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INTERNATIONAL ELECTROTECHNICAL COMMISSION

RELIABILITY GROWTH -
STATISTICAL TEST AND ESTIMATION METHODS

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with an IEC Publication.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 61164 has been prepared by IEC technical committee 56:
Dependability.

This second edition cancels and replaces the first edition, published in 1995, and constitutes
a technical revision.

The main changes with respect to the previous edition are listed below:

— addition of two statistical models for reliability growth planning and tracking in the product
design phase;

— statistical methods for the reliability growth programme in the design phase of IEC 61014;

— addition of the discrete reliability growth model for the test phase;

— addition of the fixed number of faults model for the test phase;

— clarification of the symbols used for various models;

— addition of real life examples for most of the statistical models;

— numerical correction of tables in the reliability growth test example.
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This standard should be used in conjunction with IEC 61014.

This bilingual version (2012-03) corresponds to the monolingual English version, published in
2004-03.

The text of this standard is based on the following documents:

FDIS Report on voting
56/920/FDIS 56/939/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

The French version of this standard has not been voted upon.
This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of this publication will remain unchanged until
2011. At this date, the publication will be

* reconfirmed;

* withdrawn;

* replaced by a revised edition, or
*+ amended.

IMPORTANT - The 'colour inside’ logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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INTRODUCTION

This International Standard describes the power law reliability growth model and related
projection model and gives step-by-step directions for their use. There are several reliability
growth models available, the power law model being one of the most widely used. This
standard provides procedures to estimate some or all of the quantities listed in Clauses 4, 6
and 7 of IEC 61014.

Two types of input are required. The first one is for reliability growth planning through analysis
and design improvements in the design phase in terms of the design phase duration, initial
reliability, reliability goal, and planned design improvements, along with their expected
magnitude. The second input, for reliability growth in the project validation phase, is for a data
set of accumulated test times at which relevant failures occurred, or were observed, for a
single system, and the time of termination of the test, if different from the time of the final
failure. It is assumed that the collection of data as input for the model begins after the
completion of any preliminary tests, such as environmental stress screening, intended to
stabilize the product's initial failure intensity.

Model parameters estimated from previous test results may be used to plan and predict the
course of future reliability growth programmes, provided the conditions are similar.

Some of the procedures may require computer programs, but these are not unduly complex.
This standard presents algorithms for which computer programs should be easy to construct.
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RELIABILITY GROWTH -
STATISTICAL TEST AND ESTIMATION METHODS

1 Scope

This International Standard gives models and numerical methods for reliability growth assess-
ments based on failure data, which were generated in a reliability improvement programme.
These procedures deal with growth, estimation, confidence intervals for product reliability and
goodness-of-fit tests.

2 Normative references

The following referenced documents are indispensable for the application 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.

IEC 60050-191:1990, International Electrotechnical Vocabulary (IEV) - Chapter 191:
Dependability and quality of service

IEC 60300-3-5:2001, Dependability management — Part 3-5: Application guide — Reliability
test conditions and statistical test principles

IEC 60605-4, Equipment reliability testing — Part 4: Statistical procedures for exponential
distribution — Point estimates, confidence intervals, prediction intervals and tolerance intervals

IEC 60605-6, Equipment reliability testing — Part 6: Tests for the validity of the constant
failure rate or constant failure intensity assumptions

IEC 61014:2003, Programmes for reliability growth

3 Terms and definitions

For the purposes of this document, the terms and definitions of IEC 60050-191 and
IEC 61014, together with the following terms and definitions, apply.

3.1

reliability goal

desired level of reliability that the product should have at the end of the reliability growth
programme

3.2

initial reliability

reliability that is estimated for the product in earlier design stages before any potential failure
modes or their causes have been mitigated by the design improvement

3.3

reliability growth model for the design phase

mathematical model that takes into consideration potential design improvements, and their
magnitude to express mathematically reliability growth from start to finish during the design
period
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3.4

average product failure rate

average product failure rate calculated from its reliability as estimated for a predetermined
time period

NOTE The change in this failure rate as a function of time is a result of the modifications of the product design.

3.5
delayed modification
corrective modification, which is incorporated into the product at the end of a test

NOTE A delayed modification is not incorporated during the test.

3.6
improvement effectiveness factor
fraction by which the intensity of a systematic failure is reduced by means of corrective

modification
3.7
type | test

time-terminated test
reliability growth test which is terminated at a predetermined time, or test with data available
through a time which does not correspond to a failure

3.8

type Il test

failure-terminated test

reliability growth test which is terminated upon the accumulation of a specified number of
failures, or test with data available through a time which corresponds to a failure

4 Symbols

For the purposes of this standard, the following symbols apply.

a) For 6.1, Clauses A.1 and B.3:

T product lifetime such as mission, warranty period or operational time

Ry(T) initial product reliability

A0 initial average failure rate of product in design period

d(t) number of design modifications at any time during the design period

ap reliability growth rate resultant from fault mitigation

D total number of implemented design improvements

tp total duration of the design period available for the design improvements

t time variable during the design period from 0 to ¢,

/Ia(t) average failure rate of product as a function of time during the design period
ﬂ“aG(tD) goal average failure rate at the end of the design period ¢,
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RG(T) reliability goal of the product to be attained during design period

R(:,T) reliability of product as a function of time and design improvements

b) For 6.2, Clauses A.2 and B.4:

RG(T) reliability goal of the product to be attained during design period

b total duration of the design period

ap reliability growth rate during design period

NS rate of non-systematic (or residual) failures

D total number of predicted or implemented design improvements within design

period to address weaknesses

K total number of distinct classes of fault

Jok,i general purpose indicators

Dy probability of j-th design weakness in fault class k resulting in failure during the
J

specified life of the product

M expected number of design weaknesses in fault class & resulting in failure during
the specified life of the product

