3,29 | 3,13 | 3,01 | 2,91 | 2,77 | 2,68 | 2,57 | 2,46 | 2,41%| 2,35 | 2,29 | 2,22 | P,16
24 | 3,72|| 3,38 | 3,15 | 299 | 2,87 | 2,78 | 2,64 | 2,54 | 2,44 | 2,33 |27 | 221 | 2,15 | 2,08 | R,01
30 | 3,59]|| 3,25 | 3,03 | 287 | 2,75 | 2,65 | 2,51 | 2,41 | 2,31 | 2,20 V2,14 | 2,07 | 2,01 | 1,94 | 1,87
40 | 3,46(( 3,13 | 2,90 | 2,74 | 2,62 | 2,63 | 2,39 | 2,29 | 2,18 | 207 | 2,01 | 1,94 | 1,88 | 1,80 | 1,72
60 | 3,34|| 3,01 | 279 | 2,63 | 2,61 | 2,41 | 2,27 | 217 | 2,067 1,94 | 1,88 | 1,82 | 1,74 | 1,67 | [1,58
120 | 3,23|| 2,89 | 2,67 | 2,52 | 2,39 | 2,30 | 2,16 | 2,05 | 1594 | 1,82 | 1,75 | 1,69 | 1,61 [ 1,53 | [1,43

N o o bW

C) Fyqfor gne-sided test

DF, DF,

3 4 5 6 7 8 |wd0 | 12 | 15 | 20 | 24 | 30 | 40 | 60 | [120
3 |29,46|| 28,7 | 28,24 | 27,91 27,67 | 27,49'127,23 | 27,05 | 26,87 | 26,69 | 26,60 | 26,50 | 26,41 | 26,32 | 26,22
4 |16,69|15,98 | 15,52 | 15,21 | 14,98145,80 | 14,55 | 14,37 | 14,20 | 14,02 | 13,93 | 13,84 | 13,75 | 13,65 | 13,56
5 |12,06([11,39(10,97 [ 10,67 | 1046/[10,29 | 10,05| 9,89 | 9,72 | 9,55 | 9,47 | 9,38 | 9,29 | 9,20 | P,11
6 | 978| 915|875 | 8,47-\8726 | 8,10 | 7,87 | 7,72 | 7,56 | 7,40 | 7,31 | 7,23 | 7,14 | 7,06 | p.97
7 | 845|| 7,85 | 7,46 | 7¢39°| 6,99 | 6,84 | 6,62 | 6,47 | 6,31 | 6,16 | 6,07 | 599 | 591 | 582 | b,74

8 7,59(| 7,01 | 6,63/).6,37 | 6,18 | 6,03 | 5,81 | 5,67 | 552 | 5,36 | 528 | 520 | 5,12 | 5,03 | §,95
10 | 6,55(| 5,99 | 564 | 5,39 | 5,20 | 5,06 | 4,85 | 4,71 | 4,56 | 4,41 | 4,33 | 4,25 | 4,17 | 4,08 | §#,00
12 | 5,95(| 541.}.5,06 | 482 | 4,64 | 450 | 430 | 4,16 | 4,01 | 3,86 | 3,78 | 3,70 | 3,62 | 3,54 | B,45
15 | 542||489 | 456 | 432 | 414 | 4,00 | 3,80 | 3,67 | 3,52 | 3,37 | 3,29 | 3,21 | 3,13 | 3,05 | R,96

20 494 7433 4710 [ 3,87 | 3,70 | 3,56 | 3,37 | 3,23 | 3,09 | 2,94 | 286 | 2,78 | 2,69 | 2,61 2,52
24 | 4,72 | 422 | 3,90 | 3,67 | 3,50 | 3,36 | 3,17 | 3,03 | 2,89 | 2,74 | 2,66 | 2,58 | 2,49 | 2,40 | 2,31
30 | 451|402 )370 | 347 | 3,30 | 3,17 | 298 | 2,84 | 2,70 | 2,55 | 2,47 | 2,39 | 2,30 | 2,21 | 2,11
40 | 4,31 (383|351 |329 | 312|299 (280|266 |252| 237|229 | 220 | 2,11 | 2,02 | 1,92
60 | 413 | 365|334 |312|295 (282|263 |250| 235|220 ]|212 | 203|194 (184 | 1,73
120 | 3,95 | 3,48 | 3,17 | 2,96 | 2,79 | 2,66 | 2,47 | 2,34 | 2119 | 2,03 | 1,95 | 1,86 | 1,76 | 1,66 | 1,53
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d) Fyq for two-sided test
DF, DF,
3 4 5 6 7 8 10 12 15 20 24 30 40 60 120
3 | 47,47 146,19 |45,39|44,84 | 44,43 | 44,13 (43,69 (43,39 | 43,08 | 42,78 | 42,62 | 42,47 | 42,31 | 42,15 [ 41,99
4 |24,26 (23,15|22,46|21,97 | 21,62 | 21,35 | 20,97 | 20,70 | 20,44 | 20,17 | 20,03 [ 19,89 | 19,75 | 19,61 | 19,47
5 [16,53|15,56 14,94 |14,51|14,20 (13,96 | 13,62 | 13,38 | 13,15 | 12,90 | 12,78 | 12,66 | 12,53 | 12,40 | 12,27
611]1292]12,03 11,46 | 11,07 | 10,76 | 10,57 | 10,25 [ 10,03 | 9,81 | 9,59 | 9,47 | 9,36 | 9,24-]|9,12 | 9,00
711(1088|10,05| 952 | 9,176 | 8,89 | 8,68 | 8,38 | 8,18 | 7,97 | 7,75 | 7,65 | 7,53 | 42 ||7,31 | 7,19
8 9,60 | 881|830 |79 (769|750 ]|721]701]|681]| 661|650 ]| 6,40,1.6,29 (|6,18 | 6,06
10| | 8,08 | 7,34 | 6,87 | 6,54 | 6,30 | 6,12 | 5,85 | 5,66 | 547 | 527 | 5,17 | 507 | 4,97 ||4,86 | 4,75
12| | 7,23 | 6,52 | 6,07 | 5,76 | 552 | 5,35 | 5,09 | 4,91 | 4,72 | 4,53 | 4,43 4,33 | 4,23 ([4,12 | 4,01
15| | 6,48 | 5,80 | 5,37 | 507 | 485 | 4,67 | 442 | 425 | 4,07 | 3,88 [~3;79 | 3,69 | 3,58 ||3,48 | 3,37
20( | 5,82 | 5,17 | 4,76 | 4,47 | 4,26 | 4,09 | 3,85 | 3,68 | 3,50 | 3,32 [*3,22 | 3,12 | 3,02 |[2,92 | 2,81
24| | 552 | 4,89 | 449 | 420 | 3,99 | 3,83 | 3,59 | 3,42 | 3,25 |[(3,06 | 2,97 | 2,87 | 2,77 ||2,66 | 2,55
30| | 524 | 462 | 423 | 395 | 3,74 | 3,58 | 3,34 | 3,18 | 3,01 2,82 | 2,73 | 2,63 | 2,52 ||2,42 | 2,30
40| | 4,98 | 4,37 | 3,99 | 3,71 | 3,51 [ 3,35 | 3,12 | 2,95,|2,78 | 2,60 | 2,50 | 2,40 | 2,30 ||2,18 | 2,06
60| | 473 | 4,14 | 3,76 | 3,49 | 3,29 | 3,13 | 2,90 | 2,74,| 2,57 | 2,39 | 2,29 | 2,19 | 2,08 |[1,96 | 1,83
120 | 4,50 | 3,92 | 3,55 | 3,28 | 3,09 | 2,93 | 2,71 | 2,54 | 2,37 | 2,19 | 2,09 | 1,98 | 1,87 |[1,75 | 1,61

7.3 | Applications to rubber testing

7.3.1 General

Knowledge of the confidence limitsifor data enables objective assessments to be made of differ,

data.|Examples of this are given in'7.3.2 and 7.3.3.

7.3.2| Confidence limits-and specification limits

ences in that

In a $tress relaxatien test carried out in accordance with 1ISO 3384, three compounds were tesfed against a

specification requiring a maximum stress relaxation of 20 % over the 7 day test duration. The res

werelas shown in'Table 16.

Table 16 — Percentage stress relaxation measurements

Compound Test piece Mean Standard deviation, s
1 2 3
22,1 22,6 22,8 22,5 0,36
2 17,5 19,7 18,5 18,6 1,10
3 13,7 14,3 15,9 14,6 1,14

ults obtained

Visual inspection of the results suggests that compound 1 fails, and compounds 2 and 3 pass. For
compound 2, however, the mean is close to the limit (i.e. one standard deviation) which makes its true status

less clear.

© 1SO 2006 — All rights reserved
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The lower confidence limit of each compound at the 95 % significance level is obtained from the equation:

CLZE—

(t0‘95s)/\/n

Therefore, for compound 1 with a value for s of 0,36,

e =22,5-(2,92 x 0,36/V3)

o =21,9

In a similar w

ay, Table 17 can be derived for all the compounds.

From these |
However, co

If a further
reached. (Fo
correspondin
that compou

7.3.3 Com

The supplief
accordance

results obtained by the two laboratories(are presented in Table 18. In considering the results for compou

it can be see
the two labor

The same t
presented in

In the case
laboratory 1
on the basis

Table 17 — Lower confidence limits for percentage stress relaxation

Limit Compound
% 1 2 3
90 22,1 19,8 15,8
95 21,9 20,5 16,5
99 21,1 23,0 19,2

mits, it is over 99 % certain that compound 1 fails and compound 3 conforms to the specific
mpound 2 conforms to the specification with only a 90 % certainty.

hree test pieces of compound 2 were tested, a,more definite conclusion could probab
r example, if the same mean and standard deviation were obtained on the additional test
g confidence limits would be 19,3, 19,5 and 2071. This gives between 95 % and 99 % config
nd 2 does pass.)

barison of results

and purchaser of a grade of -rubber compound (compound 1) each carry out tear teg
vith 1ISO 34-1:2004, method B, en the same batches to assess their degree of agreement

n that the difference in the_means exceeds the 7 955 product so it is more than 95 % certai
atories are not producing statistically equivalent data.

bsts were also~carried out on a different compound (compound 2). These results are
Table 18.

pf compound 2, the difference in the means is bordering on the 99 % significance level.
bn both occasions has produced the lower strengths, it is probable, though by no means ¢
of‘only two sets of results, that there is a systematic difference between the laboratories

(22)

ation.

y be
b, the
ence

ts in
The
nd 1,
h that

also

Since
Brtain
This

may be as 3

result of a different depth of the nick or errors in the force transducer. In such a case, an

effort

should be made to trace and rectify any deficiency.
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Tear measurements in N/mm

Compound | Test Tear Mean Standard Difference Standard | Degrees | 1 g5 | 5 955
piece | measurement deviation | between means error of
(absolute value) freedom
x % - %, S
Lab.1 | Lab.2 | Lab.1 | Lab.2 | Lab.1 | Lab.2
1 1 19,0 | 21,0
2 20,6 19,9
3 20,2 | 21,4 | 19,8 | 20,9 | 0,63 | 0,64 1,1 0,40 8 2,31| 0,92
4 19,4 | 21,5
5 19,9 | 20,8
2 1 221 25,3
2 18,4 | 23,3
3 223 (240 | 21,4 | 24,7 | 1,69 | 1,64 3,3 1,05 8 2,31 2,43
4 221 27,3
5 22,2 | 23,6
8 Ranking methods
8.1 | Principles
Somgtimes, observations cannot be quantified precisely and subjective judgements of merit havg to be made.
In th¢se cases, the usual quantitative technigues cannot be applied and it is necessary to resgrt to ranking
methpds.
8.2 | Methodology
8.2.1| Friedman'’s test
8.2.111 The following'steps should be taken in this test:
The members of a)group of observers independently rank the same samples into order of incfeasing merit
according to previously defined criteria.
The $um of.the squares of the differences between each rank sum and the mean rank sum is defermined and
compared.with the critical value corresponding to a given level of significance.

If the observed factor is greater than the critical factor, then there is a significant difference (at the given
confidence level).

8.21

2

Thus, if there are m observers and n samples, each observer independently assigns the number 1

to the best sample, 2 to the next best and so on down to » to the poorest. If two or more samples are judged
to be equally good, then they are assigned the same rank number, this being simply the average rank of the
group. For each sample, the rank sum S, is determined from the individual rank values R by the equation:

m
Si = Ry
Jj=i

© 1SO 2006 — All rights reserved
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The mean rank sum, Sz, is the average of the n rank sums as given by the equation:

n
2.5
g

(24)
n
Friedman’s statistic, X, is then given by the equation:
n
K=Y (5,-8) (25)
i1
If K> K, thg samples are significantly different. Values of K, for the 95 % confidence level are-fabulated in
Table 19.
Table 19 — Friedman’s test: critical values K for a level of significance of0,05
ma Number of observations in the sample
N
3 4 5 6 7 8 9 10 11 12 13 14 15
2 — 20 38 64 96 138 192 258 336 429 538 664 08
3 18 37 64 104 | 158 | 225 311 416 542 691 865 | 1063 | 1[292
4 26 52 89 144 217 311 429 574 747 950 1189 | 1460 | 1770
5 32 65 113 183 277 396 547 731 950 1210 | 1512 | 1859 | 2|254
6 42 76 137 222 336 482 664 887 1155 | 1469 | 1831 | 2253 | 2|738
7 50 92 167 272 412 591 845 1086 | 1410 | 1791 | 2233 | 2740 | 3|316
8 50 105 190 310 471 676 931 1241 1612 | 2047 | 2552 | 3131 | 3|790
9 56 118 214 349 529 760 1047 | 1396 | 1813 | 2302 | 2871 | 3523 | 4|264
10 62 131 238 388 588 845 1164 | 1551 | 2014 | 2558 | 3189 | 3914 | 4|737
11 66 144 261 427 647 929 1280 | 1706 | 2216 | 2814 | 3508 | 4305 | 5|211
12 72 157 285 465 706 1013 | 1396 | 1862 | 2417 | 3070 | 3827 | 4697 | 5/685
13 78 170 309 504 764 1098 | 1512 | 2017 | 2618 | 3326 | 4146 | 5088 | 6[159
14 84 183 333 543 823 1182 | 1629 | 2172 | 2820 | 3581 | 4465 | 5479 | 6(632
15 90 196 356 582 882 1267 | 1745 | 2327 | 3021 | 3837 | 4784 | 5871 | 7|106
2 m = numbgr of observers ranking the observations in the sample.
8.21.3 Where a significant difference is shown, the mean rank for each sample can be determined from
the equation:
R;=S;Im (26)

although it should not be assumed that there is necessarily a significant difference between any pair of mean
rank values even though there is a significant difference taken across the » samples as a whole.
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8.21.4 Whether or not significance is obtained depends on the differences between the samples as well
as on the degree of agreement between the observers. The coefficient of concordance between the observers
is given by the equation:

c-—12K (27)
nm“(nc =1)
8.21.5 This parameter may take any value between 0 (no agreement) and 1 (complete agreement). In

order for high degrees of concordance to be achieved, the rankings should be based on a single criterion
which has been clearly described.

8.2.2] The outside count test
8.2.2|1 This is a rough and ready method for the comparison of two specific samples out of p total of n. It
can be particularly useful where one of the two samples is a reference material bejng-used fof comparison
purpgses.

8.2.2]2 The procedure is as follows:

a) ip the sample containing the highest value, count the number of valuges‘which are higher thah the highest
alue in the other sample;

b) ¢ount the number of values in the other sample which are lower'than the lowest value in the first sample.

If thelsum of these two counts is greater than six, it can be concluded that the two samples are dffferent at the
95 %|confidence level.

8.3 | Applications to rubber testing

Ten |vulcanizates containing different antiozonants were simultaneously tested for ozone fesistance in
accofdance with 1ISO 1431-1, after which fivé-observers independently ranked the 10 compounds for degree
of crpcking using crack length as the_ criterion. Table 20 and Table 21, respectively, give thg results and
statigtical calculations from this test.

Table 20 — Ozone resistance test results

Vulcanizate Observer

A B Cc D E
1 4 3172 3 3 4
2 1 2 2 3 2
3 5172 5 4 6 4
4 512 6 6 5 6
5 A T T T 1
6 3 3172 5 3 4
7 8 7 71/2 9 10
8 10 9 9 8 8
9 7 8 7172 7 7
10 9 10 10 10 9
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Table 21 — Statistical calculations for ozone resistance tests

Vulcanizate Sum Mean sum Difference Mean rank
1 171/2 27112 -10 3,5
2 10 271/2 -171/2 2,0
3 241/2 271/2 -3 4,9
4 281/2 271/2 +1 57
5 6 271/2 -211/2 1,2
6 181/2 27112 -9 37
7 411/2 27112 +14 8,3
B 44 271/2 +161/2 8,8
¢ 361/2 271/2 +9 73
10 48 271/2 +201/2 9,6

From these data
K= (=102 + (= 171/2)2 + (- 3)2 + ...+ (201/2)2 = 1 929
where K = Friedman’s K-value

For n=10 Ind m=25, K, =731, hence the different antiozenants are producing statistically signi
differences i ozone resistance between the compounds.

The coefficient of concordance C can be calculated as
C=12x1929/[52 x (103 - 10)]
= 0’91

This indicatep that there is a high degree-ef;agreement in the judgements of the five observers.

