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Foreword

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

The procedures used to develop this document and those intended for its further maintenance are
described in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed for the
different types of ISO documents should be noted. This document was drafted in accordance with the
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Details of
any patent rights identified during the development of the document will be in the Introduction and/or
on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation on the meaning of ISO specific terms and expressions related to conformity assessment,
as well as information about ISO’s adherence to the World Trade Organization (WTO) principles in the
Technical Barriers to Trade (TBT) see the following URL: www.iso.org/iso/foreword.html

The committee responsible for this document is ISO/TC 69, Applications of statistical methods,
Subcommittee SC 4, Applications of statistical methods in process management.

This second edition of [SO 22514-7 cancels and replaces the corrected version of the first edition
[ISO 22514—2:2013h, of which it constitutes a minor revision.

The changes compared to the previous edition are as follows:

)2)
pky’ T pk,

— in Table 2, row “Location”, column “C”, the letter “s” has been replaced by “s/r”;

— the symbols and indicesin C_, , C and P, have been improved;
pk; pky

— in Table 2, row “Location”, column “D”, the capital letter “S” has been replaced by “s/r”;

— in Table 3, row “Location method label”, rows “3” and “4” - in Formulae (13) and (14) the usage of
indices has been improved and it is more precise now;

— editorial adjustments have been made to comply with the latest edition of the ISO/IEC Directives,
Part 2, 2016.

Alist of all parts in the ISO 22514- series, published under the general title Statistical methods in process
management — Capability and performance, can be found on the ISO website.

iv © ISO 2017 - All rights reserved
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Introduction

Many standards have been created concerning the quality capability/performance of processes by
international, regional and national standardization bodies and also by industry. All of them assume
that the process is in a state of statistical control, with stationary, normally distributed processes.
However, a comprehensive analysis of production processes shows that, over time, it is very rare for
processes to remain in such a state.

In recognition of this fact, this document provides a framework for estimating the quality
capability/performance of industrial processes for an array of standard circumstances. These
circumstances are categorized based on the stability of the mean and variance, as to whether they are
constant, changing systematically, or changing randomly. As such, the quality capability/performance
can be assessed for very differently shaped distributions with respect to time.

In other parts of ISO 22514 more detailed information about calculations of indices can be found. It
should be noted that where the capability indices given in this document are computed they only form
point estimates of their true values. It is therefore recommended that wherever possible the indices’
confidence intervals are computed and reported.

© IS0 2017 - All rights reserved v
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Statistical methods in process management — Capability
and performance —

Part 2:
Process capability and performance of time-dependent
process models

1 Scope

This document describes a procedure for the determination of statistics for estimating the quality
capability or performance of product and process characteristics. The process results of these quality
characteristics are categorized into eight possible distribution types. Calculation formulae for the
statistical measures are placed with every distribution.

The statistical methods described in this document only relate to continuous quality characteristics.
They are applicable to processes in any industrial or economical sector.

NOTE This method is usually applied in case of a great number of serial process results, but it can also be
used for small series (a small number of process results).
2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

[SO 5479, Statistical interpretation of data — Tests for departure from the normal distribution

3 Terms definitions, symbols and abbreviated terms

For the purposes of this document, the terms and definitions given in [SO 3534-2 and [SO 22514-1}, and

the symbols and abbreviated terms given below, apply.
ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— IEC Electropedia: available at http://www.electropedia.org/

— ISO Online browsing platform: available at http://www.iso.org/obp

3.1 Symbols
Cp process capability index
Cpk minimum process capability index
Cpk lower process capability index
L
C upper process capability index
pkU
C4 constant based on subgroup size n

© IS0 2017 - All rights reserved 1


http://www.electropedia.org/
http://www.iso.org/obp
http://dx.doi.org/10.3403/00309900U
http://dx.doi.org/10.3403/30126054U

BS ISO 22514-2:2017
IS0 22514-2:2017(E)