D, total number of predicted or implemented design improvements within design
period to address faults in fault class &

A failure rate of design weaknesses categorized in fault class &
R(7) initial reliability at time T

R(T) reliability of product as a function of T

tg expected time to reach reliability goal

c) For7.1.1,7.1.2, Clauses 9, A4, B.1, and B.2:

D total number of design modifications carried out during product design period to
mitigate identified faults

tp total duration of the design period available for potential design modifications

! time variable (during design period 0 < ¢ < ¢p)

d(t) number of design modifications at any given time ¢ during design period from 0 to
Ip

a, reliability growth rate during the design period

Aao initial average failure rate of a product in design BAnt e ts

|~ AYAA" 10 0 LA~
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Aa(t) product average failure rate variable as a function of time during the design period
(0 to tp)

Ry(T) initial product reliability calculated for a time T (mission or other predetermined
time)

Rs(7) product reliability goal to be attained through design improvement, calculated for a
predetermined time

R(?) product reliability increase as a function of time and design improvements

AaG goal average failure rate

T predetermined time during a product life (mission, warranty, life)

A scale parameter for the power law model

B shape parameter for the power law model

Ccv critical value for hypothesis test

d number of intervals for grouped data analysis

E’ E,E; mean and individual improvement effectiveness factors

I number of distinct types of category B failures observed

i, general purpose indices

K4 number of category A failures

Ky number of category B failures

0
K; number of i-th type category B failures observed: Ky = ZKi
i=1

M parameter of the Cramér-von Mises test (statistical)

N number of relevant failures

N, number of relevant failures in i-th interval

N(T) accumulated number of failures up to test time T

E[N(T)] expected accumulated number of failures up to test time T

t(i-1); t(i) | endpoints of i-th interval of test time for grouped data analysis

T current accumulated relevant test time

T; accumulated relevant test time at the i-th failure

Ty total accumulated relevant test times for type |l test

T* total accumulated relevant test times for type | test

;(f( V) y fractile of the y? distribution with v degrees of freedom
z general symbol for failure intensity

y fractile of the standard normal distribution

Z, projected failure intensity

z(T) current failure intensity at time T (relevant test time)
an current instantaneous mean time between failures
[ projected mean time between failures
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Dj probability of success at the stage i of product modification in design phase
described in Barlow, Proschan and Scheuer discrete reliability growth model

N(?) number of non-random type faults remaining at time >0 in IBM/Rosner continuous
reliability growth model

g fraction that a product/equipment is debugged as given in the IBM/Rosner
reliability growth model

E exposure time of item

ANs failure rate of non-systematic (residual) failures

As failure rate of systematic failures

L failure rate of the k-th failure class

D, number of potential design weakness in failure class &

Dk probability that the j-th potential design weakness associated with failure class &
will result in failure

tE expected design phase time to achieve goal reliability, Rg(7)

b duration of design phase

R(T) initial reliability at time T

a parameter to represent the expected growth rate

i the expected number of design weaknesses associated with failure class & that will
result in failure

K proportion of systematic (non-random) faults in product design at start of test

K; number of faults in the product design at start of test

q fraction of faults removed through debugging on reliability growth test

q(T) fraction of original faults removed by time ¢

t expected time for removing fraction ¢ of systematic faults in test

o) cumulative time between failures

d) Symbols used in the discrete reliability growth model, 7.2:

R, reliability, or success probability, of the i-th configuration

fi =1-R, unreliability, or failure probability, of the i-th configuration

k number of stages and configurations

n; number of trials for stage i

m, number of failures for stage i

t, = Zl:nj the cumulative number of trials through stage i

=1

N(¢) the accumulated number of failures up through trial ¢

E [N(ti)] the expected accumulated number of failure up through trial ¢

A p scale and shape parameters for power law and discrete models
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5 Reliability growth models in design and test

The basic principles of reliability growth of a product are the same during design and test.
This is because both involve identifying and removing weaknesses to improve the product and
both measure that improvement by comparing the estimated reliability with the reliability goal.
The difference lies in the tools used to conduct design and test analysis and the models used
to measure reliability growth. IEC 61064 provides guidance on the construction of reliability
growth programmes and the analysis tools used in design and test. This standard provides
details about the models that can be used to measure reliability growth in different stages of
the product life cycle and for different types of items, such as repairable or one-shot items.

The mathematical models for reliability growth are constructed to estimate the growth
achieved and the projected reliability. Reliability growth models aim to support the planning of
reliability improvement programmes by estimating the number and the magnitude of the
changes during the design and development process or the test time required to reach a
specified reliability goal.

The reliability growth models can be formulated in terms of the failure rate (or intensity) or
probability of survival to a specified time (the reliability) as shown in Figure 1.

Initial 4;
N Goal R¢ ==
. — .- |
\ = -~ !
N 8 e ! |
) 7 |
3 N 8% B A B
of 1™ 2 /7 o
% } \~\~\ % 3 / | | } |
w Ty 3 / A
s . e S
= . | |
Goal 1 : l —= Initial R; ; | | |
|
IR L
! | J ! ! ! 1 1 1 1
! } \ ! } | \ \ \ \
1 2 3 4 5 1 2 3 4 5
Number of design improvements Number of design improvements

IEC 162/04

Figure 1 — Planned improvement of the average failure rate or reliability

Within this general framework many models for reliability growth exist. Table 1 provides a
summary of the main categories. As well as the distinction between design and test, the type
of data available will influence model selection. The continuous category refers to items that
operate through time, for example, repaired items. The discrete category refers to data that
are collected as if for a success/failure of a trial, for example, one-shot items. The procedures
used to estimate reliability growth are labelled classical or Bayesian. The former uses the
observed data only, while the latter uses both empirical data from design and test as well as
engineering knowledge, for example, regarding the anticipated number of failure modes of
concern.
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Table 1 — Categories of reliability growth

— 13—

models with clause references

Model type

Time

Continuous

Discrete

(time) (number of trials)
Classical 6.1 -
Design
Bayesian 6.2 —
Classical 71 7.2
Test
Bayesian - -

Many reliability models have been developed for analysing test data. This standard presents
one of the most popular growth models, the power law (also known as the AMSAA or the
Crow model) in both its continuous and discrete forms. This model is a generalization of the
Duane reliability growth model due to Crow [1]1. Although Bayesian variants of these models
exist, they are not presented here. A review of the variety of reliability growth models
available for analysing test data can be found in Jewell [2, 3] and Xie [4].