9 Criteriga for rejecting outliers

9.1 Principles

9.1.1 Therg are occasions when a single result in a test sequence can appear to be out of line with th
of the data. The rejection of such a result as an outlier, which would otherwise distort what is considered
the true datg represented by the other results, is sometimes considered. This is a course of action

should be i jecti ' ' i '
distribution and will lead particularly to a significant under-estimate of the standard deviation.

9.1.2 A result should not be rejected unless one of the following cases applies:

a) There is clear physical evidence that the result has been caused by some recognizable fault i
sample.

ficant

b rest
to be
vhich
true

n the

b) An objective statistical test gives a strong indication that the result is unlikely to have arisen purely by
chance. As with any statistical test, a given confidence level should be arbitrarily assigned as the criterion

for rejection.

9.1.3 A result that is shown to be unusual at between the 95 % to 99 % confidence level should be marked

as a straggler (see the ISO 5725 series).
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A result that exceeds the 99 % confidence level should be marked as an outlier and should then be eliminated
from the analysis (some workers use four standard deviations as the level).

In both cases, the test piece which gave rise to the suspect result should be examined for evidence of its
abnormality. In the case of a straggler, lack of any such evidence should cause the data to be retained in the
analysis but, if there is clear physical evidence of abnormality, then its result can be discarded.

9.1.4 In addition to the testing of individual observations in a set, it is possibly appropriate, as for example in
inter-laboratory trials, to test for outliers in terms of the means of the series of tests performed. However, prior
to this a test for standard deviation should be made. If, for example, one laboratory’s standard deviation is
significantly different to that which could be expected on the basis of the other laboratories’ standard
deviations, this laboratory’s results cannot he taken as coming from the same population as the other
laborptories and should, therefore, be discarded. As before, rejected or straggling data should be critically
exanjined to try to ascertain the cause with the view to correcting any faults.

9.1.5| Examination of the outlying data can show that a simple calculation error or similar quantifiable fault
had ¢ccurred before the results were reported and that this can be corrected at s@urce. The corrected data
can then be entered in place of the originals and the statistical tests re-applied.

9.2 | Methodology

9.2.1| General

The pssumption is made in the following tests that the data .being examined are normally distributed (see
6.2.5) or have been transformed into a form that is normally distributed (see 6.2.4).

9.2.2| Dixon’s test
9.2.2|1 Dixon’s test is applied to individual obsérvations or to the means of sets of observafions and it is
assumed that both abnormally large or small-observations are to be equally tested for rejeftion against
Dixon’s criterion.

9.2.2]2 The procedure is as follows:

a) Arrange the n observations in‘ascending numerical order; i.e. x4 the smallest through to x,, th¢ largest.
b) [Derive Dixon’s quotient;~Q, from step c), d) or e) as appropriate.
c) If 3 <n<7,then record the larger of

Y2 — X1 Xn ~ X

and (28)
X — X1 Xp —Xq
d) Ir 8 < < 12, then record the larger of
X2 ™ X and Xn ~ Xn (29)
Xp—1— X Xp —X2
e) |Ifn> 12, then record the larger of
7N gpg Zn T2 (30)

Xp-2~X1 X, —X3
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f) Compare Dixon’s quotient, O, so derived, to the data given in Table 22. The following conclusions can be

made:

1) if O exceeds the 5 % value but is less than the 1 % value, the first or last (according to which of the
two ratio calculations gave the higher Q) is marked as a straggler;

2) if O exceeds the 1 % value, the result is marked as an outlier and rejected. In this case, the test can
be repeated with the (n — 1) remaining results.

NOTE In Table 22, n equals the number of observations. This version of Dixon’s test is as published in Statistical
Manual, Edited by E.L. Crow, F.A. Davis and M.W. Maxfield, Dover Publications, 1960.

Table 22 — Critical values for Dixon’s test
Criterion n Critical values
5% 1%
010 3 0,970 0,994
4 0,829 0,926
5 0,710 0,821
6 0,628 0,740
7 0,569 0,680
o1 8 0,608 0,717
9 0,564 0,672
10 0,530 0,635
11 0,502 0,605
12 0,479 0,579
022 13 0,611 0,697
14 0;586 0,670
15 0,565 0,647
16 0,546 0,627
17 0,529 0,610
18 0,514 0,594
19 0,501 0,580
20 0,489 0,567
21 0,478 0,555
22 0,468 0,544
23 0,459 0,535
24 0,451 0,526
25 0,443 0,517
26 0,436 0,510
27 0,429 0,502
28 0,423 0,495
29 0,417 0,489
30 0,412 0,483
31 0,407 0,477
32 0,402 0,472
33 0,397 0,467
34 0,393 0,462
35 0,388 0,458
36 0,384 0,454
37 0,381 0,450
38 0,377 0,446
39 0,374 0,442
40 0,371 0,438

42
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9.2.3 Cochran’s test for variance

9.2.3.1

Dixon’s test for means. The following assumptions are made:

Cochran’s test is applied to the variances of sets of observations and should be applied before

a) Itis assumed that there are the same number of observations (replicates) in each set. Some relaxation of
this condition is possible without seriously compromising the test, but every effort should be made to
satisfy it and the number of exceptions should be kept small.

b) Itis assumed that only abnormally large variances are to be examined for rejection (i.e. it is a one-sided
test, unlike Dixon’s test).

9.2.3|2 The procedure is as follows.

a) Given a set of n standard deviations, s;, calculate Cochran’s quotient, C, as follows:

2,\". 2
C = Smax /Zsi (31)
i=1
vhere s,,,,, is the largest standard deviation in the group of .
INOTE An exception is in the case where the number of replicates.is 2 when the range, w, is substituted for the
gtandard deviation, s.

b) Compare C with the critical values given in Table 23, which can be used for replicates between 2 and 6
inclusive and for up to 40 sets of results. The following.deductions can be made:

1) if the observed C-value is greater than the 5,% critical value and less than the 1 % criti¢al value, the

standard deviation is marked as a straggler;

rejected as an outlier.

WNOTE For results outside the scope of Table 23, reference should be made to more extensive statisti

2) if the observed C-value exceeds the-1 % value the set of data producing that standard deviation is

Cal tables.
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Table 23 — Critical values for Cochran’s test

p n=2 n=3 n=4 n=>5 n==6
1% 5% 1% 5% 1% 5% 1% 5% 1% 5%

2 — — 0,995 0,975 0,797 0,939 0,959 0,906 0,937 0,877
3 0,993 0,967 0,942 0,871 0,883 0,798 0,834 0,746 0,793 0,707
4 0,968 0,906 0,864 0,768 0,781 0,684 0,721 0,629 0,676 0,590
5 0,928 0,841 0,788 0,684 0,696 0,598 0,633 0,544 0,588 0,506
6 0,883 0,781 0,722 0,616 0,626 0,532 0,564 0,480 0,520 0,445
7 6838 O F2F 0,664 6564 6,568 0,486 6,568 ;434 0,466 ;397
8 0,794 0,680 0,615 0,516 0,521 0,438 0,463 0,391 0,423 0;36d0
9 0,754 0,638 0,573 0,478 0,481 0,403 0,425 0,358 0,387 0,329
10 0,718 0,602 0,536 0,445 0,447 0,373 0,393 0,331 0,357 0,303
11 0,684 0,570 0,504 0,417 0,418 0,348 0,366 0,308 0,332 0,281
12 0,653 0,541 0,475 0,392 0,392 0,326 0,343 0,288 0,310 0,262
13 0,624 0,515 0,450 0,371 0,369 0,307 0,322 0,271 0,291 0,246
14 0,599 0,492 0,427 0,352 0,349 0,291 0,304 0,255 0,274 0,232
15 0,574 0,471 0,407 0,335 0,332 0,276 0,288 0,242 0,259 0,220
16 0,553 0,452 0,388 0,319 0,316 0,262 0,274 0,230 0,246 0,209
17 0,532 0,434 0,372 0,305 0,301 0,250 0,261 0,219 0,234 0,198
18 0,514 0,418 0,356 0,293 0,288 0,240 0,249 0,209 0,223 0,189
19 0,496 0,403 0,343 0,281 0,276 0,230 0,238 0,200 0,214 0,181
20 0,480 0,389 0,330 0,270 0,265 0,220 0,229 0,192 0,205 0,174
21 0,465 0,377 0,318 0,261 0,255 0,212 0,220 0,185 0,197 0,167
22 0,450 0,365 0,307 0,252 0,246 0,204 0,212 0,178 0,189 0,160
23 0,437 0,354 0,297 0,243 0,238 0,197 0,204 0,172 0,182 0,155
24 0,425 0,343 0,287 0,235 0,230 0,191 0,197 0,166 0,176 0,149
25 0,413 0,334 0,278 0,228 0,222 0,185 0,190 0,160 0,170 0,144
26 0,402 0,325 0,270 0,221 0,215 0,179 0,184 0,155 0,164 0,140
27 0,391 0,316 0,262 0,215 0,209 0,173 0,179 0,150 0,159 0,135
28 0,382 0,308 04255 0,209 0,202 0,168 0,173 0,146 0,154 0,131
29 0,372 0,300 0,248 0,203 0,196 0,164 0,168 0,142 0,150 0,127
30 0,363 0,293 0,241 0,198 0,191 0,159 0,164 0,138 0,145 0,124
31 0,355 0,286 0,235 0,193 0,186 0,155 0,159 0,134 0,141 0,124
32 0,347 0,280 0,229 0,188 0,181 0,151 0,155 0,131 0,138 0,117
33 0,339 0,273 0,224 0,184 0,177 0,147 0,151 0,127 0,134 0,114
34 07,382 0,267 0,218 0,179 0,172 0,144 0,147 0,124 0,131 0,111
35 0.325 0,262 0,213 0175 0,168 0140 0,144 0124 0127 0108
36 0,318 0,256 0,208 0,172 0,165 0,137 0,140 0,119 0,124 0,106
37 0,312 0,251 0,204 0,168 0,161 0,134 0,137 0,116 0,121 0,103
38 0,306 0,246 0,200 0,164 0,157 0,131 0,134 0,113 0,119 0,101
39 0,300 0,242 0,196 0,161 0,154 0,129 0,131 0,111 0,116 0,099
40 0,294 0,237 0,192 0,158 0,151 0,126 0,128 0,108 0,114 0,097

NOTE = is the number of results per cell;

p is the number of laboratories at the given level.
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9.3 Applications to rubber testing

9.3.1 General

The application of tests for outliers can, in principle, be applied to any set of data, but it is most often applied
in the case of inter-laboratory testing trials.

9.3.2 Dixon’s test applied to individual results

A series of eight replicate compression set results were obtained on type 1 test pieces in accordance with
ISO 815 as shown in Table 24.

Table 24 — Compression set results

Result number Result
%
24,1
25,9
242
251
10,1
28,1
18,3
26,9

N

o N o o0 b~ W N

An injitial brief examination of these data suggests that the 10,1 result is so far out of line that it ought to be
ignored in calculating the mean and standard deviation. However, results such as these should be checked
against Dixon’s criterion. In this case, the-following conclusion is reached.

Tablg 25 shows the results sortedinto ascending order.

Table 25 — Sorted compression set results

Ascending order Result
%
10,1
18,3
24,1
24,2
25,1
25,9
26,9
28,1

0 N O o bhjw N =

© 1SO 2006 — Al rights reserved 45


https://standardsiso.com/api/?name=54a020638738856cb3b23719af887158

ISO 19003:2006(E)

From Table 25 it is seen that:

x;=10,1;

X, =18,3;

x7=26,9;

xg=28,1.

Dixon’s quotients for eight replicates are

18,3 -1

D, 1 28,1-26,9
and

26,9-1

The larger o
according to
rejecting the

D,1 28,1-18,3

low result.

9.3.3 CocHhran’s variance test

An inter-labo|
test carried g

The result fo
when Cochra

(= 0,488 and 0,122)

Table 26 — Volume swell test'1

these is taken and compared to the critical value for the 95 % confidence level;\which is
Table 22. Since the calculated statistic is less than the critical value, there is no justificatic

Fatory trial involving seven laboratories produced the results shown in Table 26 for a volume
ut in accordance with ISO 1817.

Laboratory Result Mean Standard
1 5 3 deviation
% % %
1 17,8 18,1 18,1 18,0 0,173
2 19,6 19,5 19,6 19,6 0,058
3 22,9 22,9 22,4 22,7 0,289
4 19,9 19,7 19,7 19,8 0,115
5 13,4 14,2 15,1 14,2 0,850
6 22,5 22,1 22,0 22,2 0,265
7 20,8 20,5 20,7 20,7 0,153

2- ¢

QE22

D,608
n for

swell

[ laboratory 5 appears to have a suspiciously low mean and a high standard deviation. Therefore
n’s test-is applied first of all to the standard deviations the following results are obtained:

Smax

OO

=0,7225

¥s2 =0,1732 +0,0582 + ... + 0,1532

=0,946 2

Cochran

46

's ratio = 0,722 5/0,946 2

=0,764
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For three replicates and seven laboratories, Cochran’s critical value for the 99 % confidence level is 0,664 and
s0, as the test statistic is greater than this, the rejection of the data from laboratory 5 on statistical grounds is
justified and it is not necessary to test the low mean value. The results should then be checked back to their
source to see if an explanation can be found and possible corrective action taken.

9.3.4 Dixon’s test applied to a group of mean values

In an inter-laboratory trial involving six laboratories, the results for a volume swell test were as shown in
Table 27.

Table 27 — Volume swell test 2

Laboratory Result Mean Standard
1 2 3 deviation
% % %
1 13,5 13,8 13,8 13,7 0,173
2 10,8 13,0 12,6 12,1 1,173
3 12,9 13,0 12,7 12,9 0,153
4 10,9 11,2 14,2 12,1 1,825
5 14,2 14,2 14,4 14,3 0,115
6 19,7 20,8 18,9 19,8 0,954

The fesult for laboratory 6 appears to have a high mean value and the standard deviations appegr to be quite
variaple, but no one result stands out as being abnotmally large.

Testihg by Cochran’s test, first of all, confirms.that no standard deviation is so large as to justifly rejection of
the dpta. Therefore Dixon’s test is applied and-the following is calculated:

2 —Xq X6 — X5

=0 and ——==0,714 (32)
X — Xq Xe —Xq

The ¢ritical value for
— the 95 % confidenceével is 0,628;
— the 99 % confidence level is 0,740.

Henge laboratery 6 is seen to be a straggler, but its data should not be rejected unless an investigation shows
somg fault'\inthe procedure or equipment used.

10 Analysis of variance (ANOVA)

10.1 Principles

The variability in the results observed from a test arises from a number of sources (in practice, a very large
number of sources), ranging from variations in the quality of the raw materials from which the sample was
made, through the compounding and moulding processes, into the sampling and testing procedure itself.
Analysis of variance is a technique which can be used to isolate and estimate the effect of those sources of
variation which are having a significant effect on the measurements.

In practice, it is neither possible, nor necessary, to quantify the effect of every conceivable source of variation.
Instead, it is sufficient, for any particular case, to examine the effect of the variables that are regarded as
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being the most likely to have an influence or which it is desired to test for their influence (for example, the
effect of different sources of carbon black, mixing time and moulding temperature on the abrasion resistance
of the compound). All other factors are kept as constant as possible and the factors of interest are varied in
some known way. Replicate tests carried out at each level of each factor then determine the within-sample
variation, often referred to as the experimental error, against which the effects due to the factors of interest
taken individually and in combination can be assessed.

10.2 Methodology

10.2.1 General

A full develd
should be m
International
and many ¢
evaluated qu
that appropr
enumerated

10.2.2 One

10.2.21

observations
N=rxn

The following

The simplest case to consider is that of one factor (e.g. carben black) at » levels (part
hundred of rubber) each replicated » times, giving a total number of gbservations N. The total numk

—\2
¥ E(XU _.x)

pment of the methodology is outside the scope of this International Standard, and refe
ade to any of the excellent texts on the subject for details. The Bibliography at the efid-G
Standard lists a selection of useful reference works. Many statistical software packages
preadsheet packages have built-in statistical functions which enable the mathematics

ickly without the need for detailed understanding of the underlying equations. lt.is)fecomms
ate computer programmes be used wherever possible. However, some spegific example
for the benefit of users without access to such software.

actor with an equal number of replicates

is calculated from the equation:

sequence of calculations should be followed.
e the comments in Annex D on truncation errors,

e the total sums of squares, S;, given by,the equation:

-is the value of the jth replicate (1 < j < r) of the ith factor (1 < i < n).
e the total degrees of-freedom, v;, given by the equation:

N — 1

e the total'mean square, M;, from a) and b) using the equation:

St/ Vt

ence
f this
exist,
o be
nded
5 are

5 per
er of

(33)

(34)

(39)

(36)

NOTE Sé
a) Calculat
St
where x;
b) Calculat
Vt:
c) Calculat
Mt:

d)
Sb
where t;

Calculate the between-factor sums of squares, S, given by the equation:

1 5 1 5
;Zti —F(lej)

is the sum of the r replicates of the ith level of the factor calculated from the equation:

-
t; = inj
j=1

48

(37)

(38)
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e) Calculate the degrees of freedom, v,, associated with the between-factor sums of squares given by the
equation:

f)  Calculate the between-factor mean square, M, from d) and e) using the equation:
My, = Sylvy (40)

g) Calculate the within-factor sums of squares, S,,, given by the equation:

Sw="5-5 (41)
h) Calculate the within-factor degrees of freedom, v,,, given by the equation:
VW = Vt - Vb (42)
i) Calculate the within-factor mean square, M,,, given by the equation:
M, =Sylvy (43)

10.2.R.2 These statistics can be usefully summarized in Table 28:

Table 28 — One-factor statistics summary

Source of variation Between-factor Within-factor Total
Sum of squares Sy Sw Sy
Degrees of freedom Vp Y %
Mean square M, M, M,

10.2.2.3  Snedecor’s F-test is then applied to the ratio of M, to M, with v, as the degrees of freedom for
the greater mean square and v, -as:the degrees of freedom for the lesser mean square. (Clearly, if M, < M,
the bptween-factor variation is/insignificant compared to the experimental error and the effect of the factor is to
have|no measurable influenee on the property being determined.)