A dispersion of the process

Ay, difference between Xnmiq and Xp 135 9, of the distribution of the product characteristic
Ay difference between X99 g65 9, and Xmiq of the distribution of the product characteristic
dy constant based on subgroup size n

k number of subgroups of the same size n

u average location of the process

L lower specification limit

M4 calculation methods with location method label / and dispersion method label d
N sample size

pL lower fraction nonconforming

Pt total fraction nonconforming

pu upper fraction nonconforming

Py process performance index

Ppk minimum process performance index

PpkL lower process performance index

PpkU upper process performance index

R; range of the ith subgroup

S standard deviation, realized value

o standard deviation, population

S standard deviation, sample statistic

S; observed sample standard deviation of the ith subgroup

St standard deviation, with the subscript “t” indicating total standard deviation

U upper specification limit

X0,135 % 0,135 % distribution quantile

X99,865 % 99,865 % distribution quantile
X50 9 50 % distribution quantile

Xmid distribution midpoint
3.2 Abbreviated terms

ANOVA analysis of variance

SPC statistical process control

2 © IS0 2017 - All rights reserved
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4 Process analysis

The purpose of process analysis is to obtain knowledge of a process. This knowledge is necessary for
controlling the process efficiently and effectively so that the products realized by the process fulfil
the quality requirement. It is a general assumption of this document that a process analysis has been
carried out and subsequent process improvements have been implemented.

The behaviour of a characteristic under consideration can be described by the distribution, the location,
the dispersion and the shape, parameters of which are time-dependent functions, in general. Different
models of such resulting distributions the parameters of which are time-dependent functions are
discussed in Clauses 6 and 7. To indicate whether a time-dependent distribution model fits, statistical
methods [e.g. estimating parameters, analysis of variance (ANOVA)] including graphical tools (e.g.
probability plots, control charts) are used.

The values of the characteristics under consideration are typically determined on the basis of samples
taken from the process flow. The sample size and frequency should be chosen depending on the type
of process and the type of product so that all important changes are detected in time. The samples
should be representative for the characteristic under consideration. To asses the stability of the process
a control chart should be used. Information on the use of control charts can be found in .

5 Time-dependent distribution models

The instantaneous distribution characterizes the behaviour of the characteristic under investigation
during a short interval. Usually, it is the time interval during which the sample (e.g. the subgroup) can be
taken from the process. Observing the process continuously in time for a longer time interval the output
from the process is called the resulting process distribution and it is described by a corresponding
time-dependent distribution model that reflects

— the instantaneous distribution of the characteristic under consideration, and

— the changes of its location, dispersion and shape parameters during the time interval of process
observation.

In practice, the resulting distribution can be represented by the whole data set, e.g. when SPC is applied,
by all subgroups gained during the interval of the process observation.

Time-dependent distribution models can be classified into four groups according to whether the
location and dispersion moments are constant or changing (see Table 1).

a) A process whose location and dispersion are constant is in time-dependent distribution model A.
In this case only, all the means and variances of the instantaneous distributions are equal to each
other and they are equal to the resulting distribution.

b) If the dispersion of a process is changing with time, but the location stays constant, the process is
said to be in time-dependent distribution model B.

c) If the dispersion is constant, but the location is changing, we have time-dependent distribution
model C.

d) Otherwise, we have time-dependent distribution model D.

© IS0 2017 - All rights reserved 3
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For changing moments, the models can be classified according to whether the changes are random,
systematic or both.

NOTE Model A2 is known as stationary in time-series analysis literature and model A1 is known as second
order stationary.

Table 2 summarizes the basic features of individual time-dependent distribution models; their graphical
representations are given in Figures 1 to 8. There are subclasses of time-dependent distribution models
A and C which are introduced due to their practical importance. They differ in the shape of the resulting
distribution and in the cause of the process being in an out-of-control state.

Table 2 — Basic features of time-dependent distribution models

L Time-dependent distribution modelsa
Characteristic
Al A2 B Cc1 Cc2 C3 C4 D

Location c c c r r S s/r s/r
Dispersion c c s/r c c o c s/r
Instantaneous distribution nd 1m nd nd nd as as as
Resulting distribution nd 1m 1m nd 1m as as as
Figure 1 2 3 4 5 6 7 8
Location/dispersion:
c parameter remains constant
r parameter changes randomly only
S parameter changes systematically only

Instantaneous/resulting distribution:

nd normally distributed
1m not normally distributed, one mode only
as any shape

a  The choice of the model is a result of process analysis.

