
LOTHhN~

Some Approaches to System Reliability
Improvement in Engineering Design

by Component Importance Measures and Stress-Strength
Modelling in the Conceptual and Embodiment Phases

Shen, Kecheng

c.



Some Approaches to System Reliability
Improvement in Engineering Design

— by Component Importance Measures and Stress-Strength
Modelling in the Conceptual and Embodiment Phases

Shen, Kecheng



ISBN: 91 628-0107-4

© Copyright 1990 by Shen, Kecheng
' Some Approaches to System Reliability Improvement

* in Engineering Design

i —- by Component Importance Measures and Stress-Strength

* Modelling in the Conceptual and Embodiment Phases

Printed in Sweden by Team Offset AB, Malmö 1990



Organization
LUND UNIVERSITY

; Department of Machine Design
[ Lund Inst i tute of Technology

D
O

K
U

M
E

N
T

D
A

IA
B

L
A

D
en

l S
IS

 6
1 

41
 2

1

!

box l i b
S-221 00 LUND, Sweden

Authors)
1 Shen, Kecheng

Document name 1
DOCTO IAL DISSERTATION

Date of issue
October 12, 1990

CODEN:
ISRN LUTMDN/TMKT--90/1014-Sfc*£l4w

Sponsoring organization

Title and subtitle Some Approaches to System R e l i a b i l i t y Improvement in Engineering Design
— by Component Importance Measures and Stress-Strength Modelling in the

Conceptual and Embodiment Phases
Abstract

In this thesis some approaches to system re l i ab i l i t y improvement in engineering
design are studied. In part icular, the thesis aims at developing alternative
methodologies for ranking of component importance which are more related to tt.e
design practice and which are more useful in system synthesis than the existing
ones. I t also aims at developing component r e l i ab i l i t y models by means of stress-
strength interference which w i l l enable both component re l i ab i l i t y prediction end
design for r e l i a b i l i t y .

A new methodology for ranking of component importance is f i r s t developed based on
the notion of the increase of the expected system y ie ld . This methodology allows
*or incorporation of dif ferent improvement actions at the component level such as
parallel redundancy, standby redundancy, burn-in, minimal repair and perfect rep-
lvemer.t. For each of these improvement actions, the increase of system re l iab i -
l i t y is studied and used as the component importance measure.

A possible connection between the commonly known models of component l ifetimes and
tht stress-strength interference models is suggested. Under some general conditions,
-hh relationship between component fa i lure rate end the streso and strength d i s t r i -
bution characteristics is studied. A heuristic approach for obtaining bounds or.
fai lure .irobability through stress-strength interference is also presented.

f> case study and a worked example are presented, which i l lus t ra te and verify the
developed importance measures and their applications in the analytical as well is
synthetical work of engineering design.

Key words
Engineering design, system r e l i a b i l i t y , improvement actions, component importance
mearure- stress-strength modelling

Classu'kat •< P system and/or index terms (if any)

Supplementary bibliographical information

ISSN c^Uey title

Recipient'} notes Nun "ler of pages ~ . .

^ ^ English

K B N 91-628-0107-4

Price

Security classification

Distribute by (name and address)

Kecheng ?»ien, Dept . o f Machine D e s i g n . . LTH, Box 1 !S , S-221 00 LUND, Sweden
I, the underst**-' > bcinsj lne copyright owner of the abst *ct of the above-v jn'Joaed dissertation, hereby grant to iU reference
sources penni ic to d h hand disseminate the abstract of the above-meotioried dissertation.

Signature September 14 , 1990



Some Approaches to System Reliability
Improvement in Engineering Design

— by Component ImpOTranee Measures and Stress-Strength
Modelling in the Conceptual and Embodiment Phases

Shen, Kecheng

Akademisk avhandling som för avläggande av
teknisk doktorsexamen vid Institutionen för
Maskinkonstruktion, Lunds Tekniska Högskola
och vid Avdelninq för Kvalitetsteknik, Tek-
niska Högskolan i Linköping, kommer at c of-
fentligen försvaras i Sal M:B, M-huset, Ole
Römers väg 1, Lund, fredagen den 1? oktober,
kl. 10.15.



To Jing and Winnie



Preface

Some years ago, I was among a group of Chinese graduates who attended

an informal reception at the Swedish Embassy in Beijing where some

films about Sweden were shown. We would soon undertake our doctorial

studies in Sweden. Not until that reception did I know that I would

come to Lund. While the city had been known to us from our Swedish

textbooks for being the most charming University town in Sweden, the

Department of Machine Design in the Institute of Technology was far

beyond the scope of these books. Naturally I had no idea that I would

be involved in the subject of reliability technology either.

Someone might wonder why reliability technology has been receiv-

ing more and more attention these days. Well, the answer may be found

if one examines how the subject was treated in the past. The reliability

performance of a product had been inherent but it was almost always

vaguely and unconsciously considered. Whether the product would func-

tion properly or not was often a matter of trial-and-error or gambling.

Failures and catastrophes were attributed to mishaps or acts of God.

The history of civilization extends over many thousand years but, that

of the reliability technology is only some 50 years. It seems that few

take it seriously enough. Human beings are easily carried away by the

illusion of perfectionism and wake up in the sad reality.
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Chapter 1

Introduction

The demands on modern products are characterized not only by the

technical performance but also by the economical profitability as well

as their impacts on social welfare. Domestic and international compe-

tition in combination with more rigorous legislation have put stronger

requirements on all types of products. Amongst these demands, it is

crucial that the products possess good or at least an acceptable quality;

particularly stated as reliability and availability performance.

Today, the demands for reliability and availability performance have

gained a very high priority in many products as, for example, in the

automotive industry. In Fig. 1.1 by Vikman and Hansson [1] a market

study shows that reliability is the highest ranked quality parameter by

the customers.

Historically, reliability and availability performance were almost al-

ways 'hidden' in a product. It was taken for granted that a product

should work as it was intended, which was not always the case. The de-

velopment of reliability theory and practice in the 40's and 50's provided

a sound basis for developing and producing more reliable products, see

Barlow [2],

1
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Figure 1.1: Ranking of automobile performance by Vikman and Hansson

[i]

It is commonly agreed upon that engineering design plays a major

role in building reliability and availability performance into a product.

Generally, the design engineer is not familiar or confident enough with

the principles and applications of the theories in reliability and avail-

ability technology. This means, that the design engineer is heavily de-

pendent on the support of experts in these areas to assure a satisfactory

product performance in these aspects.

Since the design engineer is the expert on a given system and its

components, difficulties and, most often, an inefficient use of this knowl-

edge arise if this has to be transformed from the engineering design

to different groups of experts, i.e. reliability and availability experts.

This is especially the case in the conceptual design phase of the prod-

uct development process. Therefore, a sound and operationally oriented

knowledge of reliability and availability technology ought to be available

to the design engineer, especially for the early phases of the development

process. This does not, of course, exclude the need for expert knowledge

in all phases of the development process.

In order to increase the effectiveness in the product development

process, it is necessary to decrease the number of design iterations. Such
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iterations may be caused by the fact that the design engineer makes

certain mistakes which the reliability experts point out. An extreme

example of such a mistake is the abandonment of a complete product

concept. The outcome in this case might be devastating to a product

development project.

The interaction between the design engineer and the reliability ex-

perts is illustrated in Fig. 1.2, where an intervention by an expert is

shown to cause a design iteration. One iteration may give rise to more

iterations. For the development process to be effective, one wa,y of re-

ducing these iterations is to provide the design engineer with an effective

tool in reliability and availability technology.

Task

Product Development Process

Phase 1 Phase n

Expert interventions

Product

time elapsed

Figure 1.2: The interference between designers and experts

One such tool is the various reliability importance measures for eval-

uating components reliability performance in a system. These measures

are supposed to be useful guides to the design engineers, among oth-

ers, for making decisions in various situations, see Birnbaum [3], Barlow

and Proschan [4], Nat vig [5], Vesely and Davis [6], Bergman [7] and Xie

[8]. In practice reports of successful applications of these importance

measures are rare.