If Mp{M,, > F(5, v, v, )cthen there is a greater than 95 % probability that the different levels of the factor are
having a significant €ffect on the property.

10.2.3 One factor with a variable number of replicates

Whete the ‘number of replicates, r, is not a constant for each level of the factor, as it is in 10.2.2] the analysis
proceeds as in 10.2.2, but with the following modifications.

The total number of observations, N, is given by the equation:
n
i=1
The between-factor sum of squares, Sy, is given by the equation:
S Z 32 (45)
b r, N ij

All the other factors and the F-test are as before.
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10.2.4 Two (and over) factor analysis of variance

With the addition of extra factors in the analysis, not only is there the potential for each factor to influence the
measured property, but also the factors can be influenced by each other, giving an interaction (synergistic)

effect.

An everyday

example which illustrates this is the sweetness of a cup of tea. This depends on

a) how much sugar is added to the tea; and

b) how much the tea is stirred.

Although the|
more complg
three and m
be processe

10.3 Appli

10.3.1 Anal
a rubber conm

10.3.2 A se€
abrasion res
improve the
obtained are
these results

x and the method for two factors is given in Annex G. The same process can be _extend
re factors, and Annex G also illustrates how the sums of squares for a three-factor analysi
for possible interaction effects.

cations to rubber testing

ysis of variance is a powerful tool in assessing the separate importance-particular compone
pound, its processing, etc., have on the resulting properties.

ries of compounds having differing levels of carbon black-and processing oil were testg
istance in accordance with ISO 4649. It was expected.that increasing the black level

shown in Table 29. It was necessary to determine how significant the two factors were

analysis proceeds in a similar way to that described in 10.2.2 or 10.2.3, the detailed procJass is

ed to
5 can

hts of

d for
vould

abrasion resistance but increasing the oil level wouldcmake for better processing. The rgsults

from
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Table 29 — Abrasion volume loss results

All results in mm3

a) Original results

Result Oil level Black level

60 80 100 120
1 0 273 256 202 188
2 233 262 215 195
3 273 242 261 177
1 5 288 257 244 242
2 260 271 229 203
3 313 311 245 2041
1 10 269 247 249 217
2 317 253 220 215
3 245 262 232 203
1 20 231 270 222 230
2 298 307 227 214
3 287 278 203 242

b) Modified results

Result Oil level Black level

60 80 100 120
1 0 2,73 2,56 2,02 1,88
2 2,33 2,62 2,15 1,95
3 2,73 2,42 2,61 1,77
1 5 2,88 2,57 2,44 2,42
2 2,60 2,71 2,29 2,03
3 3,13 3,1 2,45 2,01
1 10 2,69 2,47 2,49 217
2 3,17 2,53 2,20 2,15
3 2,45 2,62 2,32 2,03
1 20 2,31 2,70 2,22 2,30
2 2,98 3,07 2,27 2,14
3 2,87 2,78 2,03 2,42

NOTE The modified results in b) are the original results divided by 100. This is for the

convenience of tabulating small numbers.
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10.3.3 The calculation procedure described in G.1 was applied to the modified results and Table 30

constructed.
Table 30 — Table of sums
Oil level Black level (factor A) Sums of A
(factor B) 60 80 100 120 (&%)
0 7,79 7,60 6,78 5,60 27,77
5 8,61 8,39 7,18 6,46 30,64
10 8,31 7,62 7,01 5,35 29,29
20 8,16 8,55 6,52 6,86 30,09
Sums of B (X)) 32,87 32,16 27,49 25,27

The following

factor T
number
number
number
correctig

ABX?

factors are derived from Table 29 and Table 30:

=17,79;
bf values of 4 =4;
pf values of B =4;
Of replicates =3;
n factor CF =289,07;
=879,43.

Therefore th¢ following values are calculated:

52

S, = 3,352,
S, =0,388;
Sab = 0,337,
S, =1,483;
S = 5,559;
DF, =3;
DF, =3;

DF 29,
DF,. =33;
DF; = 48;
M, =1,117;
M, =0,129;
My, =0,037;
M, =0,045;
M, =0,116.
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10.3.4 It is conventional to summarize the data in the form of an analysis of variance table, as shown in
Table 31.

Table 31 — Analysis of variance

Source Sums of squares Degrees of freedom Variance estimate
Factor A 3,352 3 1,117
Factor B 0,388 3 0,129
Interaction 0,337 9 0,037
Total 5,560 47 0,116

10.3.6 When the interaction term is considered first and the ratio of M/, to M, taken:
M./M,=0,83

As ths is less than 1, it is not significant and S, can be pooled with S, to give:

S, =1,820;

DF, = 42;

V) =0,043.
wherg

S, is the new value of S;
DF,. is the new value of DF ;
M!

, is the new value of M,..

10.3.6 When the two main facters, A and B, are considered:

M,/ M, =25,98;
M/ M, = 3,00,

The ¢ritical F-values for 3 by 41 degrees of freedom are:

For-=2,84 for a 95 % confidence level;

F, =4,31for a 99 % confidence level.

10.3.7 The conclusion is that both factors are significant, although the oil factor is only just significant at the
95 % level while the carbon black factor is significant at well over the 99 % level. There is no significant
interaction between the factors. Thus, the oil level may be increased in order to improve the processability of
the compound without having too damaging an effect on the abrasion resistance of that compound.

NOTE The above example could also be analysed using the least-squares regression method which would enable a
quantitative estimate of the relationship between the variables and their interaction to be determined.
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11 Regression analysis

11.1 Principles

11.1.1 When a series of tests is undertaken in which a test parameter, for example compression set, is
measured at different values of an independent variable such as time or temperature, it is to be expected that
some form of functional relationship will exist between them. However, as shown in Clause 10, there are many
sources of variation in the process, with the net result that the observed data do not fit perfectly to a single
curvilinear function but are scattered more or less around the function of choice. The functional relationship
between the dependent (measured) and the independent (controlled) variables is known as the regression

line.

11.1.2 The
case and an
relationship
function of g
logarithm of
observed. Cl
or above 10(
over a wider
compression

empirical relationship should be resorted to. Under these circumstances, the simplest.func|
which adequately describes the observations should be used. Thus, for compression set
ompression time (temperature being kept constant) a linear relationship between set an
ime can be expected to give an excellent representation of the data within théyexperimental
early, however, the true functional relationship cannot be linear as compression sets beloy
% are not possible. Thus, a transition function would be better able to. describe the relatio
time span than has been encountered in the experiments. A simple ‘alternative is to replad
set (cs) value as the ordinate by the function:

log[cs/(1

00 — cs)]

model equation to be chosen can be deduced from scientific laws, but generally this_is nth the

fional
as a
d the
error
0%
hship
e the

11.1.3 In cansidering the form of function to use, account should be taken of three points:

The coefficients of the function can possibly be derived analytically (e.g. by the method of least squares)

or, if not| an iterative method used as an alternative.

a)

b) The bengfit to be gained from the more complicated function should be sufficient to justify the extra|effort

in deriving its coefficients.

An asse
reach th

ssment should be made as to whether or not the observed data will have to be extrapolated to
b conditions of particular interest.

Examplgs of tests where this applies are:

1) age ower

tem

ng for short periods| _at” high temperature to predict behaviour over long periods at
peratures;

2) estinating the stressrelaxation at long times from short time tests.
If interpolation or very'short extrapolations are required, as for example in the estimation of the temperatire at
which 70 % fetraction occurs in a temperature of retraction test, then the smallest-order polynomial that gives
the correct trends.in the data should be chosen.

For extrapolation, however, polynomials are notoriously dangerous and the higher the order of the polynomial,
the worse this tendency becomes. In these circumstances, it may be necessary to resort to the use of more
complex functions in order to avoid predictions which would be wildly inaccurate. Another reason for not using
a more complex function, however, apart from the difficulty of deriving its coefficients, is that it does not
necessarily represent the observed data quite as well as the simpler function does, even though it is safer to
use it for extrapolation.

11.1.4 There are now available several powerful computer programmes for personal computers which can
make curve fitting little more cumbersome than entering the data and selecting a function or functions from the
library of built-in functions. It is recommended that such programmes be used wherever possible to reduce the
time and effort required in performing the analysis.

54 © 1SO 2006 — Al rights reserved


https://standardsiso.com/api/?name=54a020638738856cb3b23719af887158

ISO 19003:2006(E)

It is also worth noting that many relationships can be reduced to linear form, which is especially easy to solve,
by means of transformations such as logarithm, reciprocal or roots.

11.2

Methodology

11.2.1 General

The method of least squares is presented here for polynomials (or any functions that can be reduced to
polynomials) up to the third order as an illustration of the technique. These will cover most applications in the
rubber industry. For the derivation of the equations and also for the development of higher-order polynomials,
reference should be made to standard mathematical textbooks. (See the Bibliography at the end of this

Interpational Standard which lists a selection of useful reference works.)

Therg¢ are many iterative techniques available for fitting curves to functions that cannot be-proc
squares method, but again these are outside the scope of this International Standard a

least
shou

11.2.

11.2.
The s

The s

wher

[/

i

11.2.

d be made to mathematical textbooks.

R Linear least squares

R.1 Consider a set of results, y, obtained at a set of conditions, &, there being a total of

ummation of terms is carried out over all n data pairs.
implest, linear, form of regression line can be written as:

=a+ bx

W

is the intercept on the y-axis when x = 0;

is the slope of the regression.

R.2 To calculate the best estimates for a and b, first calculate the following factors:

[, 1 as given by the equation:
2
zx
Ci1 —x(x?)- 2
n
?yy as given bythe equation:

)2
Gy :z(yz)_( z)

bssed by the
hd reference

n data pairs.

(46)

(47)

(48)

" as given by the equation:

Cy'l = z(xy)_@

11.2.2.3 The coefficients are then calculated using the equations:

(Zy —bZx)
a = ——
n
bt
C11
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Whether this regression is statistically significant can be tested by calculating a further factor, D, which is
given by the equation:

D =bXx

The variance

This F, value should

greater mea
at the given

11.2.3 Quad
The regressi

y=a+h
Calculation ¢

compared to
of freedom fg

11.2.4 Cubi
The regressi

y=a+h
Calculation g

the tabulated
for the lesser

11.3 Appli

11.3.1 Gengdral

Regression
features and

bn line is here assumed to be of the form:

C least squares

bn line is here assumed to be of the form:

ratio for the regression is then given by the equation:

onfidence level if F,

ratic least squares

+ cx?

f the factors required for this analysis are given in Annex H. The\value of F, in this cg
the tabulated F-values for 2 degrees of freedom for the greater mean square and (n — 3) de
r the lesser mean square.

+cx? + dx3
f the factors required for this analysis are\given in Annex H and the value of F, is compareq

F-values for 3 degrees of freedom for the greater mean square and (n — 4) degrees of fre
mean square.

cations to rubber testing

hnalysis allows the“quantitative relationships derived between compounding or experim
the physical properties to be derived.

11.3.2 The

11.3.2.1

7 days ageing‘abvarious temperatures, the data given in Table 32 were recorded.

ffect of.temperature on compression set

n a‘series of tests in accordance with ISO 815 examining the value of compression set

(52)

(53)

tables of Snedecor’s F-values with 1 degree of freedom for the

ficant

(54)

se is
jrees

(59)

with
bdom

ental

after

Table 32 — Compression set measurements after 7 days' ageing

Temperature Result Mean
1 2 3
°C % % %

70 21,3 27,4 25,5 247

85 29,6 29,2 33,3 30,7

100 36,8 34,7 38,5 36,7

125 47,2 44,8 48,0 46,6

150 57,7 58,5 56,7 57,6

56
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From the laws of chemical kinetics, it is reasonable to postulate that a functional relationship of

the Arrhenius kind can be applicable to the data. Thus the compression set, cs, can take the form shown in
the equation:

cs = aexp(pIT) (56)
where
aand § are constants;
T is the temperature, in degrees Kelvin (absolute temperature).
This [function is not directly accessible to a least-squares method of determining « and grbut it is readily
transformed into one by taking natural logarithms as shown in the equation:
B
Ih(cs) =In(a) + 57
(cs) =In(a) 97273 (57)
wherg @is the temperature, in degrees Celsius.
This function has the same form as the equation:
Y=a+bx (58)
wherg
= In(cs);
X=1(6+273).
Thus)} using the mean values for compression set as the source of the dependent variable, y, thg transformed
tablelis as shown in Table 33.
Table 33— Transformed compression set variables
X y
10-3
2,92 3,21
2,79 3,42
2,68 3,60
2,51 3,84
2,36 4,05
11.3.2.3 From the various summation terms given in 11.2.2, the following factors are derived:
C11 = 1,93 X 10_7,
C,, = 0,446;
C=- 2,93 x 1074;
D = 0,445;
F,=1265.
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The regression coefficients are:
a=7,66;
b=-1520.

11.3.24 From the transformation applied to linearize the function as shown in 11.3.2.2:
a=In(a);

b=p.

Hence

a=212p;
/=1 5p0.

The regressipn equation is:

cs =2 120 exp —1520 (59)
0+273

11.3.2.5 The variance ratio is significant at well over the 95 % .confidence level and, to illustrate the

goodness of fit, the regression value of the compression set can)>be calculated and compared tp the

experimental value as shown in Table 34.

Table 34 — Comparison of conipression set values

Temperature Observed set Calculated set
°C % %
70 247 25,2
85 30,7 30,4
100 36,7 36,0
125 46,6 46,5
150 57,6 58,3

11.3.3 Effect of ageing.on tensile strength

11.3.3.1 A\ rubber~compound was heat-aged at 70 °C for a period of 1 month. At weekly intervIIs, a
sample of fie dumb-bells was removed from the oven, cooled overnight and tested at 23 °C with the results
shown in Table-35.

Table 35 — Tensile strengths after ageing

Tensile strengths in MPa

Ageing time Tensile strength for test piece No.
days 1 2 3 4 5 Median
0 13,0 11,1 11,0 11,6 13,4 11,6
7 18,1 17,3 16,6 16,8 18,7 17,3
14 17,3 17,6 17,5 18,9 16,7 17,5
21 13,3 13,7 12,3 14,3 13,7 13,7
28 4,24 4,09 3,83 3,87 3,86 3,87
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11.3.3.2 There is clearly an initial increase in strength, probably as a result of increasing cross-link density.
This is followed by a rapid decrease in strength as degradation takes hold.

The simplest function to fit such data is the quadratic. Proceeding to calculate the various factors given in
Annex H results in a regression line of the form defined by the equation:

TS=11,6 +1,16¢— 0,0511/2 (60)
where

TS is the tensile strength, in megapascals;

4 s the time, in days.

11.3.3.3 The variance ratio is found to be 602 which is above the 95 % confidence level for 2 py 2 degrees
of freedom. Note that this regression should not be used to extrapolate to longer ageing times. Fdr instance, in
this dase the regression predicts a tensile strength of — 10 MPa at the next weekly jnterval of 35 days.

It car], however, be used to estimate the time it takes for the tensile strength tafall to 50 % of its griginal value.
Thus| for a tensile strength of 5,8 MPa, the quadratic equation can be solved-to give a value of 7 of

—1,16—\/1,162—4[—0,051 1x(11,6-5,8)]
B 2x-0,051 1

The impossibility of negative time makes the other root inadmissible, which gives
1= 26,9 days

11.3.4 Temperature of retraction test

11.3.4.1 In a temperature of retraction-test carried out in accordance with 1SO 2921, the¢ percentage
retragtion of three test pieces was measured every 2 min as the temperature in the heat exchange bath rose
from [-70 °C to ambient. An aim of the-test was to estimate the temperature at which 10 % (TR10), 50 %

(TR5P) and 70 % (TR70) recovery.had occurred. A total of 44 data pairs for each of the three tegt pieces was
prodiiced and an abbreviated table for the mean value only is given in Table 36.

Table 36 — Measurements of temperature of retraction

Temperature Retraction Temperature Retraction Temperature Retraction

°C % °C Y% °C %

- 68,3 0,0 -329 17,0 3.8 66,0

- 62,2 0,0 - 26,7 23,3 9,2 75,7
RR’R n"7 gn’n 20’(\ 1&'\”2 85’3

-50,6 2,7 -14,9 36,0 22,2 90,7

-44,8 7,0 -84 41,3

- 38,7 11,0 -0,8 55,7

11.3.4.2 Consideration of the mathematics of this test show that the retraction should be contained within
the boundaries of 0 % and 100 % as the temperature varies from low to high values and hence a sigmoidal-
shaped function would be expected to produce an accurate regression line. However, as only interpolation of
the data needs to be made, it is safe to use the much simpler cubic regression given in 11.2.4.
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Determination of the factors given in Annex H therefore produces a regression of

R=57,8+1,576+ 0,007 17762 - 0,000 051 363 (61)
where

the retraction value, R, is expressed as a percentage;

the temperature, 6, is in degrees Celsius.