For each time-dependent distribution model, several instantaneous distributions are shown as a
function of time; the related resulting distribution is shown as well. These distributions are not drawn
to scale.

The choice of models and their verification requires extensive data analysis. This will usually require
the use of statistical software.

Time-dependent distribution model A1l (see Figure 1) has the following characteristics (e.g. the
measured length of an item from a process in a state of statistical control):

— location: constant;

— dispersion: constant;

— instantaneous distribution: normally distributed;
— resulting distribution: normally distributed.

This process is under statistical control.

© IS0 2017 - All rights reserved 5
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a) Time-dependent distribution model A1

RN IRRRARREN)

Al-Model [mm] -
L=
=]
E

® »
w  w
=] o
Liaagl

19,85

sl i

19,80

L S S N IS S s e s
100 150 200 250
Value No. =

=]
wn
=

b) Example of run chart model A1
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c) Example of histogram model A1

a  Resulting distribution.

Figure 1 — Graphical representation of time-dependent distribution model A1

Time-dependent distribution model A2 (see Figure 2) has the following characteristics (e.g. the surface
roughness of an item as an example for a physically limited characteristic):

— location: constant;

— dispersion: constant;

— instantaneous distribution: not normally distributed, unimodal;

— resulting distribution: not normally distributed, unimodal.

© ISO 2017 - All rights reserved
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This process is under statistical control.

a

X

a) Time-dependent distribution model A2
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b) Example of run chart model A2 c) Example of histogram model A2
Key
X characteristic value Y time a  Resulting distribution.

Figure 2 — Graphical representation of time-dependent distribution model A2
Time-dependent distribution model B (see Figure 3) has the following characteristics (e.g. different
wear of the spindles on a multiple-spindle automatic machine with equal centring):

— location: constant;
— dispersion: systematic or random variation;

— instantaneous distribution: normally distributed;

© IS0 2017 - All rights reserved 7
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— resulting distribution: not normally distributed, unimodal.

This process is not under statistical control.

a) Time-dependent distribution model B
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b) Example of run chart model B c) Example of histogram model B
Key
X characteristic value Y time a  Resulting distribution.

Figure 3 — Graphical representation of time-dependent distribution model B

Time-dependent distribution model C1 (see Figure 4) has the following characteristics (e.g. different
centring of workholding fixtures):

— location: random (normally distributed);

— dispersion: constant;

8 © IS0 2017 - All rights reserved



— instantaneous distribution: normally distributed;

— resulting distribution: normally distributed.

This process is not under statistical control.
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a) Time-dependent distribution model C1
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b) Example of run chart model C1
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c) Example of histogram model C1

Resulting distribution.

Figure 4 — Graphical representation of time-dependent distribution model C1

10

Time-dependent distribution model C2 (see Figure 5) has the following characteristics (e.g. fixed tools):

— location: random (not normally distributed, unimodal);

— dispersion: constant;

© IS0 2017 - All rights reserved
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— instantaneous distribution: normally distributed;

— resulting distribution: not normally distributed, unimodal.

This process is not under statistical control.

X

a) Time-dependent distribution model C2
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b) Example of run chart model C2 c) Example of histogram model C2
Key
X characteristic value Y time a  Resulting distribution.

Figure 5 — Graphical representation of time-dependent distribution model C2

Time-dependent distribution model C3 (see Figure 6) has the following characteristics:

— location: function oriented (e.g. trend, caused by wear, and cycle);

— dispersion: constant;

10

© ISO 2017 - All rights reserved



BS ISO 22514-2:2017
IS0 22514-2:2017(E)

— instantaneous distribution: any shape whatever;
— resulting distribution: any shape whatever.

This process is not under statistical control.
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a) Time-dependent distribution model C3
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b) Example of run chart model C3 c) Example of histogram model C3
Key
X characteristic value Y time a  Resulting distribution.

Figure 6 — Graphical representation of time-dependent distribution model C3

Time-dependent distribution model C4 (see Figure 7) has the following characteristics:
— location: systematic and random change (e.g. tool changes or change of batches);

— dispersion: constant;

© IS0 2017 - All rights reserved 11
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— instantaneous distribution: any shape whatever;
— resulting distribution: any shape whatever.

This process is not under statistical control.
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b) Example of run chart model C4 c) Example of histogram model C4
Key
X characteristic value Y time a  Resulting distribution.