There are fewer documented reports of reliability growth models being used in design.
Therefore a reliability growth planning model that is a modification of the power law for use in
design and a Bayesian variant of the IBM-Rosner model adapted for design have been
introduced. However, these are only given for products operating through continuous time.

In general, the choice of a reliability growth model involves a compromise between simplicity
and realism. Selection should be made according to the aforementioned criteria such as stage
of lifecycle and type of data, as well as by evaluating the validity of the assumptions
underpinning a specific model for the context to which it is to be applied. Further details about
the assumptions for the models described in this standard are given in Clauses 6 and 7. Note
that reliability growth models should not be regarded as infallible nor should they be applied
without discretion but used as statistical tools to aid engineering judgement.

6 Reliability growth models used for systems/products in design phase

6.1 Modified power law model for planning of reliability growth
in product design phase

6.1.1 General

The statistical procedure for the modified power law model for the planned reliability growth in
the product design phase concerns the necessary implementation of the design reliability
improvements by mitigation of a failure mode, or by reduction of its probability of occurrence,
and the time from the beginning of design to that improvement.

This model is used for planning purposes (and not for data analysis), to estimate the number
or the magnitude of improvements in the original design to increase its reliability from that
initially assessed to its goal value. The assumption of a power law for this model is justified by
the fact that the early improvements will be those that will contribute the most to the reliability
improvement, that is, the failure modes with the highest probability of occurrence will be
addressed first, followed by improvements of lesser and lesser reliability contribution. The
actual reliability values achieved in the course of the design are then plotted corresponding to
the design time when they were realized and compared to the model. This model is thus used
to plan the strategies necessary for reliability improvement of a design during the available
time period from the initial design revision until the design is completed and released for
production.

1 Figures in square brackets refer to the bibliography.
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6.1.2 Planning model for the reliability growth during the product design period

The Krasich reliability growth planning model [5] is derived in the following manner. An
example of this model, as well as the spread sheet for its easy determination and plotting,
given initial and reliability goal of a product, are given in Annex A.

If the initial product reliability for the predetermined product operational life time T was
estimated by analysis or test to be Ryo(7), then, assuming that its average failure rate is
constant, the initial average failure rate of that product corresponding to the time T is:

P ) (1)

Assumption of applicability of the power law is justified by the fact that the faults which are
found to be the highest unreliability contributors are addressed first, and with design
modification (fault mitigation) the product failure rate is continuously improved with a function
d(t). The failure rate of the product design at any time during the design period is:

2a(t) = g0 - [1+d()] P (2)

where

d(t) is the number of design modifications at any time during the design period;

ap is the reliability growth rate resultant from fault mitigation;

D is the total number of implemented design improvements;

o is the total duration of the design period available for the design improvements.

With a linear approximation, the number of design modifications as a function of time can be
linearly distributed over the design period:

d(t)=D - (3)
’p

The average failure rate as a function of time then becomes:
t )P
2) = Ao .[1 ; D._J (4)

Ip

If the goal product average failure rate, given the product reliability goal, is expressed as
Rg(T), then the goal average failure rate at the end of design period #p, is approximated by:

_ =In[Rs(T)] (5)

ﬂ'aG(tD) T

At the same time:

—ap
ﬂ'aG(tD):ﬂ'aO'[1+D'Z_E] :ﬂ’aO'(1+D)7aD

Aac(tp) = —m[LT(T)]'(”D)aD
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Substituting 1.c(7p) with the expression containing reliability goal and solving for D

7|n[ [in RG(T)]]

In[Ro (7)]
D=e 1 7)

Solving the same equation for the growth rate, expressed as a function of design
modifications and initial and reliability goal gives:

m( 'n[Ro(T)]J
an = ln[RG(T)] (8)
D= In(1+ D)

During the design period, continuous improvement of product reliability that it has to have at
the time T is a function of time ¢ (the reliability growth model in the time period from 0 to #p)
can be written as:

R(,T) = exp(= 2,(t)- T) (9)

Substituting the expression for the average failure rate, the Krasich reliability growth model
for the design phase 0 < ¢ < ¢tp, is derived as follows:

R(t,T)=exp[— 240 (HD%J ’ -T} (10)
D

R (R (1)
D

In the above equation, expressing D in terms of initial and reliability goal, the reliability growth
as a function of time in design period, available for design improvements becomes:

1 D
In[Rg ()] ap
”'[ 'n[Ro(T)]] o
D
R(t,T) = Ro(T) (12)

6.1.3 Tracking the achieved reliability growth

Tracking of the achieved reliability growth means a simple recalculation of the assessed
product reliability at the time the design was improved to account for the modifications. The
reliability value calculated for the same predetermined life or mission period is simply plotted
on the same plot with the reliability growth model for the corresponding design time.

The resultant entries to the graph can then be fitted with a best-fit line (power), or the values
on the graph may be simply connected with the straight lines and the resultant achieved
reliability is compared to the reliability growth model.
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Use of fault tree analysis with commercially available software makes assessment of the
reliability improvement easy and quick to accomplish and track as the product reliability is
automatically calculated based on the changes.