11.3.43  The value F, was found to be 16,24 which is well in excess of the 95 % confidence level for 3 by
43 degrees gffreedom-

11.3.44 For the given values of the retraction value (10 %, 50 % and 70 %), it is a relatively easy-tridl and
error calculation to find the corresponding temperature since this is not required to be known to al high
precision (the nearest degree being quite adequate). The outcome of the test, along with.the TR-vplues
estimated usjng a sigmoidal function (cumulative normal distribution function), is as given in{Table 37.

Table 37 — Retraction value results

Retraction value Temperature
°C
Cubic Sigmoidal
10 -39 - 37
50 -5 -6
70 +8 +7

Thus the vefy much simpler cubic regression gives results for the test which, when compared with those
obtained using the more complex sigmoidal function, are within the accuracy that can be expected from this
particular te

12 Uncerfainty of measurement

12.1 Principles

12.1.1 It is fecognized that‘any statement of the result of a measurement is incomplete without the inclusion
of a statemenpt of the uncertainty associated with that measurement. This uncertainty is a statement givirlg the
limits within which theltrue value of the measurement is considered to lie. To be complete, there should also
be a confidgnce lével concerning the probability of the true value being inside the limits of the dtated
uncertainty.

12.1.2 In praciice, 1t IS nelther necessary nor practical 1o consider confidence levels of 100 %, aihough at
first sight this might be considered desirable, as this would result in infinitely large uncertainty. The usually
accepted confidence level is 95 %, and this should be adopted whenever possible. For example, calibration
results are now quoted to 95 % confidence level when associated with accredited calibrations and a clause
stating this is included in their accompanying certificates.

12.1.3 A distinction should be made between uncertainty and error, the latter being the difference between
the indicated value or result and the true value. A systematic error can be corrected if additional information
concerning its magnitude and direction is available via sources external to the experiment.

12.1.4 A variety of factors can influence the uncertainty of the stated results, and these should all be taken

into account to produce a single value of uncertainty. The factors range from the fact that a single
measurement can have any value in the observed measurement distribution, to the uncertainties associated

60 © 1SO 2006 — Al rights reserved


https://standardsiso.com/api/?name=54a020638738856cb3b23719af887158

ISO 19003:2006(E)

with the measurement of the temperature at which the measurement result was made, and the uncertainty of
the calibration of the measuring equipment used in achieving the result.

12.2

12.2.

Methodology

1 Compilation of a single value for uncertainty

In order to calculate the single value of uncertainty for a measurement, it should be appreciated that there are
two important contributors to this uncertainty referred to as random uncertainty and systematic uncertainty.

12.2.

12.2.
obtai

The
varia
scale

12.2.
Gaus
meas

stand
99,7

Thus|
distri

12.2.
and i

It is
confi

Table
pract]
multi

The
clear
level

12.2.

2 Random uncertainty (1)

R.1
ned in practice.

variations are the result of independent random influences ranging from_glectrical nois
ions in meter readings to operator reading errors due to difficulties in reading the printed
s frequently associated with rubber and plastics testing equipment.

R.2 An analysis of a sample of experimental measurements will usually be found t
sian or normal distribution curve. Examination of such a curve,weuld show that 68,3 % o
ured values in the population for this distribution would fall betwéen limits + o, where ois d
ard deviation. Further, it can be shown that 95 % lie betweety+"1,96 5, and that + 3o value V
Do of all measured values.

the uncertainty, +U, can be referred to as equal to #1596 for a confidence level of 95 % w|
pution for the whole population is being considered. In practice, this can be treated as + 2¢.

.3 When experimental measurements are*made, only a limited number of results is a
can be shown that an estimated standard(deviation can be calculated as shown in 6.2.3.2.

then possible to calculate a random.dncertainty for such a finite measurement sample
jence level by using the Student’s't distribution method.

11 gives a #-value for any number of measurements, n, at the selected confidence level (
cal cases). The -value isthat value by which the standard deviation of a finite set of values
blied when producing an\uncertainty at the selected confidence level.

alues found at /=% are referred to as k-values; these values differ with the probability,

y that the seleetion of £2,000 is quite justifiable in practice as this would only change th
from 0,950 {00,955.

2.4 The random uncertainty, U,, of the mean value is then obtained using the equation:

If a number of measurements is made under the same conditions, a range of\actual values is

e producing
or engraved

b produce a
f all possible
efined as the
vould include

hen a normal

ctually taken,

fo any given

D5 % in most
n, should be

P, but show
e confidence

(62)

The above formula is used when # is small, e.g. four.

If a large number of results is available, e.g. 10 or more, it is possible to regard ¢ as equivalent to 1,96 for most
purposes at 95 % confidence level, thus

ko
U =—
Jn
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12.2.3 Systematic uncertainty (U)

12.2.3.1

corrections, consideration should be given to other uncertainties that can influence the results.

12.2.3.2

temperature effects, and calibration uncertainties.

After the calculation of random uncertainty of the measurement and the application of any known

Systematic uncertainty can result from factors as different as the use of the wrong corrections,

Calibration uncertainties are readily recognized and can be obtained quantitatively from the calibration
certificates accompanying the test or measuring apparatus.

Careful exanpinati

as the use of

incorrect corrections, the pOSS|b|I|ty of transcrlptlon errors and sometimes software errorsy

sjsuch

12.2.3.3 ndividual systematic uncertainties can often only be assessed by knowledge of the realistic limits,
in other words the uncertainty is presumed to have a rectangular distribution (as opposed tocthe Gaussian or
normal distrilpution considered earlier), or the measurement value has an equal chance of @ccurring anywhere
between the [imits.
In a single rectangular distribution, the standard deviation can be shown to be:
a
o=+ (64)
V3
where « is equal to half the maximum range (i.e. a is the semi-range).obthe observed values.
If there are al number of independent contributions, all having rectangular distributions, with semi-ranges f4, a,
to a,,, the requltant standard deviation is given by the equation;
1/2
2 2 2
+ + e
Og = [a a2 3 Am } (65)

If the conceg
equation:

Us = koy

Where more
standard dev
uncertainty,
the equation

information on the. distribution of results is available, the semi-range a can be replaced b
iation o and therefore, more generally, if a number of uncorrelated contributions to the syste
vith standard‘deviations o4, og,, etc. are present, the resulting systematic uncertainty is givi

t of confidence levels is now introduced, a systematic uncertainty, U, can be obtained from the

(66)
y the

matic
en by

(67)

placed

by the equatlon
Ug = (Ugy2 + Ugp? + ... + U, )12 (68)
12.2.3.4 In practice, the calibration uncertainty can be the only one available in the form of an actual

uncertainty (e.g. from the calibration certificates) and the following version of the equation applies:

U = [U?

2 2 2 2\11/2
calibration T k(051 + Og2” + ... + 0g,,“)]

(69)

where U gjibration 1S €quivalent to ko.gipration, PUt the standard deviation oy, ipration @SSOCiated with the
calibration does not need to be calculated.
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3.5 In some cases when realistic limits of uncertainty are estimated, a dominant contri

bution to the

systematic uncertainty can be present such that the uncertainty, as calculated from Equation (67), gives a
value that is greater than the arithmetic sum of the semi-ranges of the contribution.

If this is the case, then the dominant contribution should be separated from the calculation and the total
systematic uncertainty given as:

Us = aq + Uy’

wher

Refe

12.2

Oncs

unce

This

ment

wher

with

It is
most

12.2.
12.2.

resul
unce

Such
“This|

12.2.

. Deviation of a single value of total uncertainty

e Uy'is calculated from the remaining terms after exclusion of ay.

rence should be made to UKAS daocument NIS 3003 [9] for 2 more detailed dper‘ripfinn aof thi

the overall random and systematic uncertainties have been obtained and_all-Contribu
tainty U have been accounted for it is possible to calculate the total uncertainty:by:

[/ = Ur2 + (USZ)’I/Z

should be modified if a dominant contribution to systematic uncertainty is present that meets
oned at the end of 12.2.3. In this case

U = aq + [UZ + (Ug")4] "2

p Ug' is obtained from:

s = kog

b’ being the standard deviation after omitting-a.

pf course imperative that all contributions have been calculated to the same confidence e
cases will be 95 %.

b Reporting of results
5.1 Once the overall uncertainty has been calculated, the final corrected value for the 1

under consideration._(expressed as the mean value x) can be reported along with
tainty in the form;

x + U

a statemient is of limited value unless the confidence level is stated in an accompanying
uncertainty is for an estimated confidence probability of not less than 95 %”.

(70)
effect.
ions to total
(71)

the criterion

(72)

(73)

vel, which in

heasurement

the overall

(74)

clause, e.g.

k2 | et inty should | lution that i naful in

xt of the test

being carried out. It is normally justifiable to quote an uncertainty to more than two significant figures.

The number of significant figures in the stated value of the uncertainty should reflect the smallest resolution
that can be observed for the particular test measurement.

12.3

Applications to rubber testing

The following step-by-step procedure for obtaining measurement uncertainty should prove helpful in practice:

a)

©1S0

Prior to any statement of the result, all corrections to the result should be applied.
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b) Random uncertainties U, should be obtained through the use of the standard deviation of the results. This

can be available from previous work, but it is better to make at least four measurements and then use
Equation (62).

NOTE If 10 measurement results are available, it is more appropriate to calculate U: from Equation (63).
c) All systematic uncertainties should be obtained and considered.
NOTE Some, such as calibration uncertainty, are available from certificates accompanying the test apparatus.

d) Investigate whether previous experimental work can provide the information, for example standard
deviations-asseseiated-with-eertain-of-the-systematic-contributions-

e) If only realistic limits are available for certain systematic uncertainties (i.e. a rectangular distribution in
contrast| to a Gaussian or normal distribution as for random uncertainty), the standard’ deviatipn is
calculated by using Equation (65).

f)  The ovefall systematic uncertainty Uy is then calculated from Equation (68) or (69).

NOTE If f dominant contribution is present when realistic limits are estimated, Us is obtaibed from Equation (70) (this
is when the refjuirements at the end of 12.2.3 are taken into account).

g) The totdl uncertainty is then calculated from Equation (71) or (72) andythe results reported in the|form
given in [Expression (74).

13 Sampljng

13.1 Princ

13.1.1 Wheh quantities of a product are transferred from a producer to a customer, it is unrealistic to ekpect
every compadnent of every item to be 100 % error-ffee every time. Hence some form of inspection of out-going
(or in-coming) quality is needed. However, it is rarely possible, or even desirable, for every item to bg fully
inspected fof conformity to the specification .against which the product has been made. In many cpses,
inspection would result in the destruction\of the product and, even where this were not so, the cgst of
inspection hgs to be carried by someone._Ultimately, this would be the customer.

13.1.2 It is fherefore necessary to\take a representative sample of a consignment (a lot) of the product peing
supplied and to test this sample: The lot would be accepted if the sample conforms to the inspgction
programme ¢r rejected if the'sample does not conform.

Even if the sample is truly-representative of the lot from which it was taken, its properties will still only e an
estimate of those of the/lot and very rarely identical. Therefore, there will inevitably be a risk that many might
be accepted |which-eught to have been rejected and vice versa. The number of nonconforming items thdt can
be tolerated |by-"the customer and the degree of rlsk associated with a wrong outcome of the samplln test
should be agreed be
application of statistical tests.

13.1.3 However, given the criteria described in 13.1.2, the size of sample to take in relation to the lot size
and the number of nonconforming items found in the sample that will cause the lot to be accepted or rejected
can be objectively determined and is the subject of sampling theory.

64 © 1SO 2006 — Al rights reserved


https://standardsiso.com/api/?name=54a020638738856cb3b23719af887158

13.2

13.2.

13.2.

ISO 19003:2006(E)

Methodology

1 General

11

The subject of sampling is a large one and is well covered in other International Standards. No

more than an outline is given here, and for details the interested user should refer to the various parts of
ISO 2859 for sampling by attributes and to ISO 3951 for sampling by variables.

13.2.1.2 In sampling by attributes, it is the number of nonconformities (defined in a test or series of tests)
that determines the acceptability or otherwise of the lot.
13.2f1.3 In sampling by variables, it is the estimates of the location and variability of -tH

meag
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reali
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13.2.

13.2.
nume

urements of a lot in relation to the specification limits that determine the lot’s acceptability.

R Acceptable quality level and limiting quality

R.1
or AQL (see ISO 2859-1). This is an indexing device to set the limits-of nonconforming
le at which the lot is either accepted or rejected. It should not be inferred-from this that any g
bnforming items is wanted. Clearly, it is always desired that the numberof nonconforming ite
while in practice a certain percentage of defective items can, bé)tolerated. The AQL s

e distributed

The most significant statistic for the producer and customer to agree)is the acceptable quality

items in the
ercentage of
ms in a lot is
hould be set

tically to reflect both the requirements of the customer’s prdcess needs and the quality that the

cer’s process is capable of achieving. (Guidance on setting.amAQL can be found in ISO/TR

p.2 The AQL is appropriate for use where a sequence of lots is being supplied. When
dered in isolation, then the limiting quality, or LQ, is the, statistic to be agreed upon (see ISQ
uality level in either per cent nonconforming or nongonformities per 100 items. The value g
miting value of what is unacceptable, and in pragtice the actual number of nonconformities
d be much less than LQ (generally less than a.quarter) if the lot is not to be regularly rejecte

B Assessment of nonconformity

3.1
rically the same when a singlé.test is applied in the inspection process. Where multi

8550.)

a lot is to be
2859-2). LQ
f LQ is really
in a sample
.

The percent nonconforming”and the number of nonconformities per 100 itens are only

ble tests are

prdance with

involyed, a decision has to be made-which of the two criteria is applied.

13.2.3.2 For example, consider a sample of 50 pipe sealing rings manufactured in acc
ISO 4633 which are to be-inspected for

a) ¢utside diametef (d;);

b) ¢ord diameter (d;);

c) hardhess (H);

d) tensile strength (TS);

e) elongation at break (E).

13.2.3.3 The inspection shows that

a) 45 pipe sealing rings conform in all these respects;

b)

c)

©1S0

three fail on d,,;

one fails on d, and H,
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d) one fails

ond,, H, TS and Ey,

Therefore the number of nonconforming rings is five out of 50, giving 10 % nonconforming.

13.2.3.4

From the results given in 13.2.3.3

Ne=@Bx1)+(1x2)+(1x4)=9

where N, = the total number of nonconformities in a sample of 50 items.

Therefore there are 18 nonconformities per 100 items.

13.2.3.5

nonconformifies in the same item then become irrelevant. In other cases, it can be more appropriateto
the total number of times a failure to meet the specification is encountered irrespective of the item in whig
failure is found.

13.2.3.6
whereas in
outside the g
it is essentia

13.2.4 Inspection levels

Ideally, once
always be ag
attainable ar
levels are st

n some processes, any single nonconformity can render the item unsuitable;

t is implicit in the discussion of sampling so far that each nonconformity“is”’equally imp
ractice some can have more serious consequences than others. A discussion of this c3
cope of this International Standard and reference should be made to {SO 2859. Again, thers
for the producer and customer to agree their criteria before the inspéction takes place.

an AQL has been agreed, it could be guaranteed that a.lot with a quality greater than this
cepted and one with a quality less than this would always be rejected. However, this ideal
d a compromise should be set by means of the [evel of inspection to be applied. Three
ndardized:

Dther
Count
h the

brtant
se is
efore,

vould
s not
such

a) Normal fnspection is designed to give the produceria high degree of protection from having hi$ lots
rejected|when in fact they have a quality better than-the AQL.

b) Tightengd inspection is designed to give~the customer a high degree of protection from having lots
accepted which in fact have a quality lower'than the AQL.

c) Reduced inspection is designed tg gnable cost savings to be made in the inspection process, tp the
benefit qf both producer and customer, where the product quality is consistently shown to be bettel| than
the requjred AQL.

Rules for switching from one“level of inspection to another are to be found in the standards dealind with

specific sampling procedures.(see ISO 2859 and ISO 3951).

13.2.5 Plansg for sampling by attributes

13.2.51 n_this ‘International Standard, only sampling by attributes is considered as this is generally the

one most oft

pbn-employed within the rubber industry. Inspection may also be carried out by means of varigbles,

but this technique is often more expensive and elaborate, and can lead to the rejection of a lot which, itself,
contains no defective items. Such rejection can be difficult to explain to other employees, customers,
suppliers, etc., who are not statistically literate. For further details on this technique, refer to ISO 3951.

13.2.5.2

sample can be chosen from the lot.

Within a particular level of inspection at a given AQL, there are several methods by which the

a) The single sampling plan, in which the appropriate number of items is chosen at random from the lot and
inspected, is the simplest. On the basis of the number of nonconformities recorded, the lot will either be
rejected or accepted because the rejection number is always one greater than the acceptance number.
NOTE 1 The acceptance number is the maximum number of nonconformities allowed in a sample which results in a
lot being accepted.
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NOTE 2 The rejection number is the minimum number of nonconformities present in a sample which results in a lot
being rejected.

b)

sample and inspected, is the next simplest.

1)

2)

accepted.

acceptance number) the lot is rejected.

The double sampling plan, in which a smaller number of items (for the same lot size) is chosen as the

If the number of nonconformities is less than or equal to the acceptance number, then the lot is

If it is greater than or equal to the rejection number (which is more than one greater than the

N

q

\.