This is supposedly due to:
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t the heavily involved mathematical statistics,

• the unrealistic assumption4" imposed by the analytical approach

(e.g. independence of component performance) and

• the lack oi relevanc ; to desigp practice.

Another such tool is nee Jed in the ?rea of component life modelling with

stress-strength models. Compared with the traditional design strate-

gies such as use of safely factors, safety margins and 'worst case' meth-

ods, the stress-strength models enjoy many advantages. For example,

by these models the design variables are considered random and thus

their variations may be revealed and eventually reduced or eliminated,

see Shooman [9], Smith [10], Haugen [11] and Loll [12]. Furthermore,

such a model may incorporate time dependence to the design variables

and thereby allowing deterioration of component performance to be at-

tributed to those design variables where it is found relevant. The reasons

why such models have not yet found much use, are similar to those men-

tioned in the discussion of importance measures.

It is clear that there is a need for further efforts of bridging the

reliability and availability technology with design practice. Such an

effort would imply not only reformulation of the existing theoretical

results into a more operational form, but also giving the design engineers

some insights into these problems so that they may be more willing to

apply the results to their own work.

1.1 Objectives

From the above reasoning, the objectives of this thesis are:
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• to study the effects on the system reliability due to some improve-

ment actions taken at the component level and to make compar-

isons amongst these effects,

• to, based on the above study, develop a new methodology for rank-

ing component importance, which, by being closely related to the

design practice, will be useful in both design analysis and synthesis

during the conceptual design phase,

• to study the conditions under which the models of component

reliability by stress-strength interference and by lifetime modelling

may be unified and to develop stress-strength-time models for these

conditions,

• to develop an algorithm for component reliability computation by

stress-strength interference, which can be applied in the embod-

iment design phase and which only requires limited amount of

empirical data and computation and

• to verify and demonstrate the utilization of the results by, if pos-

sible, real cases and/or worked examples.

For practical reasons, this thesis has been restricted in the following

respects:

• no economic considerations in the product development process

are included,

• component independence is assumed(to be compatible with the

existing techniques),

• only non-repairable systems are studied1, hence discussion is more

related to reliability than to availability performance,

1 Except for the case of minimal repair
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• no effort is made in the main text for mathematical completeness

in the thesis since more detailed proofs of results can be found in

the papers attached and referred to and

• only a brief description of the product development and design

processes is made in Chapter 2. The explicit design approaches

(techniques), such as the establishment of function structures, cri-

teria and solution findings etc. , are out of scope of this thesis. It

is understood that the product development process has gone so

far that the prerequisite for our study exists so that discussions

become relevant and possible.

It should be noted that some of the above restrictions are due to the

fact that they comprise topics for the njxt steps of the research.

1.2 Scientific approach

In engineering design research, mainly two approaches are used. The

first one is technique oriented and thus emphasizing detail. It starts with

an idealized situation isolated from the environment and under these

assumptions models are built and methods and techniques are developed.

Using the models and applying the methods/techniques to real problems

require that the problems treated are equally idealized and isolated from

the context. This implies that the reasonableness of assumptions and

validity of the results will often be in question. Moreover, because of

the lack of an overall view in this a'pproach, the models, methods, and

techniques might be utilized incorrectly and/or ineffectively in the design

process.

The second approach is process oriented and it emphasizes not only

the individual models, methods, and techniques but also their integra-

tion in the overall process. This means that the approach is formalized
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so that the models, methods and techniques, which are useful in their

own right, together with the process, forms a methodology for a given

activity in the engineering design process. Since a substantial part of

the design activities is synthesis oriented, which causes the majority of

design iterations (design changes), the latter approach is selected in this

thesis. Note that even though the main results of the thesis are of an

analytical nature, the selected approach emphasizes utilization of the

results in the design process.

Seen from a general point of view, the approach in this work is

heuristic since the course of actions focuses on literature studies, identi-

fication of problem areas, development of new models and finally verifi-

cation of the results.

1.3 Disposition of the thesis

To assure that the results of the thesis become useful to the engineering

designer and that they are introduced correctly in the design context, it

is important to introduce the general problems and approaches of engi-

neering design as well as the role engineering design plays in the product

development process. Therefore, a model of the product development

process is first presented. One of the four streams of activities in this

model is product design. A synthesis theory relevant to the engineering

design process is presented, thus allowing a more accurate understand-

ing of the incorporation of the results of the thesis into its proper design

context.

Chapter 3 presents the main analytical results in the thesis. It sug-

gests a new methodology of considering and defining component impor-

tance. Of central interest is the suggestion of improvement actions which

have close connection to the design practice. One of the features of the
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methodology is the use of offects of several component level reliability

improvements on the system performance as a measure of component

importance in identifying those components which are most beneficial

to improve. Studies are also performed when the improvement action is

specified as parallel redundancy, standby redundancy, perfect replace-

ment, burn-in and minimal repair.

In Chapter 4 a possible connection between the commonly known

models of component lifetimes and the stress-strength interference mod-

els is suggested. Under the general conditions, the relationship between

component failure rate and the stress and strength distribution charac-

teristics is studied. A heuristic approach for obtaining bounds on failure

probability through stress-strength interference is also presented.

Chapter 5 consists of a case study and a worked example. First is

a case study in which a gasoline pump is used to illustrate and verify

the importance measures developed and also to illustrate the analytical

approach in the engineering design. Also in this chapter is a worked ex-

ample which complements the case study by considering a more compli-

cated and design oriented example. This example attempts to illustrate

how the designer may, in a more synthesis oriented way, use the impor-

tance measures to direct improvement effort step by step in practice.

In Chapter 6 some concluding remarks are made concerning both

the current thesis and future research work.



Chapter 2

The Product Development

and Engineering Design

Process

The objective of this chapter is to introduce those models of the processes

of product development and engineering design and synthesis theory,

which form the underlying background for achieving the design context

described in the previous chapter.

More specifically, the intention is not to give a general overview of

all available models and theories, but more directly to describe those

processes of product development and engineering design as well as syn-

thesis theory, which are utilized at the Department of Machine Design,

Lund Institute of Technology.

For a further study of processes of product development and engi-

neering design, see e.g. Pahl and Beitz [13], VDI 2222 [14], Olsson [15],

Bjärnemo [16], Andreasen [17] and Asimov [18].

9
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2.1 The product development process

The design of a product is today an extensive and complicated activity,

which is strongly connected to various parallel activities. An overall

approach, where the design activity is incorporated and coordinated

with all the other activities is therefore necessary. One such approach

is the model of Integrated Product Development (IPD), see Olsson et

al. [19] and Andreasen and Hein [20].

2.1.1 The IPD-process

The model of IPD according to Olsson et a/.[19] covers all the activi-

ties from a material need to a user-accepted product. The development

process is characterized by its integration of the following, for the devel-

opment process, essential functions in a product developing company:

market, design, production and business and economy. The IPD process

is terminated once the regular sale, production and design alterations

have started. These four functions represent in their turn the four main

activities (processes) which run simultaneously during the development

process (parallel strategy), albeit with different intensity and extent, see

Fig. 2.1.

Marketing

Design

Production

Product
in use

Business/Economy

Figure 2.1: The basic model of IPD-process by Olsson et al.[\9]
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In the IPD model the main activities are:

• market preparations which consist of need and market studies,

competition analysis, customer studies, service preparations, mar-

ket introduction etc.,

• product design which consists of studies of different product con-

cepts, embodiment, model development, production of prototype,

evaluation of tests in laboratories as well as field testing etc.,

• production preparations which include study of different manu-

facturing methods and consequences, acquisition of machine tools

and localities,

• business and economy activities which cover studies of business

and financial feasibility, profit evaluations, investment analyses,

follow-ups etc.