After completion of the product design and with the introduction of the product validation
phase, the planned reliability growth test may further improve product reliability or uncover
failure modes that were not accounted for during analytical evaluations. The final reliability
assessment of the completed design can then serve as the reliability goal for the reliability
growth testing.

An example of practical derivation and application of the planning growth model for reliability
improvement in design phase is shown in A.1.1. This real life example shows step by step
how the model is constructed and how it is used.

6.2 Modified Bayesian IBM-Rosner model for planning reliability growth in design
phase

6.2.1 General

A model is presented to describe the growth of reliability during the design phase of a
repairable item prepared by Quigley and Walls [6] to [8] and is based on a Bayesian
adaptation of the IBM-Rosner model [9] which was developed for analysing test data and is
described in 7.1.2.

It is assumed a design has been developed to a sufficient level of detail to provide an initial
estimate of reliability. It is further assumed that the reliability goal is specified. Modifications
to the design will be made with a view to improving reliability until the goal is achieved. The
model aims to capture the possible timings of the design modifications.

The model assumes that design review and re-assessments result in modifications with the
aim of improving reliability and achieving the goal. The rate of growth as measured by
advancing the initial reliability to the reliability goal is a function of the removal of aspects of
design that contribute to systematic failures. It is assumed through using the model under
consideration that there are greater improvements to reliability in the earlier re-design
compared with later stages of re-design.

The model can be used in two ways:
a) to predict the length of time required to achieve reliability goal by forecasting the reliability
of the design — this assumes that the expected growth rate can be quantified; or

b) to estimate the growth rate required to achieve the reliability goal from the initial estimate
during a specified design period duration — this assumes that the duration of the design
phase is fixed.

Details concerning the mathematical formulation of the model are given in Annex B.

6.2.2 Data requirements

Data are required concerning the reliability goal ( Rg(T')) and either the duration of the design
phase (y) or the expected growth rate during design (ap) according to the purpose of the
model application.

The failure rate of non-systematic failures ( Ayg) should be specified. This may be estimated
from historical data for similar product designs operating in nominally identical environments.

All potential design improvements to mitigate the D potential weaknesses should be identified
and may be allocated to one of K fault classes as appropriate.
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The probability of each design weakness within each fault class resulting in failure during the

specified life of the product should be estimated. This may be based on engineering
judgement. The probability for the j-th design weakness in fault class & is given by Py -

The expected number of design weaknesses in fault class k (7,) resulting in failure if no
modifications are implemented to the product design can be calculated using

Dy
TEDY (13)
=

where Dy is the total number of design weaknesses expected in fault class k.

The failure rate for each fault class is required. These may be estimated from historical data
for similar product designs operating in nominally identical environments. The failure rate for
fault class k is given by 4, .

6.2.3 Estimates of reliability growth and related parameters

In this subclause, equations are given to compute the key parameters of the reliability growth
model.

The initial reliability of the design at time T is calculated by
K
R|(T):exp - 2N3T+an(1—e_ﬂkT) (14)
k=1

The reliability growth of the design at time T is given by

R(T)= exp{— {ANST + inke‘“DTG - eﬂkT)]} (15)

k=1

If a growth rate is to be estimated, then the expected growth rate required to reach the
reliability goal, given the reliability goal and the specified duration of the design period, is
given by

i’?k(“e_w)

" ke (]~ s

ap = - (16)

If a growth rate has been specified, an estimate of the expected time to reach the reliability
goal is given by

K
Sli-e ")
k=1

N R nsT

G = (17)
ap
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6.2.4 Tracking reliability growth during design phase
The tracking of the reliability growth with this modified Bayesian IBM-Rosner model is the
same as that described in 6.1.3.

7 Reliability growth planning a tracking in the product reliability growth
testing

7.1 Continuous reliability growth models

711 The power law model

The statistical procedures for the power law reliability growth model use the original relevant
failure and time data from the test. Except in the projection technique (see 9.6), the model is

applied to the complete set of relevant failures (as in IEC 61014, Figure 2 and Figure 4,
characteristic 3) without subdivision into categories.

The basic equations for the power law model are given in this subclause. Background
information on the model is given in Annex B.

The expected accumulated number of failures up to test time T is given by:
E[N@)AT? with 250, 5> 0,T >0 (18)

where

A is the scale parameter;

B is the shape parameter (a function of the general effectiveness of the improvements;
0< g <1, corresponds to reliability growth; g =1 corresponds to no reliability growth; g >1

corresponds to negative reliability growth).

The current failure intensity after T h of testing is given by:
(1) = %E[N(T)]:/lﬂTﬂ_l ,With 7' > 0 (19)

Thus, parameters 4 and g both affect the failure intensity achieved in a given time. The
equation represents in effect the slope of a tangent to the N(T) against T characteristic at time
T as shown in IEC 61014, Figure 9.

The current mean time between failures after T h of testing is given by:

o(r) = (20)

Methods are given in 9.1 and 9.2 for maximum likelihood estimation of the parameters 4
and fS. Subclause 9.3 gives goodness-of-fit tests for the model, and 9.4 and 9.5 discuss
confidence interval procedures. An extension of the model for reliability growth projections is
given in 9.6.

The model has the following characteristic features:

— It is simple to evaluate.
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— When the parameters have been estimated from past programmes, it is a convenient tool
for planning future programmes employing similar conditions of testing and equal
improvement effectiveness (see Clause 7, and IEC 61014, 6.4.1 to 6.4.7).

— It gives the unrealistic indications that z(7) =« at 7 = 0 and that growth can be unending,
that is z(7) tends to zero as T tends to infinity. However, these limitations do not generally
affect its practical use.

— It is relatively slow and insensitive in indicating growth immediately after a corrective
modification, and so may give a low (that is, pessimistic) estimate of the final &(T), unless
projection is used (see 9.6).