13.2.
of ing
extra
savin
partig
of sa

If the number is intermediate between the acceptance and rejection numbers, a secen
the same size as the first) is chosen at random and similarly inspected. Then the.tof
nonconformities from both samples is compared with the acceptance and rejection nur
total sample to assess the status of the lot.

NOTE 3 This process can be extended to multiple sampling plans with up to seven“sets of sample
ingle lot.

5.3 The purpose of these more administratively involved sampling plans is to reduce the
pection that will ultimately be needed. It can, however, lead to, increased inspection in a
administrative complexity, and so such plans should be used:only when there is a high
gs being made, i.e. when there is evidence to suggeststhat either the lot is particul
ularly bad in relation to the AQL chosen. Some factors, amongst others, which will influen
mpling plan are:

a)
b)
c)
d)
13.2.

a seq
of the

Decig
lot wi
teste
than

e ease with which items can be selected from the®lot;
e resources available for undertaking the inspgctions;
e time it takes to complete the testing of a'sample;
e number of potential nonconformities being monitored.
4
uential sampling plan in which items are chosen and inspected one at a time. A cumulative
number of items inspected and the number of nonconformities recorded.
ion rules are proyided for establishing the status of the lot as the evidence accumulates. |
th a quality similarto the chosen AQL could have to continue being tested until the whole

1. In practicestherefore, an upper limit is provided at which point the rejection number is set
he acceptance number so that an unambiguous outcome is assured.

13.2.
cons

criter|]a are met. For details of this, reference should be made to ISO 2859-3.

d sample (of
Bl number of
hbers for the

taken from a

total amount
dition to the
probability of
arly good or
e the choice

In addition to sampling-by means of a pre-selected number of items, it is also possilple to choose

count is kept

n principle, a
lot had been
to one more

5 Where a continuing series of lots is being received and the quality of previous lots H
tently high standard relative to the AQL, then skip-lot sampling may be introduced if th

as been of a

T appropriate

13.2.6 Random sampling

13.2.6.1

It has been implicit in the previous sub-clauses that the sample drawn from th

e lot is fully

representative of that lot. This can only be achieved if the items making up the sample are drawn at random.
Unfortunately, the ability of people to choose randomly is very poor. There is a strong bias at the
subconscious level to look for and use patterns. For this reason, it is strongly recommended that tables of
random numbers be used when selecting random items. A table of random numbers can be found in
ISO 2859-10, in numerous statistical text books and often as functions in computer programmes such as
spreadsheets and programming languages.
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13.2.6.2

Where possible, the items in a lot should be ordered or numbered and then individual items

chosen according to a table of random numbers covering the range of interest (any numbers in the table
which are outside this range are simply ignored).

If a published table is used, the starting point and direction within the table should also be chosen at random
so that the same sequence of numbers is not used for each successive lot inspected.

In the case of small items, it can be impossible to number each one, and it is then necessary to resort to
intuitive methods of selection or bulk sampling techniques.

13.2.6.3
from the sub

For example

and a samplé of 200 rings is to be taken for inspection, the most appropriate action would be to select

a) 44 rings|at random from each of two of the four larger packages containing 1 000 rings;
b) 45 rings|from each of the other two larger packages;

c) 22 from the smaller package of 500 rings.

13.3 Appli¢ations to rubber testing

Sampling plans allow a small number of representative items to indicate the level of quality in the

consignment]

For example
soothers hay
with the cust
Since a failu
An AQL of 0,

From Table
letter L. Tabl
the intersect
found. This n
necessary to

lots-in prnpnrﬁnn tothe size of the sub-lot relative to the lot

if a lot of 4 500 O-rings has been received in four packages of 1 000 and one package g

a consignment of 5 000 babies’ soothers is to be, supplied to a customer on a regular basi
ing successfully completed full type testing tothe appropriate specification. It has been a
omer that each lot will be tested for hydrochloric acid extractables and bite-through resist
e in either of these would be unacceptable, the percent nonconforming criterion is to be ap
10 at normal inspection level is to be used.

I of ISO 2859-1:1999, a lot size of 5000 at a normal inspection level (level Il) gives a
b 2-A for a single sampling plan at normal inspection level shows the sample size to be 2(
on of the sample code-letter)= L line and the AQL = 0,10 column, an upward pointing arr|
neans that, to achieve the level of risks inherent in the given AQL and inspection level, it is
test 125 (code K) items))However, the lot will be rejected if a single nonconformity is observ

If a given lot can be logically divided into sub-lots, then it is desirable to select items at random

f 500

vhole

5, the
jreed
Ance.
plied.

Code-
0. At
bW is
only
pd.

4 of 1ISO 2859-1:4999 show that, for this lot size and AQL value, there are no double or muyltiple
s available which have characteristics equivalent to those of the single sampling plan.

Tables 3 ang
sampling pla

14 Number oftest pieces

14.1 Princt

ples

The number of test pieces normally to be used in a test method is defined in the relevant standard, and
generally these are three or five, but this number should always be regarded as the minimum that ought to be
taken in the context of a routine quality control environment. At times, there will be a need to improve the
statistical precision by conducting the test on a larger number of test pieces. Improving the precision of the
estimates of the mean (or median) and the standard deviation should always be balanced against the extra
effort and cost of achieving that precision. The number of test pieces should never be more than is sufficient
for the purpose being investigated. The following simple procedures may be adopted as a guide, but more
exact procedures are described in Clause 17.
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Methodology

14.2.1 The confidence limits about the mean were shown in 7.2.1 to be

L=+tsNn

(79)

Hence, if the confidence limits are to be no more than a certain percentage, ¢, away from the mean, the
number of test pieces required to achieve this can be estimated by noting that

¥

2¢,

C

;

(76)

wher
stand

The f
so th
great
bette
apprd
smal
teste

e C, is the coefficient of variation [see Equation (8)] for the observations obtained (proba
ard number of test pieces) so far.

actor 2 is the approximate value of ¢ for the 95 % confidence limits. Unfortunately, ¢ is a fun
e expression cannot be solved except by iteration. However, since ¢ varies only slowly with

er than about 10, it is usually good enough to make ¢ constant. For instancCe, the factor of 2 i
 than 10 % if the value of n is greater than 10 and is usually sufficiently accurate to
ximate size of n when it is considered that C, itself is only an estimate which has been
er sample. Carrying out extra tests on the extra number of test pieces required to bring the
] up to this value of »n should then give confidence limits~very close to those neede

bly from the

tion of » and
 once this is
S accurate to
indicate the
based on a
total number
d. For 99 %

confiflence limits, the factor to use is 3. A step-by-step procedureds given in 17.2.2.
14.2.2 Where a standard test has been performed and thefre”is some doubt over the pass/fail |status of the
matefial because the result is close to the specification limitthen carrying out further tests can h¢lp to resolve

the u

wher

The
cons

14.3

14.3.

From
cons

ncertainty. If the mean is x and the limit is M, then

RES)

B 1,75 is the factor for the 95 % confidence level, and 2,5 for the 99 % confidence level.

1,75s

M —Xx

eason that the factors are different in this case is that it is the one-sided distribution whi
dered.

Applications to.rubber testing

1 General

the statistical point of view, the greater the number of test pieces the better. Tirn

(77)

ch should be

he and cost

derations, however, indicate that generally three to five test pieces are sufficient for most sitiations.

14.3.

b “Refi g fid limi

A 99 % certainty is required so that the true mean stress relaxation for a compound lies within 5 % of the
observed mean for a set of results. If the observed mean, based on the normal triplicate test, is 6,8 % (in units
of percentage per decade) with a standard deviation of 0,31 % (in the same units), the approximate number of
extra replicate tests which would have to be performed can be calculated.

According to the equation given in 14.2, this is given by

s T:?

3(100x0,31/6,8)
5
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Thus about four more replicates are needed to achieve the desired confidence in the mean. (The more
precise iterative procedure described in 17.2.2 indicates the need for 10 test pieces.)

NOTE Taking into account the variation of Student’s t-value with »n leads to n ~ 9, but in practice the precise number
required depends on the actual results obtained. Hence if the 99 % confidence level could be relaxed, probably only a
further three replicates would be tested and the results would be considered satisfactory. If the greater degree of
confidence were felt to justify the extra cost, then an additional six would probably be tested.

14.3.3 Refinement of a pass/fail status

The permeability of a rubber membrane is required to be not less than 5 x 10-1° m2.s=1.Pa~1 to a particular
gas. A triplicate_ determination of the pprmpnhilify under the gi\/pn conditions gave:

a) amean palue of 6,1 x 10-1° m2.s~1.pPa—1;
b) a standdrd deviation of 1,45 x 101> m2.s~1.Pa~1.

The number [of test pieces which is likely to be needed in order to be 95 % certain that'the membrane|does
meet this requirement can be calculated.

From 14.2
2

1,7px 1,45
n~|— ~5
5-6,1

As tests are pormally carried out in triplicate, a further three test pi€ces would probably be tested.

15 Expression of results

15.1 Principles

The results qbtained from the application of a statistical technique need to be presented in a meaningful form
and at a leve] of precision appropriate to the\precision of the data from which they are derived.

15.2 Methgdology

15.2.1 The test report

15.2.11 Any report presenting the results of a processing of numbers should give sufficient refererice to
the method qf processing, the assumptions made, etc., to enable an independent check on the outcomef|to be
made. Oftenlit is sufficient to make reference to the standard that has been used. This standard can be the
test method itself when it lays down how the data is to be handled or it can be a statistical standard writt¢n for
general application. (Examples would be ISO 36 for peel adhesion and ISO 6133 for the analysis of muItiTpeak
traces.) However, where opfions are included In the standard, It Is essential that the options chosen are
reported with the resulting data in the same way as physical parameters such as speed of testing and test
piece type.

15.2.1.2 The test method used will generally indicate the statistics to be quoted in any report, and these
should always be adhered to so that compliance with the standard is maintained. Where the test method is not
specific, the following are recommended for inclusion in the report:

a) the mean value, x (see 6.2.2.2);

b) the estimated standard deviation of the population, s (see 6.2.3.2);

c) the coefficient of variation, C, (see 6.2.3.4);
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d) the individual test results;
e) the estimate of uncertainty, where available.

15.2.1.3 Where there is good reason to expect a non-Gaussian distribution of individual test results and
where further statistical testing is not required, the median alone should be quoted in place of the mean,
standard deviation, etc. If further statistical testing using individual results is required, then transformation
techniques should be considered.

NOTE The central limit theorem should also be considered (see 6.2.4).

15.2.1.4 _ In many instances the number of items of data in a set is small (less than a dozen) gnd indicating
the individual values in a report is not cumbersome. It is also good practice as it easily allows fufther analysis
to be|made.

15.2.1.5 Where large data sets are encountered, some form of chart can be usefully’ substijuted. This is
espegially the case where quality control is being considered (see Clause 18) and(there is an gn-going time
element implicit in the process. If a large data set refers to a single group ef<results, then|producing a
histogram rather then quoting individual values can be more helpful.

15.2.11.6 To produce a histogram from a set of data, the procedure is as follows:

a) divide the set into an appropriate number of intervals (approximately 10 is generally convenient) covering
the range observed);

b) determine the number of results lying within each intervalkand plot this number for each interyal band.

Up tq approximately 5 % of results can lie outside the chosen interval range if stragglers producg¢ end groups
with yery few and irregular numbers of entries. In suchicases, the end intervals are left open on ope side.

For gxample, the intervals for elongation at break might be set every 20 %, starting at 200 % gnd ending at
400 %. The first interval would then be defined as being for all those values having an elongation|at break less
than P00 % and the last interval for the values having an elongation at break greater than or equal to 400 %.
Intermnediate intervals would be 200 % to £ 220 %, 220 % to < 240 %, etc. (see Figure 8).
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Figure 8 — Histogram-.of elongation at break data (see Table 38)
15.2.2 Rounding
15.2.2.1 The measurement efZany parameter, for example length, mass, force, concentration, can only be
made to a gfven precision thatlis governed by the characteristics of the equipment being used to maké¢ that
measuremerjt. Thus, mass'can generally be measured very precisely using an ordinary laboratory balange.
For example} a 100 g'sample can, typically, be measured to a precision better than 1 mg. Assuming that the
mass is measured._t0 a precision of 1 mg, then it is known to 0,001 % of its value. Again, a dial dauge
comparator might measure to 0,01 mm hence a thickness measurement of 2 mm cannot be known| to a
precision better’than 0,5 %. (See Clause 12 for details of uncertainty of measurements.)

15.2.2.2 When calculations are performed on the parameters that have been directly measured, the
potential for a false sense of precision almost invariably arises. It is implicit in a mathematical process that the
numbers being handled are exact, when in fact they are not. Consider the thickness measurement above.
Three readings are taken, giving results 2,01 mm, 2,03 mm, 2,03 mm. The calculation of the mean produces
the result 2,023 333 333... mm. If the original values had been absolutely correct, then this mean would also
be absolutely correct. However, re-measurement with a more precise instrument yielded thickness values of
2,013 mm, 2,025 mm, 2,027 mm. Now the mean appears to be 2,021 666 66... mm. The difference in the two
means is due entirely to differences in the precision of the data being used in their derivation. Similar
considerations apply to non-statistical derived functions such as stress, set and relaxation.

15.2.2.3 It follows from 15.2.2.2 that, when reporting the results of calculations, there should be no more
significant figure in the derived statistic than the number of significant figures in the least precise
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measurement used in its derivation. In the above example, the first mean should be reported as 2,02 and the
second as 2,022.

15.2.24 When, however, a derived statistic is itself going to be used in further calculations, then at least
one more significant figure should be retained, purely for calculation purposes, to avoid the accumulation of
errors that can arise from the rounding process. In the example in 15.2.2.2, if the thickness is to be used in the
calculation of stress, then for the first mean 2,023 should be used and for the second 2,0217.

15.2.2.5 The rules given in the previous sub-clauses are useful generalizations, but common-sense
considerations should also be taken into account. Thus, where measured parameters with different intrinsic
preC|S|ons are to be combmed there |s little value in reta|n|ng the h|ghest level of preC|S|on in the parameter
e parameter is
unlikgly to be measurable to greater than three significant figures, hence using the mean thickngss quoted to
five dignificant figures will not improve the precision of the calculated stress. In this case, the)mean of 2,022
could be retained without loss of accuracy.

15.3| Applications to rubber testing

15.3.1 General
As a general rule when reporting the values of parameters:

a) llnear dimensions, volumes, forces and stresses should not-be’reported to more than thr¢e significant
figures;

b) strain and energy should not be reported to more than two significant figures;

c) 1nass may be reported to four significant figures although three is often sufficient.

15.3.2 Construction of a histogram

The fensile testing of a large number (150).of dumb-bells in a single batch of compound resultedl in a spread
between 200 % and 400 % in elongation*at break values. This interval was divided into 10 bgnds at 20 %
interyals and Table 38 obtained.

Table 38 — Table of elongation at break values

Elongation range Number of observations
0/0

<200 0

> 200 but < 220 4

> 220 but < 240 8

> 240 but < 260 12

260-but<280 18

> 280 but < 300 25

> 300 but < 320 37

> 320 but < 340 22

> 340 but < 360 13

> 360 but < 380 9

> 380 but < 400 2
> 400

A histogram of the data is given in Figure 8, and the graphical representation of the data conveys clearly and
simply the breadth and centre of the observed distribution.
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15.3.3 Examples of rounding

Consider an intermittent stress relaxation test in which a test piece 10,02 mm wide by 1,03 mm thick had an
initial force of 150 N applied to it when extended by 50 %. Both dimensions were measured to the nearest
0,01 mm, and the force was measured to the nearest 1 N. Thus the initial stress is calculated as

Stress = & =14,534 038...

10,02x1,03

The width was measured to four significant figures, while the thickness and force only to three, hence the final
stress should be reported to three figures also, giving 14,5 MPa.

After some time, the force had decreased to 67 N, so the stress had now become

Stress = L =6,491 871...
10,02 x1,03

The precisiop of the width and thickness is unchanged, but now the force had only"been measured tp two
significant figures and so the resulting stress should only be reported to two figures, giving 6,5 MPa.

If the percenptage decrease in stress with time is to be plotted, then the stress values should be flirther
processed tg obtain this percentage. Using the rounded figures as reportedrabove results in

14)5-6,5

x100 =565,172 4
14,5

where L is the decrease in stress, expressed as a percentage.
Using the exfra significant figure (the more correct procedure) results in

L = 1453649 100_55333 8
14,53

It would be reasonable to quote the perceéntage loss to the first place of decimals but no more. Under these
circumstancgs, the difference in the two ‘results is small and of no practical significance. This is not always so,
and in all cages repeated rounding followed by further calculations builds up the errors arising from the darlier
rounding professes.

16 Precisjon statements

16.1 General

Increasingly,| tést methods are including a statement of the precision which can be expected of them Wwhen
they are carried out in accordance with their requirements. Test methods for rubber are included in this
movement.

16.2 Principles

16.2.1 It is well known that tests performed on nominally identical material under nominally identical
conditions do not, in general, produce the same result. This variability between repeated tests is given the
general name precision, and the sources of variation can be attributed to many factors such as the time
between measurements, the environment, the operator, the equipment used and its state of calibration.
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It is observed that the variability between different operators and/or different equipment is generally greater
than that for a given operator using given equipment within a short time scale. Thus, it is useful to distinguish
two measures of precision, repeatability and reproducibility.