As the elapsed time from the identification of the material need until the

product is accepted in the market is mostly long and the activities are

very resource demanding, it is also necessary, at certain times intervals

when partial results are developed, to evaluate and take the necessary

decisions wether the development projects is to be terminated or to con-

tinue. The IPD model is therefore divided with respect to the following

identifiable results:

• determination of the technical product alternative (product type)

which gives the best fulfillment of the material need,

• determination of that concept which is based on the most promis-

ing working principle (principle product),

• approval of a preliminarily usable product, (primary product) and

start of preparations for the manufacturing of the product,
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• approval of a product which is usable, producible and salable (pro-
ducible product) and start of introducing the product on the mar-
ket,

• a final product version for the market (user accepted product).

This result divides the IPD-process into five phases, see Fig. 2.2.

Marketing

Design

Production !

Business / Economy

product's/print ipleN/primaryN/usabl»

Figure 2.2: The five phases in the IPD-process by Olsson et a/.[19]

These phases, together with the four main activities, form the basis

of a further division into 20 activity blocks as is shown in Fig. 2.3. In

the IPD-process where many parties are involved, where the complexity

of the problems is very high and each decision, often jointly made, is

very important, it is very significant that a common descriptive model

and terminology is utilized. In this way, cooperation in the project

comparisons is made easier as well as planning and other activities are

speeded up. A modularized model according to Fig. 2.3 also gives a

flexibility by the choice of different starting points and which activity

blocks that must be carried out in a given project.

There are many important interferences amongst the four main ac-

tivities. By focusing on the interferences between product design and



2.1. The product development process 13

Need

Need
study

Product
alternative
study-

Production
resources
inventory

Market
study

Conceptual
design

Market
evaluation

Embodiment
design

Marketing
preparation

Design
for manu-
facturing

Market
introduction

Final
product
design

Production
review

Production
layout

Production
development.

Production
-4 start

Business
feasibility
study

Feasibility
study

Production
initiation
study

Marketability
study

Project
review

PD 1

Product
type
phase

P D 2

Conceptual
product
phase

PD 3
Primary
product
phase

PD4
Production
preparation
phase

PD 5
Product
introduction
phase

Figure 2.3: Activity blocks in the IPD-process by Olsson et a/.[19]

the other three activities the following examples arc some of the most

important ones.

t product specification

• product quality

• product standard

• product economy

• customer adaptation

• production adaptation

It is very common that new approaches (methods and techniques) are

introduced for these interferences of interdisciplinary knowledge. Unfor-

tunately many of these approaches are often very limited with respect to

their use in the development process. This can lead to improper or in-

correct course of actions. The reasons for these problems are mostly due

to the much too restricted way of looking at things and limited insights

of the contents and complexity of the product development process.
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Design tastes Design phases

To design
product

To tiring forth
product type

Need

DPI. Product alternative study

To conceptually
build up the product

r Product type
Product idea

QPZ. Principle product design

To embody the pro-
duct for applicition

n
Conceptual bildup
of the product
Sketch, model

0P3. Primary product design

To embody the pro-
duct for use
and production

y
r

Pr«liminary applicable
product
Prototype

0P4, Manufacturing product design

To f i n a l l y
embody the product

y
r

Usable and manufactur«ble
product
QuantHy product

OPS. Final product design

^ * J Final pro* KJ

Figure 2.4: Product design procedure by Olsson et a/.[19]

2.1.2 Product design in the IPD-process

Focusing on the technical part of the development process, a product

design procedure has been defined by Olsson et al.[19] consisting of the

following five phases, illustrated in Fig. 2.4:

• product alternative study: finding a product type suitable to fulfill

the material need,

t conceptual design: design and selection of working principle for the

complete product,

• embodiment design: design(tests included) of the first functioning

product (preliminary design/prototype),

• design for manufacturing: design of the product for serial produc-

tion,

• final product design: debugging and redesign.
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Note that specific design projects may start and terminate at any of the

five phases.

During the design process five different types of design problems,

according to Olsson et a/.[19], are identified, see Fig. 2.5:

• the working principle which means the way in which a product or

its parts work or function,

• the configuration which means the arrangement of the product with

respect to the number of its parts, their positions and locations, the

balance between the prefabricated and the unique parts and the

arrangement of the parts with respect to the numbers, positions

and locations of the contours and particulars,

• the embodiment which means the dimensioning, form design and

colouring of the product and its parts,

• the material selection which means the determination of the type

of material to each part, its delivery form, heat treatment and

surface treatment and

• the selection of prefabricated components which means the deter-

mination of the type, specification and the manufacture of the

prefabricated parts.

2.2 Synthesis theory

One of the most important activities in each design process consists of

the synthesis activity; i.e. to create, in principle, solution candidates.

In order to clarify how this activity, often done intuitively, is carried

out from a theoretical point of view, Andreasen [17] has established a

complete synthesis theory.
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One of the purposes of doing this is to be able to formulate algo-

rithms which can be utilized for development of software useful in the

computer-aided design process in the future.

Similar to Hubka [21] Andreasen starts with a system approach in

combination with the axiomatic method.

Design of complex machines consists of determination of the four

systems: process system, function system, organ system, and layout

system; in that order, see Fig. 2.6. By process system is meant the

determination of those processes (activities) which the product should

perform and/or take part in. The function system determines which

functions are needed to realize the desired processes (belonging to the

product). When the functions are determined it is possible to look for

feasible organs (elements, parts etc.) which give the desired function(s).

The layout system defines the structural order in which the organs are

connected.

Within each domain one can work at different levels of abstraction

or complexity according to Fig. 2.7.

The synthesis procedure or the synthesis algorithm is not simple,

that is why an iterative process is assumed, see Fig. 2.8.

Result

Product

Product-
part

^Problem type

/ Prefab-
/' ricated

<
^ Unique

Working
principle

X

X

Configu-
ration

X

X

Embodi-
ment Material

X

X

X X

Component

1
X

Figure 2.5: Design problems by Olsson et a/.[19]
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Figure 2.6: System determination in sequential form [17]

Complex Complex

Figure 2.7: The domains characterized by abstraction and complexity

[17]

p = Proces»
fu = Function
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B = Layout

Figure 2.8: A rough model of 'the longest process' in forms of total

synthesis (from task to specified machine system) [17]
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Figure 2.9: Basic model of synthesis algorithm [17]

If the abstraction level is disregarded (i.e. if certain parts of the syn-

thesis activities are carried out with known elements and all the subsys-

tems are characterized at the end of the synthesis), t'.ien a fundamental

model of the synthesis activity according to Fig. 2.9 can be established.

In this model indices 1, 2 , . . . denote the real suggestions and the super-

scripts 1,2,3 denote the first, second, and third level of system hierarchy.

In this model the following characteristic components are included:
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• the starting point is the task formulation,

t an arrow implies a synthesis type at which alternative solution

candidates are determined,

• a set of solution candidates are denoted by A<Ji, AO"2, A<X3,... The

chosen solution is not marked,

t the end is represented by a total specification, i.e. a complete spec-

ification of the machine's layout structure.

The basic model shows that the four domains are determined in a com-

plex manner of iterative nature.

2.3 The use of design models in the thesis

In the real design process, analysis and synthesis activities alternate;

though the former being more popular from a scientific point of view.

In fact the analytical approach is an important part of the foundation

for the accomplishment of the latter.

Measures of component importance are more often used analytically

than synthetically and then on existing systems. Depending on the cir-

cumstances, the importance measures may be used at different phases of

the development process, for different purposes and to a varying extent.

In other words, no systematic utilization of these importance measures

is done. This is naturally a drawback since each analytical model may

find use even in a synthetical context if its usefulness is fully understood

and operational procedures are developed to apply the model. Having

the design models in mind, especially those from the synthesis theory,

the importance measures must be further developed so that they will

assist the designer in a more design-oriented way.
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It is perhaps even more desirable that the importance measures

allow both analytical and synthetical approaches. The former part tells

us how it is, while the latter part tells us how it will be in the future by

having insights into the present.

It is also due to applications of the design models that it is possible

to identify some suitable cases and situations in the design processes to

verify the results. The ideal situation would be to follow an original

design project from scratch but this is not feasible. Therefore, a case

study is chosen so that the models are applied to some existing system

even though the emphasis is on the synthesis activities.

The use of design models also enables the development of relations to

the design process and the design problems, namely where the developed

models are of immediate interest, what help they may give, and to what

extent they are useful.