— The normal evaluation method assumes the observed times to be exact times of failure,
but an alternative approach is possible for groups of failures within a known time period
(see 9.2.2).

71.2 The fixed number of faults model
This model, also known as the IBM/Rosner model [9], assumes the following:

— there are random (constant intensity function) failures occurring at a rate z; and

— there is a fixed, but unknown, number of non-random design, manufacturing and
workmanship faults present in the product at the beginning of testing.

The model limitation is the assumption that the effectiveness factor for fault mitigation is equal
to unity.

Rate of change of N(T), with respect to time, is proportional to the number of non-random
faults remaining at time T:

DD - ko N(r)
thus : (21)

N(T) — e—Kz'T+C

If the number of faults at 7= 0 is K4, then:
N(T) =K, -e %7 (22)
with an assumption that
T>0,K4,K,>0
If E[N(T)] is to be the expected cumulative number of faults up to time T, then:
E[N(T)|=z-T + K4 -(1—e*K2'T) (23)

The equation above means that by the time T, the total number of faults is equal to the sum of
random and non-random faults. Here E[N(0)] = 0.

With time approaching infinity:

E[N(T)] > x (24)

Since the model is non-linear, the estimate of A, K;, and K, has to be accomﬁlished by
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nw_n

The model allows prediction of the time when the product is "¢" fraction debugged (fraction of
the original non-random faults removed, while 0<g<1).

The number of non-random faults removed by the time ¢ is:
N(0)-N()= K1 -Kq-e %27 (25)

Hence the fraction of the original faults removed by time ¢ is:

1-Ky-e7ReT

K4

ary =X _1_e K27 (26)

Thus, having estimated K, as (132), the time necessary for a desired ¢, of non-random faults
to have been removed is found as:

__In(=q) (27)

q K2

To determine the number of non-random faults remaining at the time T'is: K4 e k2T

As in other continuous models, the dependent variable is the cumulative mean time between
failures, Y(¢), where:

o(T) = SR (28)
Total number of failuresin (0,¢)

7.2 Discrete reliability growth model
7.21 Model description

This model, developed by L. Crow [1], is the discrete version of the power law model for
reliability growth.

For this discrete model the data consist of sequences of dichotomous occurrences
representing success or failure outcomes from successive testing of a product. The product
testing is conducted in trials over successive stages with corrective action taking place after
each stage. Each trial results in either a success or failure. The system configuration is held
fixed during each stage of testing so that each trial within a stage has the same probability of
a success or failure. Based on information obtained from the observed failures during each
stage of testing, corrective actions are made to improve the product reliability. At the end of
each stage these corrective actions are introduced into the next configuration. This updated
configuration is tested over the next stage, which consists of a fixed number of trials. This
discrete model is applicable to one-shot systems such as missiles.

This situation for discrete data is similar to the grouped data case for the power law model
with continuous data and test time. Data are grouped in both cases. In the discrete case, data
consists of the number of trials in each group or stage, in addition to the number of trials in
each stage resulting in failure. In the continuous case, the data consist of the test time in
each group and the number of failures observed.

An important feature of the discrete model is that it has the same growth pattern and learning
curve characteristic as the power law model for continuous data.
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It is assumed that the system configuration is being modified in k& stages and that the
reliability is held constant during each stage of testing. At stage i the reliability of the i-th
configuration is R, i =1, ..., k, and R, > 0. Testing is conducted in trials, and each trial during

stage i has the same probability R, of success. This model provides maximum likelihood

A

estimates R, of the reliability for each configuration, i =1, ..., k. The reliability estimate of the
final configuration tested is R, . If no further changes are made to the product then the

estimate R, represents the final reliability resulting from the testing and corrective actions.

There are k ordered stages with stage 1 being the first and stage k& being last. For stage i data

consist of m, failures in n;trials, i, where i =1, ..., k.
Let ¢, = an be the cumulative number of trials through stage i. That is, at the end of the
j=1

i-th stage, data consist of a sequence of ¢, dichotomous trials representing success or failure
outcomes from successive testing of the product.

During the i-th stage, the reliability R, is held constant. That is, for each trial during the i-th
stage of testing, the probability of success is R; and the probability of failure is

fi=1-R, (29)

Under this model the failure probability for configuration i is given by

B B
fi _ /1[1- *ﬂli71 (30)

where

t0=0, n,=¢t,—t;,_y and 1>0, 5 >0are parameters;
A is a scale parameter;

p is the shape parameter.

Let N(z;) be the accumulated number of failures up through trial ¢, also, let E[N(t,-)] be the
expected accumulated number of failure up through trial ¢, .

Then, under this discrete model,

i

ENG) = D mfi = 4] (31)

J=1

This is the same reliability growth characteristic exhibited by the power law model for
continuous data.

7.2.2 Estimation

These methods are suitable when testing consists of discrete trials over k& successive stages.
Corrective actions to improve reliability are incorporated at the end of the stages, resulting in
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an improvement in the reliability of the next configuration. At stage i the reliability of the i-th
configurationis R, i=1, ..., k.

Data consist of the number of trials n;, for each configuration and the corresponding number
of failures m;, i =1, ..., k. It is recommended that m; > 0.

The reliability R; is given as
R =1-1, (32)

auf -t

where f; = » A>0,4>0

n;

The maximum likelihood estimates of the parameters 4 and g are values satisfying

K
D [H;1x[5,1=0 (33)

i=1

K
DU 1x[8;1=0 (34)

i=1

where

H; = [tl.'é In(ti)—tiﬂ:1 In(ti_1)} (35)
U = {tlﬁ f 1} (36)
S =| e (37)

i— i—

For the maximum likelihood estimates 4 and ﬁn’ the estimates of the failure probability and
reliability for the i-th configuration are given by

NP
f=t it (38)

n;

and Ii’i =1—f,-, respectively, i =1, ..., k.