Figure 7 — Graphical representation of time-dependent distribution model C4

Time-dependent distribution model D (see Figure 8) has the following characteristics (e.g. multi-stream
processes):

— location: systematic and random change;

12 © IS0 2017 - All rights reserved
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— dispersion: systematic and random change;
— instantaneous distribution: any shape whatever;
— resulting distribution: any shape whatever.

This process is not under statistical control.
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Figure 8 — Graphical representation of time-dependent distribution model D
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6 Process capability and performance indices
6.1 Methods for determination of performance and capability indices — Overview

6.1.1 General

As detailed in the preceding clauses, the basis for determination of process capability and performance
statistics is the distribution of characteristic values of a product characteristic.

The calculation of the performance indices, as well as the capability indices is based on the location and
dispersion of characteristic values with respect to the tolerance.
A general graphical representation is shown in Figure 9.

L u
Specification

+—

A, Ay

A=X

99,865% X

0135% = A1t Ay

X

0,135% X

99,865%

Figure 9 — Graphical representation of the general geometric method

In Figure 9, Xniq indicates the location of the process and A indicates the dispersion of the process.
Their exact definitions, depending on the method, will be given later. The dispersion is bounded by the
lower reference limit Xg 135 9, and the upper reference limit X99 8¢5 9. Then we have

Ap=Xmia —X0,135 % (1)

and

Ay =X99865 0% —Xmid (2)

The process performance indices are defined by ratios of length of a geometric parameter of the
distribution to the specified tolerance.

14 © IS0 2017 - All rights reserved
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Process performance index:

U-L
P = 3)

Lower process performance index:

X, vig — L
Poie, =20 — “
pPKp, AL
Upper process performance index:
U-X
Poky =—— 4 (5)
PKy AU
Minimum process performance index:
Py =min (P, P, ) (6)

If a process is shown to be in the state of statistical control, a capability index can be assigned. The
formulae are the same as for the corresponding performance index.

Capability index:

U-L
CP:T (7)

Lower capability index:

X pnig—L

Cpr, =—28— (8)
pPKp AL
Upper capability index:
U-X_;
Cory == )
U

Minimum capability index:
Cpie=min(Cpic, Cpicy ) (10)

There are different estimators for the location, y, and the dispersion, A, of a given data set.

IMPORTANT — It should be emphasized that a quantitative comparison of the performance or
capability indices calculated according to the different methods is not meaningful and should
not be done.

6.1.2 Calculation of location

The location of the process, Xmiq, can be calculated using one of the formulae given in Table 3.

© IS0 2017 - All rights reserved 15
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Table 3 — Different methods for calculation of location

Location method Calculation method of location/Formula No.
label, [ M4
1 Xmid=§=7zxi (1
X/ p+1
R 2 ;nodd
2 Xmid =X = Xsg9, = . order statistic x; (12)
= X/ \tX/, ;neven
L) )
2 2
A - 1 k
3 mid=x=;2’<1 (13)
j=1
A - 1 k
; =AY, a8
j=1
x; individual values
n  number of values
}j average of the jth subgroup
k  number of subgroups of size n
)N(j median of the jth subgroup

6.1.3 Calculation of dispersion

The dispersion of the process can be calculated using one of the formulae given in Table 4.

16
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Table 4 — Different methods for calculation of dispersion

Dispersion method Calculation method of dispersion/Formula No.
label, d Mj,q
g = X 0 — X 0/
1 99,865 % 0,135% (15)

AU =X998650 ~Xmid; AL =Xmida —X0,135%

- 251'2 (16)

2 2=68‘; £U=38'; £L=38' where o = p
A A ~ ~ ~ ~ S;
3 A=60; Ay =30; AL =30 wherea:Z ! (17)
k‘C4
~ ~ ~ ~ ~ ~ ~ R
4 A=60; Ay =30; AL =30 wherecr:Z ! (18)
k-d,
A Aa A A A ~ 1
5 A=60; Ay =30; AL =30 where6=st=\/—2(xi—)?)2 (19)
n-1

52

i variance of the ith subgroup

s; standard deviation of the ith subgroup
k  number of subgroups of size n
R; range of the ith subgroup

st standard deviation of the whole data set

See [SO 7870-2 for tables of c4 and dycoefficients.