Chapter 3

Component Reliability
Improvements and
Ranking of Importance

Recalling that the main goal of reliability engineering is to improve the

system, the following are first discussed, namely the ways of system reli-

ability improvement, the tasks involved, the introduction of importance

measures and several system reliability performance measures. Using

the expected system yield, a general component reliability importance

measure is defined. This has the advantage of being directly related to

the design practice and flexible to cover different situations. With this

measure, the present reliability level of the component at issue, the im-

provement action taken on it and its marginal importance are integrated.

Moreover, this measure, when the improvement action is specified, gives

readily the increase of system reliability.

The effects of several common component-level improvement ac-

tions, i.e. parallel redundancy, standby redundancy, burn-in, minimal

repair and perfect replacement are studied and ranking of component

21
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importance is discussed. The relationships among these effects are also

studied.

3.1 The improvement of system reliability

The reliability and availability performance of a product determines, to

a large extent, its cost-effectiveness and safety. First, the product must

be such that the money spent to buy it and to use it are considered

worthwhile; secondly, the product, once put into use, will not endanger

its environment (above all, human beings) i.e. the product should have

good safety performance. Hence a great commitment of the designer to

achieve better reliability and availability performance is of paramount

necessity.

Although it can happen that a product's reliability and availability

performance is established already at an early stage of the design process,

in most cases a continuous improvement of the product with respect to,

among other things, reliability performance is carried out throughout

the design process. The reason, beside the technical involvement, is

mostly attributed to the cost aspect. Naturally, the improvement of

system reliability performance should be justifiable with respect to the

increase of cost, weight, volume, complexity etc.

The specific approaches to such an improvement depend on the gen-

eral nature of the system, the cost of the improvement and the gain of the

improvement, e.g. the increase of the expected system yield. Shooman

[9], while discussing techniques for increasing system reliability, gives two

general design principles. One is to try to develop superior components

and the other is to alter the system's function structure. The former

implies a redesign of the components and the latter a re-establishment

of the function structure when system reliability performance is to be
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improved.

Generally the reliability and availability performance of a system is

improved when one or more component positions have been improved.

In essence, such systems are called monotone, or slightly less general,

coherent. One may regard a coherent system as such that all the com-

ponents are relevant and the system performance improves as the com-

ponents' performance does. For formal definitions of such systems, see

Barlow and Proschan [22]. Only coherent systems are dealt with in the

thesis. Depending upon the nature of system and components, the goal

of the system reliability and availability performance improvement and

the cost aspect, the improvement process may involve:

1. finding the most critical and weakest component in the system by a

criterion that will allow for some alternative improvement actions

to be taken later. Generally, an improvement of the component

should be proved most effective and beneficial and

2. for the identified component, find all feasible improvement actions

at the component level, compute the increase of system reliability

or availability due to each of them and the cost induced, make de-

cision as to choose which improvement action(s) and which compo-

nents) to exert the improvement. During this stage one may find

that the criterion in the previous stage might have to be changed.

It should be noted that in real design processes the above-mentioned

two stages may very often be a cyclic process. On one hand, system

improvement would not be achieved, at least not effectively achieved

without identifying the weakest components; on the other hand, without

specifying concrete improvement actions the identification of weakest

component would not have much practical meaning. Therefore, it is

impossible to tell which of the stages comes first. In fact, one very often

considers them simultaneously.
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Clearly, the task of improving system reliability performance is im-

mediately related to locating and identifying weak spots and critical

events in the system. This is usually carried out with the help of an

FMEA (Failure Mode and Effect Analysis) or FMECA (Failure Mode,

Effect and Criticality Analysis). These tools are widely used in sys-

tem reliability analysis in revealing the failure modes, their causes and

consequences on the system in a systematic way. In order to evaluate

criticality of each failure mode, an RPN (Risk Priority Number) is used

during an FMEA or FMECA. It is defined by weighing together the fail-

ure rate, severity and detectability, scaled either in five or ten grades, as

follows

RPN = failure rate • severity(- detectability)

or

RPN = (failure rate (4- detectability)) • severity.

Those failure modes with high RPN values are considered critical. Since

the numbers entered are obtained by subjective judgment and the weigh-

ing is rough, an RPN is most useful in the qualitative analysis of compo-

nent failures and component redesign to eliminate critical failure modes.

In a design process, particularly during system reliability improve-

ment, usually an FMEA or FMECA has often already been carried out.

One starts to focus on the various component positions in the system and

attempt to use the available resource to improve some of them in order

to improve the system reliability. In this case, the ranking of component

importance with respect to system reliability, a subject known as relia-

bility importance measures, provides an alternative to the RPN. These

measures may give not only qualitative rankings of the components but

also quantitative results. For references to this area, see Birnbaum [3],

Barlow and Proschan [4], Natvig [5], [23], [24], Bergman [7], Xie [8], and

[25].

The task in (2) is mostly concerned with technical and optimization
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problems. One wants to reach system reliability or availability perfor-

mance goal, i.e. the expected system yield under the constraint of total

expenditure or keeping the cost at minimum for the system reliability

and availability performance goals.

Generally, the measures of system reliability performance can be dif-

ferent, which will naturally change the criteria by which the component

importance is ranked. Bergman [7] discusses the following measures of

reliability performance for mainly non-repairable systems.

1. Survival probability at to, P{T<t> > *o) where r^ is the random sys-

tem life. This measure is suitable if one wants to assure that the

system is functioning during a time interval [0,*o] which is critical.

Clearly the ranking of component importance will depend on <o,

among other things.

2. Expected life E(T^) is a natural measure when a long system life is

wanted. This may also be useful when availability is concerned.

3. Expected restricted life J£
>(min(r^,T')) is of interest when a time

T exists after which the system reliability is of no interest for

technical or economical reasons.

4. Discounted expected life E{\ - e~aT*)/o. It is useful if one thinks

that a failure occurring late in the system life is less critical than

one occurring early.

5. Expected yield E{Y{r^)) where ^ ( T ^ ) is an increasing function of

the system life r^. This is a natural performance measure in many

situations and it generalizes the measures in 1, 2 and 4 above. In

next section it will be discussed more.

For repairable systems other performance measures may be considered,

where the main concern is availability.
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The five types of system reliability performance measures will all

dictate some approach to ranking component importance. That is, with

respect to each of the system reliability measures some importance mea-

sures would be considered appropriate.

System reliability/availability performance can also be measured in

other ways such as mean number of failures in a given interval or as

mean time between failures(MTBF) for maintained systems.

Since the expected system yield is a general measure of the reliabil-

ity and availability performance, it will be discussed more in the next

section. With respect to E(Y(r^)) a general component importance

measure is developed.

3.2 The general component importance mea-
sure

Generally the purchase of a system is based upon the expected system

life length. Naturally the longer the system functions over the expected

system lifetime, the more gain there will be for the purchase price, with-

out considering the increase of maintenance cost due to the wear-out

of the components. This is especially true for systems without mainte-

nance actions possible such as satellites, subsea equipment and micro-

processors. In the rest of the study we will mainly be concerned with

non-maintained systems.

Corresponding to a period of successful system operation, a gain of

value is returned, which is a function of the actual system life length.

This value is generally expressed in terms of products produced or service

provided. On the other hand, failures will result in loss of production,

loss of service, and worst of all loss of human lives. Since the system life
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length is random, the gain or loss of value is also random. Therefore a

study of this random value should be of greater practical interest than

the system life itself. Adopting the same terminology as Bergman [7] we

call this random value the system yield function. It is most proper to

study the expectation of this yield function since this "in-average" term

is widely accepted in engineering practice. This system yield function

should possess some intuitive and yet justifiable properties as follows:

• it is an increasing, or at least non-decreasing function of the system

life and

• it is continuous and vanishes at t = 0.

Let the system yield function be Y(t) corresponding to system lifetime

t and E(Y) be the expected system yield. The system lifetime has

probability distribution function F(t) and reliability function (survival

probability over t). Then the expected system yield is defined as

roo roo

EY = Y{t) dF(t) = / F(t) dY(t) (3.1)
Jo Jo

where Y(0) - 0 and Y(t) increases in t.