The reliability of the system configuration during the last stage, %, is estimated by IEk .
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8 Use of the power law model in planning reliability improvement test
programmes

As inputs to the procedure described in 6.4.2.3 and 6.4.4 of IEC 61014, two quantities have to
be predicted by means of reliability growth models:

— the accumulated relevant test time in hours expected to be necessary to meet the aims of
the programme;

— the number of relevant failures expected to occur during this time period.

The accumulated relevant test time is then converted to calendar time from the planned test
time per week or month, making allowance for the predicted total downtime (see below) and
other contingencies, and the number of relevant failures is increased by judgement to include
non-relevant failures and used to predict total downtime.

The inputs to the model for these calculations will be the assumed parameters for the model,
as already estimated from one or more previous programmes, and judged to be valid for the
future application by similarity of the test items, test environment, management procedures
and other significant influences.

9 Statistical test and estimation procedures for continuous power law model

9.1 Overview

The procedures in 9.2 utilize product failure data during a test programme to estimate the
progress of reliability growth, and to estimate, in particular, the final product reliability at the
end of the test. The reliability growth, which is assessed, is the result of corrective
modifications incorporated into the product during test. The procedures discussed in 9.2.1
assume that the accumulated test time to each relevant failure is known. Subclause 9.2.2
addresses the situation where actual failure times are not known and failures are grouped in
intervals of test time.

Type | tests, which are concluded at 7*, which is not a failure time, and type Il tests, which are
concluded at failure time T, use slightly different formulae, as indicated in 9.2.1.

An appropriate goodness-of-fit test, as described in 9.3, shall be performed after the growth
test procedures of 9.2.1 and 9.2.2.

Subclause 9.6 addresses the situation where the corrective modifications are incorporated
into the product at the end of the test as delayed modifications. The projection technique
estimates the product reliability resulting from these corrective modifications.

9.2 Growth tests and parameter estimation
9.2.1 Case 1 — Time data for every relevant failure

This method applies only where the time of failure has been logged for every failure.

Step 1: Exclude non-relevant failures by reference to 6.4.5 of IEC 61014 and/or other
appropriate documentation.

Step 2: Assemble into a data set the accumulated relevant test times (as defined in 7.4 of
IEC 60300-3-5) at which each relevant failure occurred. For type | tests, note also the time of
termination of the test.
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Step 3: Calculate the test statistic

N *
Sry
== [type I] (39)
[N
12
or
N-1
=)t
U = =1 [type I1] (40)
\/N—l
M 12
where

N is the total number of relevant failures;
T* is the total accumulated relevant test time for type | test;
Ty is the total accumulated relevant test times for type |l test;

T; is the accumulated relevant test time at the i-th failure.

Under the hypothesis of zero growth (i.e. the failure times follow a homogeneous Poisson
process), the statistic U is approximately distributed as a standard normal random variable
with mean 0 and standard deviation 1. The statistic U can be used to test if there is evidence
of reliability growth, positive or negative, independent of the reliability growth model.

A two-sided test for positive or negative growth at the « significance level has critical values
u_,n and-u_,, , where u,_,, is the (1 —a/Z)-lOO% fractile of the standard normal distribution.
If:

U< -uq_gip0r U>uq_g (41)

then there is evidence of positive or negative reliability growth, respectively, and the analysis
is continued with step 4.

If, however,
—U1_gqi2 <U <uq_g2 (42)

then there is not evidence of positive or negative reliability growth at the « significance level
and the growth analysis is terminated. In this case, the hypothesis of exponential times
between successive failures (or a homogeneous Poisson process) is accepted at the «
significance level. The critical values u;_,, and-u;_,, correspond to a one-sided test for

positive or negative growth, respectively, at the o/2 significance level.

At the 0,20 significance level, the critical values for a two-sided test are 1,28 and -1,28. The
critical value 1,28 corresponds to a one-sided test for positive growth at the 10 % significance
level. For other levels of significance, choose the appropriate critical values from a table of
fractiles for the standard normal distribution.
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Step 4: Calculate the summation:

N
S| = ZIn(T*/Ti) [type I] (43)

i=1

or

N
Sy =Y In(Ty/T;) [type 1] (44)
i=1

Step 5: Calculate the (unbiased) estimate of the parameter g from the formula:

N-1
Sl

B = [type I] (45)

or

[type 1] (46)
Step 6: Calculate the estimate of the parameter A from the formula:

A= N/(T*)é [type 1] (47)

or

1= NIT ) [type II] (48)

Step 7: Calculate the estimated failure intensity Z(T) and mean time between failures é(T)
for any test time 7 >0, from the formulae:

P Y (49)

O(T)=1/3(T) (50)

NOTE 1 z(r) and é(T) are estimates of the “current” failure intensity and MTBF at time 7 >0 for T over the range

represented by the data. “Extrapolated” estimates for a future time 7 during the test programme, or at its expected
termination time, may be obtained similarly, but used with the usual caution associated with extrapolation.
Extrapolated estimates should not extend past the expected termination time.

NOTE 2 If the test programme is completed, then é(T) for T=7" or T =Tx (as appropriate), estimates the MTBF
of the system configuration on test at the end of the test programme.

9.2.2 Case 2 — Time data for groups of relevant failures

This alternative method is employed when the data set consists of known time intervals, each
containing a known number of failures. It is important to note that the interval lengths and the
number of failures per interval need not be constant.
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The test period is over the interval (0; 7) and is partitioned into 4 intervals at times,
0<#1)<t2) < ..< t(d). The i-th interval is the time period between i-1) and

t(i),i=1,2,...,d, t(0) =0, t(d) = T. The partition times ¢({) may assume any values between
Oand T.

Step 1: Exclude non-relevant failures by reference to 6.4.5 of IEC 61014 and/or other
appropriate documentation.