M, 4 is used as a symbol for the calculation method. The subscript I refers to an equation for calculation
of the estimator for the location u [Formulae (11) to (14)]. The subscript d refers to an equation for
calculation of the estimator for the dispersion 4 [Formulae (15) to (19)].

6.1.4 Calculation of X¢ 135 9 and X99 865 9
The three procedures that can be used to estimate the Xp 135 9, and X99 865 9, are the following.
a) Fitadistribution to the combined data set, and estimate them from the fitted resulting distribution.

b) Estimate them directly from the combined data set. In order to obtain reliable estimate of X 135 o,
and Xo9 865 9, in this procedure, the size of the given data set must be large. For instance, for a
combined sample sizes of 1 000, Xo,135 9 and Xg9 ge5 9, are taken to be the minimum and maximum
value of the data set.

c) Estimate them from a probability plot in accordance to ISO 5479). If the data do not form a normal
distribution it may become necessary to employ a different worksheet.

The symbol for the calculation of an index should be M; 4, where [ defines the calculation method for
location and d defines the calculation method for the dispersion.

EXAMPLE The calculation method My 7 is based on calculation of average and variance.
— The estimator A for d =1 is the most general one, it may be used under all conditions.

— The estimators A for d = 2, 3 and 4 estimate the subgroup spread only. They should be used for process
model Al only because they neglect the differences between subgroups.
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— The estimators A ford=2, 3,4 and 5 assume that the data are normally distributed. Otherwise, their result
is biased depending on the type of distribution.

NOTE A is also called the reference interval.

6.2 One-sided specification limits

One-sided specification limits can be treated in the same manner as two-sided specification limits. See
Figure 10.

U

X99,865%

Figure 10 — Graphical representation of the calculation method 4y

In the case of an upper specification limit, we have the following.
Upper process performance index:

U-X,.;
— mid (16)

Ppy
PRy AU

Minimum process performance index:

Ppk = PpkU (17)

If a process is proven to be in the state of statistical control, a capability index can be assigned. The
formulae are the same as for the corresponding performance index.

Upper capability index:
U—-X
Coy, =——mid (18)
PKy AU
Minimum capability index:
Cok = CpkU (19)

X99,865 9% and Xmiq are estimated as in method Mz 1. See Figure 11.
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A,

X0,135%

Figure 11 — Graphical representation of calculation method 4,

In the case of a lower specification limit, we have the following.

Lower process performance index:

X ig—L
Py, =—md — (20)
PKp, AL
Minimum process performance index:
Pok =Ppi, (21)

If a process is proven to be in the state of statistical control, a capability index can be assigned. The
formulae are the same as for the corresponding performance index.

Lower capability index:

Xpig —L
C, =—mid—~ (22)
PKp AL
Minimum capability index:
Cpk =Cpk, (23)

X0,135 % and Xpiq are estimated as in method Mz 1.

6.3 Use of different calculation methods

For a specific time-dependent distribution model not all calculation methods can be used. Table 5 shows
the combination of models and calculation methods.
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Table 5 — Process capability indices

Time model Al A2 B C1 Cc2 C3 C4 D
1 a a
2 a a a a a a a a
Location calculation 3 )
4 a a a
1 a a a a a a a a
2 a
Dispersion calculation 3 a
4 a
5 a a a a a
a  Indicates those methods which could be used for the calculation of indices.

7 Reporting process performance/capability indices

If process performance/capability statistics are used for process qualification, they shall be reported
with relation to this document. The calculation methods for location and dispersion and the number of
values used as basis for the calculation and also the measurement uncertainty shall be stated.

Other information may be added, including

— frequency of sampling,

— time and duration of data taking; choice of time distribution model justification, and
— technical conditions (batches, operation, tools).

An example is given in Table 6.

Table 6 — Example of report of calculated process capability indices

Process performance/capability index Cp=1,68
Minimum process performance/capability index Cpk = 1,47
Calculation method M1,1
Number of values used for the calculation 2000
Measurement uncertainty 0,002 mm
Time distribution model Al
Calculation method M1,1 means that the capability calculation is done using the average and the reference interval as
estimators for location and dispersion.
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