It is seen by this definition that EY depends on both the system

yield function and the system life distribution. By choosing different

Y(t) various measures of system reliability performance can be obtained,

for example, when Y(t) = t, EY reduces to the expected system life

length.

Since our main concern is the improvement of system reliability

performance which will depend upon the increase of system reliability

for any fixed Y(t), we will, in what is to follow, mainly deal with the

problem of improving system reliability. That is, the improvement of

system reliability will reflect that of the expected system yield.
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System reliability will be improved whenever we improve reliability

of one or more system components by a certain type of improvement

action. Different amount of system reliability improvement, hence dif-

ferent amount of increase of the expected system yield, will be achieved

when different components are improved. It is thus natural that this

increase of the expected system yield is used as a measure of component

importance.

In Paper 4 and Shen and Xie [26] it is proved that A ^ , the increase

of the expected system yield due to an improvement of the ith component

is

A<*> = EY{T^) - EY(T4>) = I" A^(t) dY(t) (3.2)
Jo

where T^T^J) is the system lifetime before (after) improvement on com-

ponent i and

<) ^ (3.3)

is the increase in system reliability due to an improvement on component

i and it is time dependent; here G{(t) is the reliability function of com-

ponent i after improvement and IQ (t) is the Birnbaum [3] importance

measure defined as

{? f ^ (3.4)
It is seen here that the increase of system reliability is directly propor-

tional to that of the component, with Ig as the proportionality constant.

A balanced consideration is taken for the three factors in the quantity

above.

It is clear that A ^ depends on three quantities, i.e.

• the improvement of component reliability, represented by G{{t) -

• the system structure, represented by Ig (t)
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• the yield function Y(t)

and hence completely describes the effect of improving a certain com-

ponent i on the expected system yield. Naturally we may define the

time-independent A-importance measure by

/j^oc f°°[Gt(t)-Fl(t)]I^\t)dY(t) (3.5)
Jo

where a proportionality constant can be used to assure that /^ sums

to unity. But we prefer to use A ^ directly as our general measure of

component importance. Sometimes, we are more interested in its time-

dependent counterpart A(l\t), thus they may be used interchangeably

when no confusion is caused.

This general measure of component importance has the property of

being time-independent but for any fixed yield function the quantity of

interest is in fact the time-dependent one A^(<) = [G{{t)- 1

Next different improvement actions and different system structures

will be considered in the context of their effects at the component level

on the system reliability(or the expected system yield).

3.3 Component improvement and importance

As we discussed in the Introduction, the improvement of component re-

liability may be achieved in various ways, for example, different working

principles, different forms, lay-outs and dimensions, different materials

and different manufacturing processes etc. All the above are concerned

with changes under the component level while above the component

level or at the system level we can choose different system structures or

configurations e.g. between a 2-out-of-3 system and a three-component

parallel system, depending upon the nature of the component and the
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system. One can see that possible actions are really a few in number.

But we still have one category left, namely, improvement at the compo-

nent level. This is different from the above two categories in a sense that

design of the individual components are not changed, nor is the overall

system structure. What is to be changed is just done locally, i.e. change

is limited to the component position. Even here the choices are many.

We can only concentrate on some of them, which are most well known

to designers and engineers and which are frequently discussed. They are

as follows:

• parallel redundancy of the existing component with an extra one

• standby redundancy of the existing component,

• minimal repair, i.e. to return the component to the state just before

its failure. In practice what is done with this respect is often a so-

called imperfect repair,

• burn-in, preusage of the component for a time period to and

• perfect replacement, the component is replaced by one which func-

tions perfectly. Theoretically no component is perfect but practi-

cally one may justify approximation of it.

It should be noted that by saying improvement actions at the component

level, we refer to either a local change of structure, such as parallel

redundancy and standby redundancy, or a change of reliability of the

component position by other means such as minimal repair, burn-in and

perfect replacement.

The reason why these different improvement actions are studied in

this context is as follows. First, these actions are used in practice by

designers and engineers and they are of great significance in the design

process, especially in the system development phase. Secondly, each of
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these actions, once taken, will have definite impact on the subsequent

decisions on whether or not to carry out the improvement of system reli-

ability and if so, where to allocate the improvement effort and resource.

In other words, for different improvement actions, the ranking of com-

ponent importance is different. This has been discussed in Paper 1. In

addition, if we have different system reliability objectives, the ranking

of component importance will also be different i.e. different situations

call for different importance measures, see Bergman [27] and [7].

Next we will study these improvement actions more closely with

respect to their effect on system reliability and the subsequent ranking

of component importance.

3.3.1 Parallel redundancy of system components

Parallel redundancy is perhaps the most well-known technique to both

reliability analysts and engineers in improving system reliability, see

e.g. Barlow and Proschan [22] and Kontoleon [28]. If a high reliability

requirement must be fulfilled, parallel redundancy may become feasible.

In what follows we will assume that parallel redundancy is feasible to

all components we are interested in.

In general, the effect of such a redundancy on system reliability

performance varies, depending both on which component is chosen and

on what life distributions the existing component and the newly added

one have.

It is often the case that parallel redundancy can be added only to

some identical or similar components in the system, hence we consider

here the case when, to each existing component, it can be added an i.i.d.

component. The case when the newly added component is not i.i.d. to

the existing one is considered in Boland et a/.[29].
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Basically there are two problems involved. First, one needs to know

the increase of system reliability after parallel redundancy of a specific

component. Secondly, one has to decide whether this increase is large

enough so that it can offset the introduction of extra cost, increased

complexity etc. If the answer is yes, the task of deciding which com-

ponent is to be chosen for such a redundancy, so that the increase of

system reliability(hence the expected system yield) is largest, becomes

straightforward. We are mainly concerned with the former one in what

follows.

In Paper 1, it is suggested that the improvement of system relia-

bility due to that of the components should be used as a measure of

component importance. This approach, compared with the earlier reli-

ability importance measures, has the advantages of being connected to

the improvement actions. As a by-product, the system reliability af-

ter respective improvement of the components is obtained. We hence

start with the study of the increase of system reliability due to parallel

redundancy of the components.

The increase of system reliability through parallel redundancy of

component i is, by Paper 2 when dropping the time dependence,

Aj? = FiFjg. (3.6)

It is also pointed out in Xie and Shen [30] that ranking by the Birnbaum

measure is not always the same as that by the increase Ap .

Let 0 be a coherent structure of independent components with re-

spective component state X and system state 0(X). Then the quantity

A ^ above satisfies (Xie and Shen [30], Theorem 2.1)

A ^ = Cov(0(X),A't). (3.7)

This result gives an interesting interpretation of the improvement of sys-

tem reliability due to parallel redundancy of component i as dependence
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between the system state and that of the ith component. It is easily seen

that this dependence is strongest when the component in question is in

series or parallel with the rest of the system since in the first case, the

failure of the component fails the system while in the second, the func-

tioning of the component assures that of the system. Hence the overall

role played by the component with respect to the functioning and failure

is taken into full consideration.

We are interested in the comparison between Ap and Ap , i /

j , so that we can allocate parallel redundancy to the most important

component. The following results from Xie and Shen [30] should be of

special interest.

If either F, < Fj and F{ + F3 > 1 or if Ft > F3 and F{ + Fj < 1 then
p.p. > p.p.

Sometimes the designer has only partial information about the sys-

tem, for example, he has not yet decided the exact system structure or

he does not have reliability data of all the components but he knows the

(required) system reliability and that of the component in question. In

such a case the following bound on Ap , see Paper 3, will be of great

help.

AJ? < F%Fi min {h(F)/Fi,(I - h(F))/Fi). (3.8)

A special situation is when component i is in series(parallel) with the

rest of the system in which Ap = F{F{FiF). Recalling the discussion

above, the dependence of system state and that of component i is in

this case strongest, namely, Ap is largest. For fc-out-of-n systems and

consecutive-fc-out-of-rc systems, similar formulas for Ap may also be

derived, see Paper 3.