Step 2: Assemble into a data set the number of relevant failures N; recorded in the i-th
interval (t(i—l); t(i)),i =1,...d.

The total number of relevant failures is

zv:ijvi (51)

i=1

For each interval, p;N shall be not less than 5 (if necessary, adjacent intervals should be
combined before this test) where:

- t(i)-li-1) (52)

Step 3: For the d intervals (after combination if necessary) and corresponding failures N;,
calculate the statistic

d IPRYAY:
X2 :z (Ni pf\;N) (53)

Under the hypothesis of zero growth (i.e. the failure times follow a homogeneous Poisson
process), the statistic X? is approximately distributed as a ;(2 random variable with d -1

degrees of freedom. The statistic X*can be used to test if there is evidence of reliability
growth, positive or negative, independent of the reliability growth model.

A two-sided test for positive or negative growth at the « significance level has critical value
CV = xiqld-1) (54)

If X2 >CV, then there is evidence of positive or negative reliability growth and the analysis is
continued with step 4.

If X2 <CV, then there is no evidence of positive or negative reliability growth at the «
significance level and the growth analysis is terminated. In this case, the hypothesis of
exponential times between successive failures (or a homogeneous Poisson process) is
accepted at the « significance level.

Critical values y{,(d -1) for various significance levels « and several degrees of freedom

(d —1) can be found in tables of the ;(2 distribution, for example in IEC 60605-4 and
IEC 60605-6.
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Step 4: For the original data set assembled in step 2, calculate the maximum likelihood

estimate of the shape parameter g. The maximum likelihood estimate of g is the value /;’
which satisfies the following equation:

Lo 0 )=V 1) ol (55)
-1 (@Y —i-1)P

1

Note that #(0)=0 and also #(0)-In#(0)=0 All #(-) terms may be normalized with respect to #(d)
and then the final term In#(d) disappears. An iterative method has to be used to solve this
equation for 4.

Step 5: Calculate the estimate of the parameter A from the formula
A =Nit(d)’ (56)

Step 6: Calculate the estimated failure intensity 2(T) and mean time between failures (T for
any test time T >0 from the formulae:

3(r)= ApTP! (57)

o(r)=1/2(T) (58)

NOTE 1 E(T) and é(T) are estimates of the “current” failure intensity and MTBF at time 7 > 0, for T over the range

represented by the data. “Extrapolated” estimates for a future time 7 during the test phase, or at its expected
termination time, may be obtained similarly, but used with the usual caution associated with extrapolation.
Extrapolated estimates should not extend past the expected termination time.

NOTE 2 If the test programme is completed, then é(T) for T=t(d), estimates the MTBF of the system
configuration on test at the end of the test phase.

9.3 Goodness-of-fit tests
9.3.1 General

If individual failure times are available, use case 1; otherwise, use case 2.

9.3.2 Case 1 — Time data for every relevant failure

The estimation method included in 9.2.1 shall first be used to estimate the shape parameter g.
The Cramér-von Mises statistic is then given by the following expression:

M B,
1 T; 2i -1
Ci(M)=——+ e 59
(M)=—"rt D { j (59)
where
M=N and T=T for type | tests;
M =N -1and T =T, for type |l tests;
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Table 2 gives critical values of this statistic for 10 % significance level. If the statistic C2(M)

exceeds the critical value corresponding to M in the table, then the hypothesis that the power
law model adequately fits the data shall be rejected. Otherwise, the model shall be accepted.

When the failure times are known, the graphical procedure described below may be used to
obtain additional information about the correspondence between the model and the data.

For the graphical procedure, an estimate of the expected time to the j-th failure, E[TjJ, is
plotted against the observed time to the j-th failure, T;. From Annex B, E[TjJ may be estimated
by:

A W
E[T,]:(%J , with j=1,..,.N (60)

18
The expected failure times, (LAJ , are then plotted against the observed failure times, T;,

A

on identical linear scales, as in the example of Figure A.3. The visual agreement of these
points with a line at 45° through the origin is a subjective measure of the applicability of the
model.

9.3.3 Case 2 — Time data for groups of relevant failures

This test is suitable only when ﬁ has been estimated using grouped data, as in 9.2.2. The
expected number of failures in the time interval (t(i—l); t(i)) is approximated by:

e =4{t(i)ﬂ‘_t(i_1)ﬂ (61)

For each interval, ¢; shall not be less than 5, and if necessary, adjacent intervals should be
combined before the test. For d intervals (after combination if necessary) and with N, the
same as in 9.2.2, calculate the statistic:

d 2
XZZZ(Ni_ei) (62)
-1 €;

i 1

The critical values of this statistic for -2 degrees of freedom can be found in tables of the
z2 distribution, for example in IEC 60605-4 and IEC 60605-6. If the critical value at a 10 %

level of significance is exceeded, then the hypothesis that the power law model adequately
fits the grouped data shall be rejected.

When the data set consists of known time intervals, each containing a known number of
failures, the graphical procedure described below may be used to obtain additional
information about the correspondence between the model and the data.

For each interval endpoint #(i), the number of observed failures from 0 to #(i) is

N iN_, (63)
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The expected number of failures E[N(i(i))] is estimated by
E[N(G) (Y (64)
This gives

E[NGG@)] Ay (65)

In{ N(t(i))}, i=1...d (66)

and also plotting the line:

|ni+(ﬂ—1)|nr,r>o (67)

as in the example of Figure A.4. See Annex B for the relationship between Ink and & and

5 t)and_e

For /§’<1, this line is decreasing. The visual agreement of these points with this line is a
subjective measure of the applicability of the model.

9.4 Confidence intervals on the shape parameter

9.4.1 General

The shape parameter g in the power law reliability growth model determines if the model
reflects growth and to what degree. If 0< g8 <1, there is positive reliability growth; if g=1,

there is no reliability growth, and if g >1, there is negative reliability growth.