As with all statistical factors, the repeatability and reproducibility are estimates based on an accepted level of
confidence. The 95 % confidence level is almost always applied and may be assumed if there is no indication
to the contrary. Since there is a measure of uncertainty in the estimates of repeatability and reproducibility, it
is possible to assign a confidence interval to the estimates obtained from a given experimental programme.
Such an analysis is outside the scope of this International Standard.

16.2.2 The term accuracy is also encountered and at one time was taken to be simply the pias (i.e. the
systgmatic rather than the random errors) of a particular measurement (refer, for examples to I$O/TR 9272).
However, current practice is to use the term accuracy to mean the combined systematic.and ran¢lom errors in
a set|of observations.

More| detailed information on these and other terms relating to precision “statements can |be found in
ISO $725-1.

16.2.3 In the rubber industry, the term trueness is seldom appropriate, but the effect df systematic
discrgpancies between laboratories is nonetheless real and has heen addressed by a technique called the
intergal method developed in the United States. A brief descriptiofi,of'this is provided in Annex I.

16.3| Methodology

16.3.1 In order to generate repeatability and reprodugibility (often abbreviated to » and R, respdctively) data,
an injer-laboratory test programme should be organized. It is essential that the material being used in the test
is copsistent when it is despatched to the participating laboratories and that it remains consistegnt during the
transportation and storage phases prior to it being tested in the laboratory.

16.3.2 The laboratories chosen should:be selected at random, but in practice there may overriding
considerations, such as the need to cover a wide range of environmental conditions or the small number of
laborptories willing to be participants.” Where a small number of laboratories are involved, p£rticular care
should be exercised in not having“*a preponderance of specially skilled laboratories or ones recognized as
beind reference laboratories, as)the inclusion of such laboratories will tend to yield underestimates for the r
and R data. In either event{ the » and R values derived are specific to the group of participants &t the time of
the trial and do not necessarily accurately reflect the true » and R of the total population of labdratories over
exterjded time scales.

16.3.B In designing the test programme, it should be agreed and understood by the participanis as to what
will cpnstitute @ test result. This might be, for example, a single tensile-strength value or the medipn of a set of
three| or fivetindividual values. In the former case, the replicate level will ordinarily be that whichlis normal for
the tgstmethod being evaluated. In the latter case, it is most commonly two with, for examplg, one set of
dumb-bells being tested one day and the next either later that same day or possibly within the next day or two.

16.3.4 In order to establish the repeatability data, tests should be made under constant conditions and, to
minimize the danger of environmental or equipment drift from influencing the outcome, the time interval
between repeat tests should be as small as practicable.

Since the time interval should be small (as in the example given in 16.3.3) and the same equipment should be
used by the same operator, there can be the risk of unintentional bias. This might arise from the operator
anticipating the result in the performance of some tests. The following precautions should be taken:

a) the test programme should be randomized to break up any patterns in the test sequence;

b) the date and possibly time of the various tests should be recorded as part of the information supplied to
the coordinator of the trial;
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c)

equipment should not be re-calibrated during a test sequence.

16.3.5 The resulting data are arranged in tabular form similar to that for the analysis of variance (Clause 10)
and the following statistics derived:

a) the estimate of the between-laboratory variance, s|_2;
b) the estimate of the within-laboratory variance, s,,%;
c) the average of the between-laboratory variances for all the laboratories in the test programme, s,2;
d) the estimate of the repeatability variance, s,2;
e) the estimate of the reproducibility variance, sRZ, which is given by the equation:

SR2 = s|_2 + sr2 (78)
f)  the repeptability, », which is given by the equation:

r=P\2s, (79)
g) the reproducibility, R, which is given by:

R =[2\2sp (80)
16.3.6 It is frequently convenient to refer to the » and R valuesin relative terms since they often vary with the
mean value o¢f the property being measured. The percentage.value of » (or R) with respect to the mean is|used
which is analogous to the coefficient of variation (see 6.2.3:4). However, as certain properties are measufed in
percentage units, this percentage value of r or R is written in parentheses, i.e. () or (R), to avoid ambjguity
over the unifs. Thus, for a test such as compression.set, the mean might be 35 % and the r-value §,2 %,
making the (1)-value 14,9 %.
16.3.7 Befofe the test data are processed to find the within- and between-laboratory variances, they should
first be examijined for outliers using, for example, the Dixon and Cochran tests (see Clause 9).
16.3.8 The |detailed calculations for\Jand R via the variances indicated above can be referred to ip, for
example, ISP 5725-2 and ISO/TR.9272.
16.3.9 One|possible problem with the normal inter-laboratory test programme, as described in the refergnces
cited, occurs| when the opérator can be influenced, whether consciously or not, between the first obseryation
and subseqgyent ones. Inrthese circumstances, the replicates are not independent of each other and bjas is
introduced into the data) A solution to this difficulty is presented by means of the paired-sample (or split-jevel)
method devdloped-by W.J. Youden (see ISO 5725-5).
In essence, fhe-method measures a single replicate result of a property for each of two materials of similar,

but different, values of that property for each level of the experiment being conducted. At each level, the pair
of materials should be selected carefully or the analysis produces repeatability values significantly greater
than the true repeatability values for the test method. Such a pair of materials is known as a Youden pair.
Obtaining suitable Youden pairs for a particular test can be difficult, and the technique is not, therefore,
recommended for general use.

16.3.10 Once the values of » and R are obtained for the various levels of the property being measured, they
should be examined to see if there is a correlation between them and the mean value. This can be carried out
using the regression analysis techniques indicated in Clause 11. Abnormalities to the general trend of » or R
with mean level should be examined to try to ascertain the cause, as this can give important information on
weaknesses in the test method to particular conditions which can then be addressed.
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16.4.1 Precision statements are becoming the norm for inclusion in standards for rubber test methods.

16.4.2 An investigation of the measurement of volume swell was undertaken by eight laboratories. Several
different types of rubber and fluid were used to give a range of swelling characteristics. A summary of the r

and R values associated with each mean level is given in Table 39.

16.4.
with
when

Ther¢ is an indication that the (r) and(R) values go through a minimum, which suggests|
bnship and, while the correlation ceoefficient can be shown to be statistically significant at th
bater, the accuracy in predicting the () or (R) value for a given volume swell does not jus
lation effort that would haveto-be made.

relati
or gr
calcu

A sir
inforn
perce

Table 39 — Volume swell measurements

Level number Mean swell r (r) R (R)
% % %
1 3,66 0,76 20,8 1,86 50,8
2 10,1 0,64 6,3 2,27 22,5
3 14,0 2,65 18,9 6,96 49,7
4 20,6 0,57 2,8 4,67 22,7
5 21,5 0,44 2,0 0;80 3,7
6 42,8 0,89 21 4,46 10,4
7 55,3 2,36 43 7,34 13,3
8 96,9 5,84 6,0 12,13 12,5
9 115 8,85 T 26,20 22,8

B An examination of the » and R results shows;that there is a general trend towards an incr
ncreasing mean level, but several anomalies.in the trend do occur. This effect is even more
the () and (R) values are compared with.the mean level.

hple average (r) and (R) for the test method is sufficiently accurate for the purpose
nation would be puit~Thus the data provides an estimate of percentage repeatability of
ntage reproducibility of 23 % for the volume swell test.

easing » or R
pronounced

a quadratic
e 95 % level
tify the extra

o which the
8 % and of
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17 Design of experiments

17.1 General information and principles

17.1.1 General information

17.1.11

Introduction

Every clause so far has been about the analysis of experimental data, i.e. the estimation and testing of
statistics representing the system that is being measured. These are essential parts of the scientific method.

vt

of

under

No less a pa
which the ex

Experimenta
chapter, onl
physical scie

Descriptions
are advised
Bibliography

tha coiapntifin e ath A 1o Avemapimaamtal Aoaoiaen oo th o o H EIPNNIP-X 2 1 SO-NEP-O-N-~ H 1PN~V
Ot IC— SUICTIIM GO UTOU— TS CAP T TIeT AT U STy, o e oSpetmtatUmT U e~ COMUTaOTTS

perimental data are observed.

design is a major part of applied statistics, about which there is an immense literature. |
those aspects of experimental design are presented which have most to centribute t
hces, specifically to the testing of rubber and rubber products.

are necessarily brief and selective. They may be prescriptive rather than‘pedagogical. Re
to consult the literature to reach a better understanding. Some references are given i

There are m
a range of

simplest to the more complex.

17112 D

A statistical
determine tH
standard deV

17.1.1.3 Comparative designs

17.1.1.3.1 (

ny text books on the subject and there are many types of experimental design. In this subcl

N this
b the

hders
h the

ause,

signs are described, selected for their usefulness to rubber technology, and leading from the

scriptive designs
sample of several test pieces, all randomly(s€lected from a standard material, is test

e elementary statistics of a characteristic “of that material. For example, the mean an
iation of the tensile strength of that standard material could be reported.

Comparison against a standard

The charac

t
several piec{s would be tested and-an assessment made as to whether or not there was sufficient evider

conclude tha

17.1.1.3.2 (
Two materia

a) of differe

ed to
d the

ristic of a new material can be compared against a specified industry standard. A sample of

the measured characteristic of this material was different from the standard specification.

Comparison_of two materials with independent samples
S can be

nf’eompositions;

ce to

b)

c)

made by slightly different processes;

Same process.

made at different places, even if they are claimed to be of the same composition and made by exactly the

In order to determine if they have the same or different properties, a sample of several pieces from each
material should be tested. These samples should be selected independently of each other.

17.1.1.3.3 Comparison of two materials by paired samples

As in 17.1.1.3.2, it could be necessary to determine if two materials have the same or different properties.
However, in the presence of uncontrollable outside influences, a fair comparison should be ensured.

78
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For example, samples of rubber could be exposed to the weather and their deterioration measured. One
approach would be to expose test pieces in pairs, each pair comprising one item or piece of each material,
thus ensuring that both members of the pair experience the same weather conditions. The data to be
analysed would be the difference in deterioration measured between each pair.

17.1.1.4 Response designs

17.1.1.4.1 Factorial experiments

When new materials or manufacturing processes are being developed, there are usually several variables, or
factors, that can influence a material property. Experiments to investigate the effects of several variables
shou[d be designed to allow all of those variables to be set af several levels. There is a widesprelad belief that
the Hest approach is to experiment with one variable at a time and to fix all the others. That] approach is
inefficient, uneconomic and will not provide information about interactions between yariablgs. Two-level
factofial experiments are widely used during development studies. Since the final stageof'develppment study
requires multilevel experiments (three or more levels), if the number of controlled variables is small it may be
usefyl to consider using three-level experimental designs in the development stage:

17.1.1.4.2 Response surface exploration with composite designs

In the final stage of a development study, when the conditions (such as the values of compositionf and process
variaples) that will yield the best value of a material property (such as‘the highest value of tensile [strength) are
being sought, additional points should be added to factorial expetiments so that curvature of the fesponse can
be edtimated. These designs are known as augmented or compesite designs.

17.1.1.4.3 Inter-laboratory trials
Another class of experiment used in industry is the inter-laboratory trial. This has the purpose of gstimating the
repeatability of test results within each of a set of\laboratories and the reproducibility of test reqults between

laborptories. These are not described fully in_this International Standard as they are described| in ISO 5725
and IBO/TR 9272, but Clause 16 outlines some*of the principles involved in making precision statements.

17.1.R Principles

17.1.2.1 General

Statigtical analysis of experimental results is necessary because of variation. All test results vary.|The reasons
for thjs variation include th@ following:

a) ere is inherent\variability of material;
b) ere areimperfections in the measuring instruments and their calibrations;

c) eré.is sampling variation.

This variation should therefore be considered when experiments are designed.

17.1.2.2 Descriptive experiments

17.1.2.2.1 In a descriptive experiment, a characteristic of a standard material is reported from the analysis of
measurements on several test results. For example, the mean tensile strength of a sample of several test
pieces is calculated. This is unlikely to be the true mean value of all possible test pieces from the standard
material. If the mean tensile strength of another sample of several test pieces were calculated, it would be
different. The calculated sample mean is therefore only an estimate, a point estimate, of the underlying
population mean. In reporting it, an interval should be reported within which the population mean can
confidently be expected to lie. This interval is the confidence interval for the population mean. Clause 7 gives
further details.
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17.1.2.2.2 This confidence interval depends on three things:

a) the variation between measurements of the test pieces within the sample, expressed as the variance or
standard deviation of the measured material property;
b) the number of test pieces tested in the sample;
c) the degree of confidence of the interval, expressed as the probability that the population mean is truly in
that interval, usually as a percentage (for example, a 95 % confidence interval).
NOTE 1 The variation will usually be determined from the experiment.
NOTE 2  THe number of test pieces should be specified before the experiment is carried out.
NOTE 3  THe degree of confidence is the choice of the experimenter and again should be specified, befofe the
experiment is farried out.
17.1.2.2.3 deally, the experimenter should specify the size of the confidence interval and the confidgence.
For example| in the case of tensile strength, the experimenter can specify the following:
a) the size [of the confidence interval is (sample mean value + 1,0) MPa.
b) the confidence is 95 %.
The experimgnt would then proceed in the following four stages:
1) a preliminary experiment is carried out to enable the unknown variance of all possible test piecgs for
the whole of the standard material to be estimated;
2) thelsample size N is calculated and this is used {0-estimate the specified confidence interval, psing
the ariance estimated from the results of the preliminary experiment;
3) testimeasurements are made on a sample_ of N test pieces.
The sample Inean, standard deviation and confidence interval are calculated.
These four sfages are described in 17,2.
17.1.2.3 Comparative experiments
17.1.2.31 tatistical analysis of test results should never be regarded simply as a set of calculations lepding
to clear-cut gtatements that the effect is, or is not, significant. Such statements have no meaning withdut an
explanation in terms of'the purpose of the experiment. The conclusion depends on the circumstances ¢f the
experiment gnd on the.intentions of the experimenter which should be declared before the tests are dong¢. For
example, thg cireumstances of an experiment can ordain whether or not a statistically significant effect can be
detected if it[exists. The intentions of the experimenter will include a statement of what he or she considgrs to

be a teChniCa”y D;HI rifieanteffect:

17.1.2.3.2 Four major steps should be taken before starting an experiment to compare the underlying values
of a characteristic for two materials:

a)
b)

c)

Step one, in which the alternative inferences that can be made from the experiment are stated.

Step two, in which the acceptable risks for making the wrong inference are specified.

be demonstrated statistically so as to be of technical significance.

d) Step fou

80

r, in which the necessary sample size is computed.
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These four steps are described more fully in 17.1.2.3.3 to 17.1.2.3.6 and then presented in greater detail in
17.2.

17.1.2.3.3 In step one, the alternative inferences that can be made from the experiment are stated. These
should be stated as alternative prior hypotheses.

When two materials are to be compared according to some property, the most usual comparison is between
the mean values of that property. An assessment should be made as to whether there is sufficient evidence to
infer that the underlying mean values for the whole of each standard material of the underlying populations (4
and y,) differ, even though the sample mean values, x; and X, , differ (see 6.2.2). If there is not sufficient
evidence, it should be assumed that the means of the underlying populations are the same. The assumption
that they are the same is known as the null hypathesis (HU) The assumption that they are different is known

as the alternative hypothesis (/).

Thesg can be stated symbolically as:

[

[

1, for which uy # 1,

In this case, the experimenter is not concerned about which of the two pepulations has the greatgr mean, only
that they could be different. This will lead to a two-sided test.

If the|experimenter is interested in showing that a new material has a greater mean strength than|the standard
matefial, a one-sided test can be used and the alternative hypotheses will have the form:

[

[

1, for which uy > 1

The distinction should be made before the experiment is commenced. The calculation of the[sample size
depehds on the distinction.

17.1.2.3.4 In step two, the acceptable risks for making the wrong inference are specified] The wrong
infergnces are called the type 1 erfor'and the type 2 error, with probabilities « and g, respectively.

The possible inferences from a-two-sided test can be understood from Table 40.

Table 40 — Inferences from a two-sided test

Truth Inference Correct Error Probdgbility
ey Uy = Yes — <(1} @)
Hy # 1y No Type 1 <l
Ly 2 [l Ly = [l No Type 2 <|p
My # 1y Yes — <(1-p

A type 1 error occurs when the experimenter accepts the alternative hypothesis (/) although the null
hypothesis (H)) is true. The probability of this occurring is «. This is known as the size of the test.

Usually, «is specified as 0,05 (a 5 % chance) (see Clause 7).
A type 2 error occurs when the experimenter accepts the null hypothesis (/) although the alternative

hypothesis is true. The probability of this occurring is g. Usually g is specified as 0,05 or 0,10. The probability
of detecting a true difference is (1 - ). Thus if g is specified as 0,05 and the experiment is designed
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accordingly, there is a strong chance (a probability of 0,95) that a difference will be detected if a difference
truly exists. This is known as the power of the test.

Unfortunately, it is common for experiments to be done without consideration of g or the power, and
consequently true effects can remain undetected. For example, consider the tensile strengths of compounds A
and B in 6.3.2. Suppose that a purpose of the experiment was to show a statistically significant difference
(a=0,05) of 1 MPa. A power calculation shows that with only 12 sample measurements for each compound
there is a probability of 0,75 of detecting that difference if it exists. Sample sizes of 23 would be needed to
give a probability of 0,95 of detecting that difference.

17.1.2.3.5

In step three, the difference, which should be demonstrated statistically so as to be of technical

significance,
The purposs
tested. In ot
difference in

In either cas

likely to haveg a practical or technical significance. For example, a determination can be made of how

stronger, in t
a particular g

The specificg
17.1.2.3.6

There are s¢
comparative
a) compari
b) compari
c) compari

It will also dg
Table 42).