It should be noted that we have only considered the time-dependent

Ap \ t) even though we have excluded the reference to t above. The time-

independent one, Ap in this case is obtained by inserting an appropriate
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yield function Y(t) into Eqn (3.2). Letting Y(t) = t, Ap becomes

the increase in the expected system lifetime by parallel redundancy of

component i. This is studied in Rade [31].

3.3.2 Standby redundancy of system components

While parallel redundancy is extensively used in electronics, it is gen-

erally much more difficult to apply in mechanical designs, as is pointed

out by Kapur and Lamberson [32] and Carter [33]. This depends to

a large extent on the practical feasibility of implementing the parallel

redundancy with respect to the nature of system and components, allow-

able volume and weight and the extra cost. Take a somewhat superficial

example. Although it is possible to have two parallel engines in a car

as in the case of airplanes, the car would be huge and heavy and too

expensive so no one would be willing to buy it. That is, theoretically

possible does not mean practically feasible.

In contrast to parallel redundancy, standby redundancy is easier to

implement in most situations and that is why it is more often used, par-

ticularly in mechanical systems, see Kapur and Lamberson [32]. Typical

examples of standby redundancy are spare generators in hospitals and

spare tires in cars. Many authors claim that reliability of a standby

redundancy system is very much dependent on the reliability of the

switch and a poor switch can even yield worse reliability performance

than a single component, e.g. Shooman [9]. But in most mechanical,

electro-mechanical and electro-hydraulical systems, switches are either

manually operated or they are designed in such a way that different

switch states are mutually exclusive. That is why standby redundancy

is preferred, at least in most mechanical systems. In addition, it deliber-

ately enables repair activity, therefore it plays a very important role in

the study of maintenance policies such as spare allocations, see Barlow
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and Proschan [22]. In what follows we will not consider repair and the

switch is assumed to work perfectly.

As in the case of parallel redundancy, we are first interested in the

increase of system reliability due to improvements of some of the com-

ponents which are identified as important or weak. Then we may com-

pute the system reliability improvement if standby redundancy of the

components is considered. After these two steps, once the standby im-

provement action is adopted, the ranking of importance may have to

be changed accordingly. Then we will choose that(those) component(s)

on which standby redundancy would result in largest system reliability

improvements.

Recalling the well known principle that it is always more effective

to add parallel redundancy at the component level than at the system

level, we naturally begin wondering if this principle would work even in

the case of standby redundancy. This knowledge will be of great help to

the designer when he makes decision whether to have spare for the whole

system or for the individual components. Undoubtedly, spare on higher

level will facilitate the maintenance work but the additional cost may

be too high to justify this choice in comparison to having spares at the

component level. Examples may be that a choice is to be made between

standby redundancy of a whole circuit and of some of the logical units.

In the first case when the on-line circuit fails some components of it may

still be in good condition, which will result in some unnecessary work of

fault-finding and checking. This will not be so in the second case since

a smaller unit is relatively easier to diagnose and repair and the work

wasted to check the good ones is saved.

We hence start with study of the effect of standby redundancy

on system reliability before we investigate the effectiveness of such a

standby at the system and component levels.
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i
i

Notably, it is not always better to add standby redundancy at the i

component level, as in the case of parallel redundancy. To the authors i

knowledge, no such study has been conducted, so our results here will

be both new and useful.

First, we need to specify what system reliability objectives we are

going to make a comparison with. The effectiveness of standby redun-

dancy can be based on these objectives. Different system reliability

objectives may give different results. In addition, such a comparison de- \

pends largely upon the system structure and of course, the component

life distributions. That is why general results are difficult to obtain.

First we consider the system lifetime which is the strongest of all the

objectives. In the cases of series and parallel structures, the following

result is derived.

For series(parallel) systems(Paper 5, Theorem 1 and 2)

Tc > TS{T3 > Tc)

where Tc and Ts are the system lifetimes after standby redundancy at

the component and system level respectively.

This result simply states that it is better to add standby redundancy

at the component level if the system is series while in parallel systems

the opposite is true. This may be used as a useful principle for design-

ers when standby redundancy is considered feasible to improve system

reliability performance.

Assume that we have a coherent system 0 with component life dis-

tribution F% and let Fc = ft(FwF') and F, = h(t)\&h(t') be the system

reliability after standby redundancy at the component and system level

respectively and Is) refers to standby redundancy. Then a comparison can

also be made between Fs and Fc, that is, in terms of system reliability.
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For standby redundancy at the system level we simply have

Fs = h(F) t±) h{t') = h(t) + AF

where

AF= F*F= I F(t-s) dF(s),
Jo

is the convolution of F and F.

Similarly, we have, for standby redundancy at the component level,

Fc = h(F u F') = h(F + AF)

where

Similarly, a general comparison between Fs and Fc is difficult since both

depend largely on the system structure and component life distributions.

In the case of Fa only information about system life distribution is needed

while for Fc life distribution of every component is needed. From a

designer's point of view, standby redundancy at the system level is much

easier to handle. At the moment he may not have selected or designed

all the system components so he does not know the life distributions

of them and the computation of Fc is impossible. But he may have

decided the system life distribution from the reliability requirements,

which makes it possible to compute F8.

3.3.3 Burn-in of system components

Burn-in is a widely used technique in industrial and electronic engi-

neering. When it is difficult or impossible to make significant design

changes to achieve the required reliability performance, burn-in, as a

post-production screening, can be a remedy to eliminate a large portion
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of the early failures in a group of components or systems. One reference

to burn-in techniques is Jensen and Petersen [34].

Virtually, burn-in will not improve the reliability of the individual

components themselves but it is a technique to enhance component qual-

ity. It aims at obtaining those components in the population which have

better reliability performance by "wearing out" or "exhausting out" the

weaker ones. Component burn-in is thus an effective method for reduc-

ing production quality cost and for improving reliability, see O'Connor

[35]. Thus for each of the components in a system, two options exist.

The designer either uses the delivered components directly or gets a

batch of them to run a burn-in so that the better ones are used. Nat-

urally, the additional cost in the second case is to be balanced by the

gain of reliability compared with the first case.

For a designer, he may immediately ask: if I consider using burn-in

on the components of a system but the resources are limited, e.g. cost,

time and testing available facilities etc. which component(s) should be

burned-in then?

Clearly the choice depends on

• system reliability improvement achieved by burn-in of the compo-

nents and

• costs of burn-in.

Since one may have different number of items and longer or shorter time

for burn-in of each of the system components, the burn-in costs will differ

from component to component. In order that the problem is tractable

but yet realistic, we assume that the length of burn-in is fixed and it is

the same for every component to be burned-in. By doing so, the gain of

burn-in on one component can be compared with those of the others.
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Let the burn-in time be prescribed as to and the components life

distribution F, and reliability F{. Then after burn-in, the components

which have survived will have reliability G{.

Apparently by conditional probability we have

Gi(t) = Fi(t + to)/Ft{to).

Gi{t) > /;•(«) if and only if

Fi(t + t0) > Fi(t)Fi(t0) for all t > 0. (3.9)

This implies that not all components can be improved by burn-in. It can

be seen directly that a component with exponential lifetime may not be

improved by burn-in because of its lack of memory. It is seen here that

the increase of the system reliability due to the burn-in is connected to

the component importance measures.

When the above condition is fulfilled, the increase of expected sys-

tem yield can be expressed as

= T
Jo

Similar to before we suggest that this quantity be used as a measure of

component importance with respect to burn-in, which is considered as

an improvement action on component positions.

The question as to what life distributions would make it profitable

to use burn-in is of primary interest. It is easy to realize that compo-

nents which have NWU distributions will be improved by burn-in. A

distribution is NWU if

F(x + y) > F(x)F(y) for x > 0, y > 0,

see Barlow and Proschan [22] for details about the related classes.
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Since we have fixed burn-in time to, the life distribution class NWU-

to suggested by Hollander et a/.[36] is of special interest. The definition

of this class is shown as Eqn (3.9). When a component is identified

to have an NWU or NWU-<o and its distribution becomes known, the

increase of the expected system yield may be calculated by Eqn (3.10).