For a two-sided confidence interval on g when individual failure times are available, use
case 1. For grouped failure times, use case 2.

9.4.2 Case 1 — Time data for every relevant failure

Step 1:Calculate ,é from step 5in 9.2.1.

Step 2:

a) Type | test
For a two-sided 90 % confidence interval on g, calculate

2
_ Zo,os(ZN)
TN (68)
U= )(&95(2N) (69)
2(N -1
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The fractiles can be found in tables of the ;(2 distribution, for example in IEC 60605-4 and
IEC 60605-6.

The lower confidence limit on gis

e =Dy f (70)
The upper confidence limit on gis

Pus = Du'/} (71)

One-sided 95 % lower and upper limits on gare g, g and fyg, respectively.

b) Type Il test
For a two-sided 90 % confidence interval on g, calculate

_Zsos2(V-1))

= 72
L 2(N—2) ( )
Zbos (2N 1))
Dy = X0 ) (73)
2N -2)

The lower confidence limit on gis
Pg=DL-p (74)

The upper confidence limit on g is
Bug =Dy- p (75)

One-sided 95 % lower and upper limits on g are g,z and f g, respectively.

9.4.3 Case 2 — Time data for groups of relevant failures

These confidence interval procedures are suitable when ﬁA’ has been estimated from grouped
data as in 9.2.2.

Step 1: Calculate ﬂ as in 9.2.2, step 4.

Step 2: Calculate

p(i):ﬂ,with i=1,2,...d (76)

t(d)
Step 3: Calculate the expression

2

{p(l-)ﬁ in P —P(i=1) In P(i - 1)5}
[p(i)f? P(i- 1)5}

3

1

(77)

d
=1
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Step 4: Calculate

c- (78)
Step 5: For an approximate two-sided 90 % confidence interval on g, calculate

g (184)-C (79)

JN

where N is the total number of failures.
Step 6: The lower confidence limit on gis

Pis :/}(1_5) (80)
The upper confidence limit on gis

ﬂUB:/}(lJFS) (81)

One-sided 95 % lower and upper limits on gare g,z and f,g, respectively.

9.5 Confidence intervals on current MTBF

9.5.1 General

From 9.2.1, step 7, and 9.2.2, step 6, 0(T') estimates the current MTBF, (). For confidence

intervals on H(T) when individual failure times are available, use case 1. For grouped failure
times, use case 2.

9.5.2 Case 1 — Time data for every relevant failure

Step 1: Calculate (T) from 9.2.1, step 7.

Step 2: For a two-sided 90 % confidence interval, refer to Table 3, type I, or Table 4, type I,
and locate the values L and U for the appropriate sample size N.

Step 3: The lower confidence limit on 6(T) is

O5=Lo(T) (82)

The upper confidence limit on H(T) is

Ous =U O(T) (83)

One-sided 95 % lower and upper limits on 6(T) are 6,5 and 65, respectively.
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9.5.3 Case 2 — Time data for groups of relevant failures

These confidence interval procedures are suitable when ﬂ has been estimated from grouped
data as in 9.2.2.

Step 1: Calculate Bas in 9.2.2, and calculate 6(7) as in 9.2.1, step 7.
Step 2: Calculate

P(i):m,with i=1.2...d (84)

7(d)

Step 3: Calculate the expression

(PO 10 PG —pli-1) 30 PG~ 1)/?j2

d
A= Z _ . (85)
pr [P(i)'” —Pi-1) j
Step 4: Calculate
D= |t (86)
A
Step 5: For an approximate two-sided 90 % confidence interval on H(T), calculate
5= 164D (87)
N
where N is the total number of failures.
Step 6: The lower confidence limit on 4(T) is
O =0(T)1-5) (88)
The upper confidence limit on 8(T) is
Ous =0(T)1+5) (89)

One-sided 95 % lower and upper limits on H(T) are ¢ g and 6z, respectively.

9.6 Projection technique

The following technique is appropriate when the corrective modifications have been
incorporated into the product at the end of the test as delayed modifications. The objective is
to estimate the product reliability resulting from these corrective modifications.

Step 1: Separate the Category A and Category B failures (see IEC 61014:2003, definitions
3.14 and 3.15).

Step 2: Identify the time of first occurrence of each distinct type of failure in Category B, as a
separate data set. Let I be the number of these distinct types.
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Step 3: Perform steps 1 to 5 of 9.2.1 upon this data set, in order to estimate g, using N =1
and T™ or Ty as applicable to the complete set of data.

Step 4: Assign to each of the I distinct types of category B failures in the data set of step 2 an
improvement effectiveness factor, E;, i=1...,1. For each of the I distinct types of Category B

failures, E;, 0<E; <1 is an engineering assessment of the expected decrease in failure
intensity resulting from an identified corrective modification (see definition 3.5).

From these assigned values, calculate the average E or, if preferred, postulate an average
improvement effectiveness factor (e.g. 0,7) instead of individually assigning the E;, i=1..1I,
as described above.

Step 5: Estimate the projected failure intensity and MTBF:

I ~ [e—
zpz% Ka+Y K(l-E)+1-8-E (90)
i=1

where
K, is the number of Category A failures;

K; is the number of observed failures for the i-th type of Category B failures;

T=T*or Ty, as used in step 3 above.

If the individual E; values are not assigned and only the mean E is available, then the middle
term in the square brackets becomes:

Ks(1-F) (©1)
where Kg is the number of Category B failures.

In this case, the projected failure intensity is
Zp :i[KA +KB(1-E)+1-/§.E (92)
T
The projected MTBF is
0, =1/z, (93)

Table 2 - Critical values for Cramér-von Mises goodness-of-fit test
at 10 % level of significance

M Critical value of statistic
3 0,154
4 0,155
5 0,160
6 0,162
7 0,165
8 0,165
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