The informatjon needed in any of-the calculations is the choice of «, £, 6 and an estimate of the varianc

of all possibl

The choices|
explained.

An estimate

H H 4P |

1o O}JC\JIIIC\J.

of many experiments is to discover an improvement in the material property which-is
her experiments, the purpose can be to show that, under different circumstances, ithere
the material property.

b, the experimenter should be able to state the smallest difference which should be regard

erms of tensile strength, one material should be over another to make'its selection preferab
pplication. Whether this should be 1 MPa or 2 MPa or 0,5 MPa can depend on the applicatig

tion of this smallest difference, o, is essential to the design of @ comparative experiment.

n step four, the necessary sample size is computed.

experiment. These can be:

5on against a standard;

son of two materials with independent samples;
son of two materials by paired samples;

pend on whether the proposed test of comparison is one-tailed or two-tailed (see 17.2, 17.

p test pieces for theywhole of the standard material.

of a, B, o~depend entirely on the opinions and purposes of the experimenter, as al

bf thie population variance, o2, can be obtained:

being
is no

ed as
much
le for
n.

veral formulae for calculating sample size. The correct’ choice of formula depends on the type of

1)
2)

3)

82

from earlier experiments;
from literature;

from a preliminary experiment with at least five test pieces.

© 1SO 2006 — All rights reserved


https://standardsiso.com/api/?name=54a020638738856cb3b23719af887158

ISO 19003:2006(E)

17.1.2.4 Response experiments

17.1.2.4.1 Properties and factors

Much research and development in the materials sciences is intended to establish relationships between the
properties of materials and suspected influencing factors which the technologist can control in the production
of those materials.

The properties are called response variables (they are also called dependent variables because they are
thought to depend on the factors).

Influd
varia
meas

Sométimes there are other variables which can influence the response variables but-cannot
igh they can be identified and measured. Common examples are the temperature and humidity of a

altho
facto
cova

17.1

The ¢xperimental design is the specification, before the experiment'is’ commenced, of the values

varia
expe
hypo
the n

If the
need
respd
reasq

a)

.2.4.2 Experimental design

The exact relationship can never be known because the model can be only an approximation

ncing factors are called conirol variables (they are also called independent variables).
bles are usually composition variables and process variables. All of these variable
urable.

'y workshop atmosphere. These variables are called concomitant variables (they are
iates).

bles at which the response variables are measured. The experiment should be designed acq
cted relationship between the response variable and the:control variables. The expected rel
hesis. The hypothesis should be formulated as an algebraic model that can be represente
easurable variables.

model were simple and exact, then the experimental design would be simple. Few test pie
ed to provide exact values of the model coefficients. The fitted model could then be us
nse values exactly for any choice of settings of the influencing factors. However, there
ns why this cannot be achieved and.these include the following:

b) 4

c)

d)

influencing.factors but can be measured only during or after an experiment.

The ¢xperiment should therefore be designed so as to reduce the influence of these unknowns.

\ll measurements are subject to time-dependent deviations which cannot be identified buf
eir presence by trends in.the observed values of response variables.

Il measurements, are/subject to random deviations. These represent other unidentified var]
ken together, show no pattern or trend.

he effects\’of concomitant variables, which are those variables which are identified

The control
5 should be
be controlled

also called

pf the control
ording to the
ptionship is a
d in terms of

ces would be
bd to predict
are several

to reality.

which show

ables which,

as possible

17.1.2.4.3 Statistical objectives

The statistical objectives of designed response experiments are to specify:

a)

influencing factors;

b) t

c) t
d t

©1S0

he number of observations;
he values of the control variables at every observation;

he order of the observations.
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The intention is to:

ure that all effects in the model can be estimated from the observed data;

the reality of those effects by comparison with random variation;

influence of random variation;

reducing the effects of time-dependent errors;

ensure that all effects can be estimated with the greatest possible precision, thereby reducing the

ensure that all effects can be estimated with the least possible bias, or greatest accuracy, thereby

1) ens

2) test

3)

4)

5) sug

6) kee
171.2.4.4 |

The following
a) two-leve
b) two-leve
c) compos
17.1.24.5 7

The two-leve
based on th

restricted ramge of those factors. The basic idea can-be illustrated with a linear model based on a s

influencing fa
y=a+b
where
y
X

aandb

pest improvements to the model;

b within a budget of effort and cost.

Experimental designs
experimental designs are discussed in 17.1.2.4.510 17.1.2.4.7:
factorial experiments;
fractional factorial experiments;

te designs.

['wo-level factorial experiments

| factorial design is fundamental to experimental design for the physical sciences. This des
b assumption that a linear model will approximate to the true relationship fairly well in

ctor (Figure 9):

is the response variable;
is the control yariable;

are the coeéfficients to be estimated.

gnis
some
ingle

(81)

84
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Y A
w
y=a+ bx

X
Key
X gontrol variable, x
Y response variable, y

Figure 9 — Lineartelationship between the dependent variable and a control varigble

This model is deemed)to be roughly adequate to approximate the true relationship for x in the rgnge x| to x.
Deviations betweénexpected values and the observed values can be described by adding a ferm e to the
right-hand side-effEquation (81).
The ¢bject\is-to estimate a and b with the greatest precision if all observations are divided equally between the
two ) equal parts
(wheke : it each of the

division pomts ThIS choice of factor values is a de3|gn WhICh would not give the most preC|se estimates of a
and b in the presence of e. It would be preferable to do half the trials at x and half at x;. This gives rise to the
expression “a two-level experiment”.

In Equation (81), the effect on y of a change in x of one unit is represented by the coefficient b which is the
slope of the line.

The relationship between x and y may also be represented using a different notation. In this notation, the

independent variables (the x’s) are called factors A, B, C, ..., the effects of which are represented by the
symbols 4, B, C, ... .
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The range of a factor is specified by the two ends of the range, i.e. the high and the low values of the factor.
These are represented by lower-case letters with suffixes. For example, in the single-factor experiment, the
high and low values of factor A would be a4 and aj respectively. This lower case notation is also used to
represent the observed values of the dependent variable at the corresponding observation points [see
Figure 10 a)].

Thus the effect of factor A on the dependent variable y over the complete range of factor A is equal to:
(Value of y at point a4) — (Value of y at point ag)

as shown in Figure 10 b), or, more briefly,

A= a1 - aO (82)
where the symbol 4 is used to denote the effect of factor A.
Similarly, thel mean value of y [see Figure 10 c)] is simply

M= (ay } ag)2 (83)

X X
A
Y
()
Key i
X control vgriable, x (factor A) 4F-——-———-—-——- :
Y responselvariablers . ;
ag low value of factor A ' ,
a, high value of factor A : :
1 yatq, ; :
2 yata, : :
3  effect of factor A . : >
4 mean of values at ay and a, dp a, X

Figure 10 — A two-level single-factor experimental design

86 © 1SO 2006 — Al rights reserved


https://standardsiso.com/api/?name=54a020638738856cb3b23719af887158

ISO 19003:2006(E)

Now consider two factors, A and B, which can be represented as two variables in a plane with the dependent
variable y along a third dimension perpendicular to the plane [see Figure 11 a)]. The high and low values of B
are by and b If observations of y are made only at points defined by the extreme ranges of the two factors,
there are four points which can be denoted by the combinations of letters agbg, a1bg, aghy and aqb4. The
notation can be abbreviated further to represent these four points as:

(1), a, b, ab
where

the symbol (1) denotes the observation point at which all the factors are at their low levels (see
Eicira 14 h)-
HIC AL b

the point a is where factor A is at its high level but factor B is at its low level;
the point ab is where both factors are at their high levels.
Yy 4 (@)
l [
[ [
byl _____ 19001 &N . .
[ [
[ |
[ |
[ |
[ |
[ [
[ |
| [
180 bo 1@1bg
bO —————— | ) A
[ |
| |
[ |
| 1 >
dap aq X
A
L | (b) [
[ |
ottt A e o 1ab_
[ [
| [
[ [
| |
[ [
Key [ 1
[ [
X fpctor A | |
(1) [E]
y factord8 L T B s i e
ag low value of factor A : :
a, high value of factor A [ [
by low value of factor B I ; =
by high value of factor B X

NOTE The lower drawing uses the simplified (abbreviated) notation.

Figure 11 — A two-level two-factor experimental design
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The rule is that the high and low levels of factors are represented by the presence or absence, respectively, of
lower-case letters.

Analysis is almost as easy as in the single-factor case and the following conclusions can be reached:

a) Using the combinations of lower-case letters to represent the values of y observed at the corresponding
points, the average effect of factor A is:

_a+ab (1)+b
2 2

A

(84)

That is, freeffectof Adsthedifference betweenmthe meam vatue of yobservedatatthe pointswhere A
was at ifs high level and the mean value of y observed at all the points where A was at its low levek

b) The effect of B is calculated in a similar manner to that of A and is given by:

btab (1)+a
2 2

B- (85)

c) The interaction of factors A and B can be defined as the difference between‘the effect of A at thg high
level of B and the effect of A at the low level of B. It is denoted by 4B. Thus:

AB ¥ (ab - b) - [a - (1)] (86)

This is gxactly the same as: the difference between the effect of -Byat the high level of A and the effect of
B at the Jow level of A.

The estimatipn of these effects is equivalent to fitting the algebraic model:
y= aO + 11)(1 + a2x2 + a12x1x2 (87)

where y is the response variable, x; and x, are two control variables and ag, a4, a, and a4, are alggbraic
coefficients. {These should not be confused with-the a used in Equations (82) to (86) to denote variables.

Least-squargs regression analysis (Clause M) is widely used for analysis of these and other experiments to

be described. Computer software is available for this analysis which includes the estimation and testihg of
coefficients ih equations such as (87).

17.1.2.4.6 Two-level fractional factorial experiments

These principles of desightand analysis of two-level factorial experiments can be extended to experimments
involving any number of factors.

See Figure 12 fortan-illustration of a three-factor situation. However, the number of observations in su¢gh an

experiment incréases exponentially with the number of factors. If there are » factors, the number of test pieces
required in aﬁﬂwmwﬂmmﬂmmﬂ&w—
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Table 41 — Observation points

Number of factors

Number of points at which
observations are made

N

2
4
8
16
32

ISO 19003:2006(E)
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N
o

64
128
256
512

1024

It is hot unusual to have experiments with seven or more factors (control variables). Thrift [demands an
expefiment with only a fraction of the experiments in a full design but‘which can still supply information on
impoftant features of the model. If a suitable fraction can be found;the resulting experiment is called a two-

level [fractional factorial.

The theory and method of constructing these fractional experiments is described in textbooks. Aldo software is

available for the automatic design and analysis of these experiments (see Bibliography).

Zd

c ac
bc abc
a
X
Key
X  factor A
Y factorB b ab
Z factor C Y
Figure 12 — A two-level three-factor experimental design
89
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17.1.2.4.7 Composite designs

Whereas two-level factorial experiments, and their fractions, are suitable for fitting models that are linear in the
main effects and including interactions, they are not suitable for estimating curvature of response if it exists.
For example, if there is a single control variable, Equation (81) can be suitable either if the relationship is
genuinely linear for all values of x [see Figure 13 a)] or on the rising or decreasing slope of a quadratic
response [see Figure 13 b)].

However, if the experiment is to be done for a range of x which is close to the peak (or trough) of the quadratic
response, as in Figure 13 c), curvature will have a major effect and should be estimated. This is particularly
important if a purpose of the experiment is to estimate the value of x for which y is a maximum (or minimum).

Equation (81) should then be augmented as follows:
y=a+ b + cx? (88)
Similarly, Eqpiation (87) should be augmented as follows:
Y =ag + [4Xq + oXo + Aq9X4Xg + a4 1x12 + a22x22 (89)

Designs for [these augmented relationships are called augmented or composite ‘designs. The theory and
methodology| of constructing them is described in several textbooks. Software is\available for constructing and
analysing them. Analysis is usually by least-squares regression.

NOTE Sipce most relationships are not linear, two-level experiments are best used only if

a) the rangg between the low and the high levels is so small that the curvature of the response can be neglectedl [see
Figure 13 b)];

b) the number of controlled variables is large and a screening test;is required to identify the important ones;

c) qualitative variables are involved (e.g. N550 vs N330 canbon black, or straining/not straining the stock).

X%

Figure 13 — Quadratic relationship between the dependent variable and a control variable
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Key

X dontrol variable, %«

Y response variable, y

1 linear response

2 gpproximately linear response over the experimental range
3  quadratic response over the experimental range

jo)

Experimental range.

Figure 13 (continued)
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17.2 Methodology

17.2.1 General

17.211 Procedures are presented here for designing and analysing descriptive and comparative
experiments, the principles of which have been explained in 17.1. Examples are shown in boxes.

17.2.1.2 Procedures for the design and analysis of two-level (fractional) factorial experiments, or for
composite experiments, are not included. The necessary theory and methodology are beyond the scope of
this International Standard. Software exists for these procedures to be handled automatically.

17.21.3 F-scores are used in all of the following procedures (see 6.2.7.7). These are standardized-nprmal
variates and are available from published statistical tables. However, for convenience in using this
International|Standard, the extract given in Table 42 should be sufficient.

Table 42 — Z-scores

a(or f) Z, Z,
(one-tail) (two-tail)
0,01 2,326 2,576
0,05 1,645 1,960
0,10 1,282 1,645
0,15 1,036 1,440
0,20 0,842 1,282
0,25 0,675 1,150
0,30 0,524 1,036
0,35 0,385 0,935
0,40 0,253 0,842

17.2.2 Descriptive experiments

The mean of a standard material_shiould be reported with a specified confidence interval, 2¢,. The configence
interval should be stated as a pefcentage confidence as given by the equation:

2¢,=100(1 - a) (90)

The procedure is assfollows:

a) Obtain griCestimate of the underlying population variance, o2, by a preliminary experiment in which at
least five Tandomiy setected pieces are tested:

2 =2
b) State the desired half width of the confidence interval, ¢,.
=1
c) State « as representative of the required confidence interval.
For a 95 % confidence interval:
a=0,05
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d) Look up the corresponding two-tail value of Z,,.

Z,=1,96

e) Calculate N as the integer nearest to the value of 0,5 + (Z,, o/cl)z.

N=8

f)  Obtain a more conservative value of N by repeating the calculation using the corresponding ¢, value with
the first estimate of N as the entry point in the table of -values (see Table 11). This is achieved in two
steps as follows:

1) Look up the corresponding two-tail value of ¢, for N degrees of freedom.

t,=2,12

2) Calculate N as the integer nearest to the value of 0,5 + (z,, O'/c|)2.

N=9

g) Repeatsteps 1) and 2) in f) until a stable value of N is achieved:
17.2.3 Comparative experiments

17.2.3.1 Comparison against a standard
The yinderlying population of a property measure of‘the standard material has a known mean g, and known
variahce o2. Assuming that the property of the_new material has the same variance (which can be checked
later), the size of the sample needed to detect’an’improvement of at least § can be calculated.
The procedure is as follows:
a) $tate the object of the trial.
Ho' i 5 Ho
Hal i 3 Ho
(single-sided)

b) Choose a-BY0.

a=0,0%
B=001
o=1
c) Look up the value of Z, (single-sided normal).
Z,=1,645
d) Look up the value of Zg.
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e) Compute N, where N is the integer nearest to the value of the expression:

05+ (Z, + 2P A&

if 62 =2,
then N =32

17.2.3.2 Comparison of two materials with independent samples

Two samples are drawn from different populations. The variances, o2, are equal and known. The comparison
will indicate if the two populations are the same The procedure is as follows

a) State th¢ object of the trial.

Hy' giq = 1o
Ha: /,l»] * /,l2
(double-sided)

Equivalgntly: Hgq: pp < pq with /2 risk

Hyo: pip > g With /2 risk

b) Choosela, g, &2, o2

a=0,01
£=0,02
#=1
2 =2
c) Look up|the value of Z,, (double-sided normal).
Z,=2,576
d) Look up|the value of Zg (single~sided normal).
Zg= 2,054
e) Compute Ny, where
N1 F N2 = N
and is thednhteger nearest to the value of the expression:
0,5+ 2(Z, +Zp)? P
N=286
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17.2.3.3 Comparison of two materials with paired samples

The p

rocedure is as follows:

a) State the object of the trial.

Hy: phgis
Hy: phgis

b) Choose a, B, §and estimate (oyi)?.

o=0,10
£=0,05
o=1
ot = 247
=2
c) llook up the value of Z , (single-sided normal).
Z,=1,28p
d) Look up the value of Zg (double-sided normal).
Zp=1,64p
e) Compute N pairs, where N is the integernearest to the value of the expression:
0,5+ (Z,+ Zp)? (26%)/
N=18

17.2.4 Response experiments

Thes|
and t

17.3

17.3.

INOTE If the variance of the underlying population is o and the variances of both populations are-3
the same, then the variance of the difference between two values, one from each population, is 24

=0
>0

ssumed to be

e include two-level factorials and composite designs. They are not covered in this Internatio
he references given should be consulted. Some examples are given in 17.3.3.