Next we Gonsider the economic aspects of burn-in. When a burn-in

is planned, the designer has to know how much it will cost, how long it

will take, what facilities are needed and above all, how much gain can

be achieved due to the burn-in. Thus the notion of system yield enables

the evaluation of such a burn-in.

Suppose that the operation cost of a component is a, per unit time

and its failure prior to the burn-in time to costs 6,. The the total cost

of performing burn-in on the component is

Ct(to) = atto + btFt(to) (3.11)

where Fi(to) is the probability that a burned-in component fails prior to

to-

This quantity should be compared to the increase of the expected

system yield Ag n . The component with the largest value of Agn-Ci(to)

is considered to be burned-in in the first hand. This formulation may

also be useful in determining the optimum time of burn-in when we

have specified a component. For reference on determination of such an

optimum, see Bergman and Klefsjö [37] and [38].

3.3.4 Other improvement actions

The improvement actions on system reliability which have been studied

so far are the ones most commonly used in practice. There are, however,

some more possible alternatives which are mostly of perhaps theoretical
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interest. Such improvement actions are either less practical, difficult to

implement, or they are somewhat trivial. But these can give some in-

sights into understanding and applying the models for system reliability

improvement or they can help to obtain bounds on the improvement of

system reliability. The improvement actions considered in this section

are minimal repair and perfect replacement.

Minimal repair

Generally repair is carried out whenever a component or eventually the

system which consists of the components is failed. When a repair restores

the failed component to an "as good as new" condition, the repair is said

to be complete.

On the other hand, from the point of view of cost and time, the best

way to restore its operation is to return it to such a state as it had just

before the failure. That is to say, a minimum commitment is made which

costs a minimum amount of resource but yet brings the component into

a working state. Hence such a repair is called minimal repair and it has

been studied by many authors, see e.g. Barlow and Hunter [39], Aven

[40], Natvig [23] and [24], Norros [41] and Xie [25]. Some authors studied

minimal repair in connection with the study of maintenance policies, see

e.g. Adachi and Kodarna [42], Nakagawa [43], [44] and [45] and A ven [46].

Rade [47] studies minimal repair in a random shock environment.

In real world situations, depending upon the general nature of the

component or system and the allowable resource for repair, the compo-

nent or system may be restored more or less completely. For example,

some components, once failed, can not be repaired to "as good as new";

some have to be repaired quickly or cheaply hence the result is not satis-

factory. Therefore, a component or a system, after repair will not obtain

the "best" condition. Generally the result of a repair will lie between
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the complete and minimal repair and this intermediate repair is termed

incomplete repair. For references, see e.g. Brown and Proschan [48],

Nakagawa [49], Shaked and Shanthikumar [50] and Murthy and Nguyen

[51].

Many definitions or explanations of minimal repair have been given.

The most comprehensive one is that a minimal repair implies that when

a component fails the first time, it is replaced by a component of the

same age just before the failure, see Bergman [7].

In this subsection we will discuss how a minimal repair, as an im-

provement action, will affect the system reliability performance. From

a practical point of view, minimal repair can hardly be easy to imple-

ment. First, the component state must be monitored continuously and

recorded since the state just before the first failure has to be known.

Secondly, the repair process should be controlled so that the component

is really in the recorded state after repair. In reality, the additional cost

and time spent on the follow-up of component condition and on the con-

trol of the repaired state may become larger than those when a complete

repair is carried out.

Let Z, be reduction in the remaining system life due to failure of

component i, Natvig [24] derives the following

f°° - _ / \
E[Zi]= Fi(t)l-\nFt(t)}I^(t)dL (3.12)

Jo

And he also shows that this expectation equals the increase in the ex-

pected system lifetime due to replacing the life distribution of the com-

ponent by the corresponding one where exactly one minimal repair is

allowed. This immediately implies that minimal repair of a failed com-

ponent is equivalent to replacing its reliability Fi(t) by

Fi{t)[-\nFi(t)]
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that is, the improvement of the component reliability is

Gl(t)-Fl(t) = Ft(t)[-In Ft(t)].

Therefore the increase of the expected system yield would be

dY(t). (3.13)
TOO

= /
Jo
/
o

It is seen here that this increase, for a fixed yield function F , depends

upon life distribution and the Birnbaum importance measure of compo-

nent i. As before, we are interested in knowing the magnitude of the

increase due to each of the components and the order of these increases.

It is apparent that computation of AJJ/ is not at all easy, which

makes it necessary to investigate some bounds on it. The following

results are from Paper 4.

The increase of expected system yield due to minimal repair of com-

ponent i satisfies

roc _ ... . . . roo . . .

/ Fi(t)Fi(t)I%\t) dY(t) < A $ < / Ft(t)lg(t) dY(t). (3.14)
Jo Jo

An interesting interpretation of this result is immediate by realizing

that the first integral is the increase of the expected system yield due

to parallel redundancy of component i, while the last integral equals

to the increase of the expected system yield due to replacement of the

component by a perfect one, which will be discussed soon. This implies

that minimal repair is less effective than replacing the component with

a perfect one but more effective than parallel redundancy. The result

may serve as a useful principle when pondering over which improvement

action is to be taken.

The above bounds are natural ones and they are obtained without

assuming any conditions of component life distributions. Since aging

plays a very essential role in the component life history, we consider



44 3. The General Importance Measure

the component to have NBU and NWU life distributions. For details of

these distributions, see e.g. Barlow and Proschan [22].

The following is an upper(lower) bound on A ^ .

If component i has NBU(NWU) life distribution then

$ f°° $ dY(t). (3.15)

It is noted that the right hand side integral is the increase of the ex-

pected system yield due to standby redundancy of the component. More-

over, standby redundancy can be regarded as replacement by a com-

pletely repaired component. Thus, the above bound expresses the max-

imum(minimum) increase of the expected system yield due to minimal

repair, when the component is NBU(NWU).

The next question is how to compare AJ^ with AJ^, that is, we want

to order the increases of the expected system yield in order to identify

the most important component.

Realizing that Eqn (3.13) is a generalization of E[Z{] by Natvig [24],

compare with Eqn (3.12), the results reached by Natvig(Theomm 3.5)

[5], (Lemma 2.2, 2.3 and Theorem 2.4) [24], Aven(Theorem 3.1) [52]

and Xie(Theorem 2.2) [25] are still valid. However, all the results are

obtained by assuming either special component life distributions, see

Aven [52] or special system structures, see Natvig [24] and Xie [25] or

both. The reason is the complexity involved by, mainly /# (t). Because

of the lack of knowledge of Ig (t), the complexity does seem to be the

obstacle to computing AJ^ even for a fairly simple system structure and

such a simple component life distribution as exponential.

The following are some results adapted from Natvig [5], [23] and Xie

[25].

For a series(parallel) system, if F,(0 > Fj(t)(Fi(l) > F)(t) for all
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> 0 and i ^ j , then

(3.16)

That is, the most unreliable(reliable) component is the most important.

Let component i be in series(parallel) with the rest of the system

and let i and j have common life distribution, then

(0 0)
^M - y-t^M - (3-17)

This result says that if identical components(equally reliable) are used

both in series(parallel) with the rest of the system and in the rest of

the system, it is the one which is not(is) contained in the rest of system

which is more important. Such result may be useful when considering

the modules of a system.

Let component i and j be in series(parallel) with the rest of the

system, if F^t) > Fjit^F^t) > Fj(t) for all t > 0 and i ^ j , then

U) (3.18)

If component i is in series(parallel) with a module containing com-

ponent j and Fi(t) > Fj(t)(Ft(t) > Fj{t)) for alM > 0 and i / j ,

then

AÖ>(<)A#. (3.19)

This result is a natural generalization of the result presented above when

"a module" is replaced by "the rest of the system". Very often, informa-

tion about the entire system is not available yet, but the relation among

some components and a module is known. In such a case it is possible

to decide on which component a minimal repair is more effective.