Applications to rubber testing

1 Descriptive experiments

nal Standard

17.3.1.1 Refinement of confidence limits

Reference should be made to 14.3.2, which considers an example of stress relaxation. When the procedure
given in 17.2.2 is followed, the following results are obtained:

a) o=0,31 (Standard deviation of 0,31 % per decade.)

b) 6=0,34 (The half width of the requested confidence interval is 5 % of 6,8 % which is 0,34 %.)

c) a=0,01 (A 99 % confidence interval is required.)

d Z,=2576 (A two-tail figure is needed so that « is split between the two extremes of the distribution.)

©1S0
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e) (Z,010)

Roundin

=5,52

gup:N=6

f)  When steps 1) and 2) are repeated as necessary, the following results are obtained:

1) 1,=

4,032 (Table 11: two-sided: 99 %: n = 6)

—
—
~
~
Il

3,012 (Table 11: two-sided: 99 %: n = 14)

3,499 (Table 11: two-sided: 99 %: n = 8)

3,169 (Table 11: two-sided: 99 %: n = 11)

—

3,355 (Table 11: two-sided: 99 %:n=9)

3,25 (Table 11: two-sided: 99 %: n = 10)

9

Thus repeatgd iteration/gives a value of N that oscillates between 9 and 10. The more reliable choice yould

be 10.

17.3.1.2 Refinement-of-apassfail-status

Reference should be made to 14.3.3, which considers an example of permeability. When the procedure given
in 17.2.2 is followed, the following results are obtained:

a) o=145 (1,45 x 10715 m2.s-1.Pa—1)

b) =11 [(6,1 - 5) x 10715 m2.s~1.Pa~]

c) «a=0,05 (95 % confidence required.)

d Z,=1,645 (A one-tail figure is needed because the concern is only that the permeability should not
be less than 5 x 101 m2 s~1.pa-1)
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e)

f)

First

Second repeat:

Thus|seven test pieces are needed.

17.3.

Refefence should be made to 14.3.3. In this application, let the standard rubber memb
permieability of 5x 10-1° m2.s~1.Pa~1 with.ta "known standard deviation of o= 1,45x 10-1°
Assuming that the permeability of the new.material has the same variance, the size of the samg
deteqt an improvement, &, of at least 1.x)10-1® m2.s=1.Pa~1 can be calculated. When the proce

17.2

a)

b)

c)

d)

4) N=7

.2 Comparative experiments

ISO 19003:2006(E)

(Z,0102 =47

Roundingup: N=5

When steps 1) and 2) are repeated as necessary, the following results are obtained:

1) t,=2,132 (Table 11: one-sided: 95 %: n = 5)

2) N=8

repeat:

3) ¢,=1895 (Table 11:one-sided: 95 %: n = 8)

%) t,=1,943 (Table 11: one-sided: 95 %: n=7)

$) N=7

2.1 Comparison of a new material against a standard material

.B.1 is followed, the following results are obtained:

lLet the true mean permeability of the standard material be 1 and the true mean permeabili
material be 4.

"hen

Hy: uy=dty  (Null hypothesis is that there is no difference.)

Hy 1y > 1y (Alternative hypothesis is that there is an increase in permeability: a one-si

ane have a
m2.s—1.Pa-1.
le needed to
jure given in

ty of the new

jed change.)

a, B, oare chosen.

a=0,05 (In order to look for a 95 % confidence interval.)
p£=0,05 (In order to have a 95 % chance of detecting the difference if it exists.)
5=1 (Only a difference of at least 1 x 10-15 m2.s~1.Pa~1 would be deemed

technical merit.)
Z,=1,645

Zg=1,645

© 1SO 2006 — All rights reserved
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e) [(Z,+Zpold? =225
Rounding up: N =23
17.3.2.2 Comparison of two materials using independent samples
Reference should be made to 7.3.3. A single compound material is tear-tested by two laboratories to discover
if there is any bias one way or another in the tear-testing methods. It is assumed that there is no difference in

the test pieces supplied to the two laboratories. The true mean values and variances are the same. However,
there can be a difference between the measured results, caused by a difference in the measuring equipment

or method.

Let 9, be the

true mean measured value obtained by laboratory 1 and y, be the true mean measured

value

obtained by lpboratory 2.

From experignce, or a preliminary trial, it is known that with this material a standard deviation;g, of 0,9 can be
expected.

A prior specification could be that a difference, 6, of more than 1 would trigger a technical enquiry.

When the pr@cedure given in 17.2.3.2 is followed, the following results are obtained:

a) The altefnative hypotheses are:
Hy:luq = 1y (The laboratory test methods produce the same results.)
Hy g # pg  (The laboratory test methods produce different results even when testing the pame
materials.)
b) «, B, 6, ¢are chosen.
a=00,05 (In order to look for a 95 %-confidence interval.)
£=pP,1 (In order to have a 90 % chance of detecting the difference if it exists.)
o=
c=10,9
c) Z,=1,940 (two-sided)
d) Zg= 1,282 (one-sided)
e) 2(Z,+ Zp202F=17,08
Roundingup- =18

Thus 36 test pieces should be cut from the source material and randomly allocated, 18 to each laboratory.
The original positions of the 36 pieces should be recorded in case widely divergent values suggest that there
could have been segregation of material composition and properties in the source material.

17.3.2.3 Comparison of two materials with paired samples

17.3.2.3.1 Example 1

Random allocation was recommended in 17.3.2.2. An alternative would be to cut sample test pieces in pairs.
Their adjacency would ensure that the effect of any segregation of properties for the source material would be
minimized.
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The two pieces in each pair should be labelled A and B, then a random sequence of As and Bs should be

used to allocate the test pieces to the two laboratories.
Thus, if N =12, a random sequence could be:
laboratory : BABBABAABBBA

laboratory2:. ABAABABBAAAB

In this experiment, the variable of interest is the difference between the measured values of each pair of test

pieces.

Whe||1 the procedure given in 17.2.3.3 is applied, the following results are obtained:

a) 1{0 Hdiff =0

NOTH 1  This is the null hypothesis that there is no mean difference between the measured valu

laborgtories.

Mo tgigs > 0

NOTH 2  The alternative hypothesis is that there is a difference.
b) dyir = o2

=0,90 x 1,414

=1,273

Using the same values as those in 17.3.2.2;
a=0,05;

£=0,1;

o=1.

c) 4,=1,645

NOTE This is a single-sided value.

d) 253=1,282

NOTH This is a single-sided value.

bs of the two

e) (Z,+Z X225 =13388

Rounding up: N =14

Thus 14 pairs of test pieces should be cut from the source material. In this case a comparison with paired

samples is cheaper than a comparison with independent samples.
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17.3.2.3.2 Example 2: A comparison of resistance to wear

There is a choice of two materials, A and B, for making rubber soles for boys’ shoes. One experimental design
would be to provide one group of boys with shoes soled with material A and a second group with shoes soled
with material B. However, if the boys vary greatly in the rates at which they wear out shoes, any difference
between the two materials could be hidden. A paired design would remove much of that variability. Each boy
would be given a pair of shoes with the sole of one shoe made from material A and the sole of the other from
material B. The choice of which was left or right for each boy would be determined by randomization.

A preliminary trial reveals that the standard deviation, o, of wear after a month is 2 mm. It is agreed that a
difference, 6, between means of 1 mm will be sufficient to rule that one material is better than the other. It is

necessary torcatcutate-howmanypairs-of-shoes—shoutd-bemade-imordertodemonstrate-with-a—confider
95 % (a=0,05) that a difference of 1 mm is statistically significant. It is also specified that there should
95 % chance (5 = 0,05) of detecting that difference if it exists.
When the prgcedure given in 17.2.3.3 is applied, the following results are obtained:
a) Hy: pimgitt = 0
NOTE 1 [ The null hypothesis is that the wear rates of the two materials are the same.
Hy: phagite > 0
NOTE 2 | The alternative hypothesis is that there is a difference.
b) o=2
Therefore
it = ON2
=2x 1,414
=2,828
In additipn
a=[0,05;
£=D,05;
o={l.
c) Z,=1645
NOTE ThIS 1S a single-sided value.
d) Zz=1,645
NOTE  This is a single-sided value.

e) (Z,+Zp2(207)/5 = 86,59

Roundin

100

gup: N=87

ce of
be a
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Thus 87 pairs of shoes should be made and allocated to boys for a month’s wear.

It is instructive to repeat this calculation using different values of ¢, g, 6, o.

17.3.3 Response experiments

17.3.3.1 Two-level factorial designs

17.3.3.1.1 A nitrile rubber compound is being developed to have:

a)

b)

The types of factor that the technologist would want to examine would be;

The

leveld

Good fluid resistance.

ISO 19003:2006(E)

+OTE1 The volume swell should be as low as possible when a test piece is immersed in a

ccordance with 1ISO 1817.

Good low-temperature characteristics.

(28 %), grade 2 (34 %) and grade 3 (40 %);

(p.h.r.);

4) the type of carbon black, typically N550 and N330;

2) the type of plasticizer used, typically dioctyl phthalate (DOP) and butylcarbitoladipate (B

%) the amount of carbon black, typically-from 30 p.h.r. to 70 p.h.r.

gtandard oil in

NOTE 2 The brittleness temperature should be as low as possible when measured in“accordance with ISO 812.

1) the grade of nitrile rubber as characterized by the acrylenitrile (ACN) content, typigally grade 1

LA);

3) the amount of plasticizer, typically from 10 pafts per hundred to 30 parts per hundred of rubber

grading of the nitrile rubber into.three distinct grades presents a problem. They are ordergd into three
5 of ACN and can crudely be freated as a continuous variable. However, a better design

and analysis

wouldl follow if the experimental(leyels of ACN could be chosen at any points between 28 % and 40 %. Also,

since

chooging two grades whosé ACN values are close together.

17.3.

a)

b)

B.1.2 The spegcification for the experimental design is:
Response variables:

1) Yyds.the fluid resistance as measured by fluid swell;

2) Y, is the britfleness temperature

this is a wide range of ACN, a linear model appropriate to a two-level design is bettgr served by

Control variables:

1) X;=GRADE: low level 1, high level 2;

2) X, =PLAS: two levels DOP (level 1) and BCA (level 2);

3) X3=PX:low level 10 p.h.r,, high level 15 p.h.r;

4) X, =BLACK: two levels N550 (level 1) and N330 (level 2);

5) Xg=BX:low level 30 p.h.r., high level 40 p.h.r.
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PX and BX are the amounts of plasticizer and black, respectively.

NOTE The ranges of the continuous variables, X;, X3, X5, have been chosen so that they are wide enough for some
effects to be observed, but not so wide as to cover all possibilities. Wider ranges can include large quadratic (curvature)
effects that would obscure the main linear effects. See 17.1.2.4.7.

17.3.3.1.3 Without any prior knowledge about interactions, the experiment should be designed to permit the
estimation of all 10 first-order interactions:

— GRADE.PLAS

— GRADERX

— GRADE|BLACK
— GRADE|BX

— PLAS.PX
— PLAS.BLACK
— PLAS.BX
— PX.BLACK
— PX.BX
— BLACK.BX

If there were|more factors, some consideration could be given to selecting interactions for inclusion accqrding
to the results| of earlier experiments or a deep knowledge of the controlling physics and chemistry.

17.3.3.1.4 With this specification, the experimental design given in Table 43 is produced.
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Table 43 — Experimental design for nitrile rubber compound development (full factorial analysis)

Observation GRADE PLAS PX BLACK BX
1 1,0 1,0 10,0 1,0 30,0
2 2,0 1,0 10,0 1,0 30,0
3 1,0 2,0 10,0 1,0 30,0
4 2,0 2,0 10,0 1,0 30,0
5 1,0 1,0 15,0 1,0 30,0
6 2,0 1,0 15,0 1,0 30,0
- 46 20 15-6 40 40,0
8 2,0 2,0 15,0 1,0 40,0
9 1,0 1,0 10,0 2,0 30,0
10 2,0 1,0 10,0 2,0 30,0
11 1,0 2,0 10,0 2,0 30,0
12 2,0 2,0 10,0 2,0 30,0
13 1,0 1,0 15,0 2,0 30,0
14 2,0 1,0 15,0 2,0 30,0
15 1,0 2,0 15,0 2,0 30,0
16 2,0 2,0 150 2,0 30,0
17 1,0 1,0 10,0 1,0 40,0
18 2,0 1,0 10,0 1,0 40,0
19 1,0 2,0 10,0 1,0 40,0
20 2,0 2,0 10,0 1,0 40,0
21 1,0 1,0 15,0 1,0 40,0
22 2,0 1,0 15,0 1,0 40,0
23 1,0 2,0 15,0 1,0 40,0
24 2,0 2,0 15,0 1,0 40,0
25 1,0 1,0 10,0 2,0 40,0
26 2,0 1,0 10,0 2,0 40,0
27 1,0 2,0 10,0 2,0 40,0
28 2,0 2,0 10,0 2,0 40,0
29 1,0 1,0 15,0 2,0 40,0
30 2,0 1,0 15,0 2,0 40,0
31 1,0 2,0 15,0 2,0 40,0
32 2,0 2,0 15,0 2,0 40,0

This is a full factorial analysis (2° = 32 observations). With fewer interactions selected, a half-factorial of 16
observations, or even a quarter-factorial of eight observations, could be possible.

The 32 test pieces should be prepared in a random order. They should be tested for fluid resistance, Y4, in a

second random order and tested for brittleness temperature, Y,, in a third random order. The measured
results should be analysed using least-squares regression analysis.

17.3.3.2 Two-level fractional factorial design
17.3.3.2.1 Suppose that, from previous experience, only one interaction (PX.BX) is believed to be effective

and the available budget forces the use of the smallest possible experiment. A two-level fractional factorial
experiment, a quarter-factorial, is produced. This is shown in Table 44.
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Table 44 — Experimental design for nitrile rubber compound development (quarter-factorial)

Observation GRADE PLAS PX BLACK BX

1 1,0 1,0 10,0 1,0 30,0

2 1,0 1,0 15,0 2,0 30,0

3 1,0 2,0 10,0 2,0 40,0

4 1,0 2,0 15,0 1,0 40,0

5 2,0 2,0 10,0 2,0 30,0

6 2,0 2,0 15,0 1,0 30,0

1 2,0 1,0 10,0 1,0 40,0

B 2,0 1,0 15,0 2,0 40,0
17.3.3.2.2 This is a small experiment, a quarter-factorial, and there are two dangers assoeiated with it:
a) there colild be some interactions other than the one specified (PX.BX);
b) there copld be insufficient information for error analysis and for satisfactory testing of the fitted model.

These dangs
Alternatively,
1)

2) the

17.3.3.3 Composite designs

17.3.3.31
analysing thd
using the pl3
carbon black

NOTE

1)
2)

™
high

low

17.3.3.3.2
Table 45.

more interactions can be introduced so that a half design*(16 observations) would be produced;

rs should be traded against the economic advantage of a smalMéxperiment.

there are two approaches to dealing with these dangers:

experiment can be replicated so that two test pieces would be made for each observation po

Buppose that, after running the experiment specified in 17.3.3.1, or the one in 17.3.3.2

results, the indications are that the optimum values of the two response variables are ach
sticizer DOP and the carbenblack N550, with high levels of plasticizer (PX) and high lev
(BX). At this stage, an experiment to fit a quadratic response function would be appropriate.
e two response variables are:

fluid resistance as.measured by low volume swell;

prittleness tempéerature.

A\ specification for this further experiment to discover the best composition could be as giv

int.

and
eved
Bls of

en in

Table 45 — Experimental specifications for nitrile rubber compound development

(quadratic response function)

Variable

Low High Increment Interactions Quadratic terms

GRADE
PX (using DOP)
BX (using N550)

GRADE.PX
GRADE.BX
PX.BX

1
18
40

3
30
70

1
2
5

(GRADE)?
(PX)?
(BX)?

NOTE

PX and BX are measured in parts per hundred of rubber (p.h.r.).

104
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This would produce the composite design given in Table 46.

Table 46 — Experimental design for nitrile rubber compound development
(quadratic response function)

17.3.
(mea

J

for each of the response variables.

NOTH

Thes|
meas

18 3

Observation GRADE PX BX
1 1,0 20,0 45,0
2 3,0 20,0 45,0
3 1,0 28,0 45,0
5 1,0 20,0 65,0
6 3,0 20,0 65,0
7 1,0 28,0 65,0
8 3,0 28,0 65,0
9 1,0 24,0 55,0
10 3,0 24,0 55,0
11 2,0 18,0 55,0
12 2,0 30,0 55,0
13 2,0 24,0 40,0
14 2,0 24,0 70,0
15 2,0 24,0 55,0
16 2,0 24,0 55,0

B.3.3 An experiment carried out -according to this design would produce obse
surements of the response variables).which would permit the fitting of a model of the form:

=a+ b1)C1 + b2)€2 + b3)€3 + C1)C12 + C2X22 + C3X32 + d1X1X2 + d2)C1)C3 + d3)C2X3

Random orders‘of)preparation and testing should be used.

e fitted modelshcan then be used to make a close estimate of the optimum conditions,
ures of confidence of those estimates based on analysis of variation of responses.

Statistical quality control

rved values

(91)

ogether with

18.1

Principles

Variation in the quality of any product (or service) is inevitable, but the application of statistical principles to
data systematically gathered on the product enables decisions and courses of action to be taken which can
significantly reduce the amount of reject material produced. In processes of any complexity, there will be
several stages of quality control applied at key points in the manufacturing process, but at each stage the
principle is the same, i.e. to monitor the process so that deviations which are unlikely to have occurred by
chance can be detected quickly and corrective action taken to bring the process back into statistical control.
The question of sampling is dealt with in Clause 13.
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