Perfect replacement

When a component in a system fails, it can be replaced by a good

one. The question of using what components for the replacement is
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of special interest from an operational as well as from a cost point of

view. Generally, the time period when a component remains failed is

much shorter than the one when it is operable, i.e. its availability is

near unity. Hence, considering the cost, one may wish to use a cheaper

one to replace the failed component since the temporary lower technical

performance of the component position will not be so significant. This

is often applied in industrial practice.

On the other hand, when a component fails rather often and its

impact on system performance is large or there is a shortage of spare

parts or repair facility, one may think of using a very good component

to replace the failed one. This very good component may be much more

expensive but this may be justified by the fact that less interruption of

system operation occurrence, less production loss and the relief of not

having to get some unavailable spare parts.

Theoretically, even this 'very good' component will fail so there is

no 'perfect component', But in practice, in a short time period, a very

reliable component can be regarded as perfect. For example, suppose

that an electric fan fails rather often because of its light-duty bearings,

one may select another type of heavy-duty bearings so that the proba-

bility that the load on it will be higher than its capacity is, say, 10~8.

When such bearings are used instead of the light-duty ones for, e.g. ,

three days, it is fairly safe to say that the new bearings are perfect and

the replacement is perfect. Another example is given by O'Connor [35].

A hammer, for practical purposes, should be 100% reliable if used for

driving tacks but would have a zero reliability if used to stop a train.

Aven [53] discusses the experienced appropriateness of using the

following formulations of importance measures in a large number of sit-

uations, particularly in design.

The importance of component i = /i(l;,p) - h(p)
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where h(p) is the system reliability and /*(l,,p) is the reliability assum-

ing that the component i is in the perfect state.

Such a measure expresses the system reliability potential of the com-

ponent or the unreliability caused by imperfect performance of compo-

nent i. It is also pointed out that in the design phase the system reli-

ability improvement potential might be the most informative measure,

while for a system with frozen design, Ig might be more informative

since it reflects effects of small component reliability improvement on

system reliability.

Considering the reduction of system life length due to failure of

component i, Bergman [27] suggests that the following quantity should

be used

where r^ is the system life length based on the component lifetimes

( r i , . . . , r n ) and r^, is the system life length based on component life-

times (T"I,. . . , r,_i,oo,Tj.(_i,... , r n ) , i.e. if component i is replaced by a

perfect one.

This idea was later used in Aven and 0sterbo [54] to define two

component importance measures for a flow network system. These are:

system availability improvement potential and expected unutilized capac-

ity of the component. It was stated that these measures will be useful

not only in ranking importance but also function as bottleneck identifiers

and spare capacity indicators.

When a component is replaced by a perfect one, we have Gi(t) -

Fi(t) = 1 - Fi(t) = Fi(t), so the increase of the expected system yield

due to perfect replacement of component i is

Jo
i dY(t). (3.20)

o

This quantity actually expresses the largest increase of the expected
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system yield when any improvement action is taken. In Aven [53] and

Paper 1 some discussions on the improvement potential of component

i are made. The improvement potential, being the difference between

the ideal unity and the component reliability, i.e. the component failure

probability, expresses how much is left for the component to be further

improved. Therefore, it is, according to this point of view, unwise to

try to improve those component positions which have already rather

high reliability since the improvement will give only marginal effect.

Improvements on these components will also, very likely, cost more than

those on the less reliable ones.

3.3.5 Relations among the effects of different improve-
ment actions

Usually the nature of the system and its components determine, to a

large extent, what improvement actions are feasible, thus leaving us with

few choices. But still there are situations when we have more than two

alternatives for the improvement of system reliability performance. In

such situations two attributes to the selection of a specific improvement

action are the effect and the additional cost of each of the alternatives.

It is therefore of great interest to compare among the effects of different

improvement actions, so that further study of the economic aspect is

possible. Since no general results are available for the burn-in case we

drop it in the following discussion. Also it is not of general interest in

machine design.

Intuitively we believe that the perfect replacement is the best in the

sense that the increase of the expected system yield is greatest, while

the parallel redundancy gives the least increase in the expected system

yield. The following results are from Paper 4.

Let Ai, As, AM and Ap be the increase of the expected system
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yield due to perfect replacement, standby redundancy, minimal repair

and parallel redundancy respectively then

Ai > A 5 > AP. (3.21)

This result states that a standby redundancy is always better than the

parallel redundancy, that is, providing a spare is more effective for the

system reliability improvement. Naturally, in electronic versus mechan-

ical engineering the feasibility of implementing standby and parallel is

different. Taking into consideration the possible failure of the switching

device, the result may become less prominent.

Similarly we can make the following comparison.

(3.22)

It is interesting to note that even minimal repair gives higher increase in

the expected system yield than the parallel redundancy. But of course,

difficulty of implementing minimal repair may make parallel redundancy

more favourable, too.

Nothing can be said about As and A A/ in general. The comparison

is however interesting when, at the design stage, we want to choose

between having a spare and using a repair facility. Intuitively we may

think that the replacement by a new one should increase the expected

system yield more. But this is true only when the life distribution of the

component is NBU.

If Fi is NBU, then standby redundancy is more effective than min-

imal repair, that is

A s > A M . (3.23)

When Fi is NWU, the opposite is true.

This result is mainly because of the fact that if F is NBU then

F * F > F ( - In F)



50 3. The General Importance Measure

and if F is NWU then the inequality is reversed.

As a summary of the results we may have the following relations.

When Ft NBU,

A, > (As > AM ) > A P (3.24)

and when Ft NWU

> (A s < AM ) > AP . (3.25)

Naturally, using a perfect component instead of the old one will result

in the greatest increase of the expected system yield. This gives the

improvement potential of the component and can be a bound on the

increase on the expected system yield due to any improvement on the

component. Note that Ai can be bounded further by using a bound in

Xie [25]

f°° i\
= / Fi(t)I%(t)dY(t)

Jo

< /

Jo

Jo

oo

Future studies may make use of these results to derive models and mea-

sures for improvement of the system reliability performance. These mod-

els and measures will take both the effect on improvement of system

reliability and the additional cost induced by each improvement action.

3.4 The general measure versus existing ones

After studying the general importance measure with respect to different

improvement actions, it is desirable that we are able to compare this

measure with the existing ones. It is also of interest to relate it to the

existing ones. In what follows, which is based on Shen and Xie [26], it
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can be seen that the general measure actually unifies some of the existing

ones.

Denote by Iy , /jy , IgLp and /jy , the importance measures stud-

ied by Xie [8], Natvig [5], Barlow and Proschan [4] and Bergman [7]

respectively. Then we have the following results.

(i) Let Gi(t) = Fi(t) + efi(t) where /,(*) is the density of Fi(t) and £ is

used to assure that 0 < Gi(t) < 1. This is characteristic of the principle

of a shift of component reliability, i.e. Gi(t) = Fi(t - e), which has

been used by Bergman [7] and Xie [8] in defining component importance

measures. In this case, we have

W = IY
l) oc f°° fi{t)f§(t) dY(t). (3.26)

(ii) The Natvig measure has already been discussed in connection with

minimal repair and it is shown in Eqn (3.12). This is obtained by letting

Gi(t) = Fi(t)[l - \n(Fi(t))] and Y(t) = t in Eqn (3.2) i.e.

A(l) = / ^ ex f* -Fx{t)\n{Fi{t))I^{t) dt. (3.27)
Jo

(iii) Let G{(t) = Fi(t) + efi(t) where £ is the same as in (i). Let Y(t) = t

and Y(t) = t2 respectively then

r
^0

and

A(i) = /£> oc r tl{g\t) dFi{t). (3.29)
^o

It has been shown that the general importance measure can be readily

related to the existing ones. Such a relation bears also practical in-

terpretation. Compared with what has been previously studied in this

chapter, the majority of these measures are obtained by a small amount

of shift of component reliability and/or by using a linear or quadratic

system yield function.



Chapter 4

Stress-Strength Models of ,

Component Reliability

The previous chapter was mostly concerned with the improvement of

system reliability by improving some important components. The im-

provement actions then were at the component level, i.e. the component

position is altered, not the component itself. Typically this kind of task

is encountered in the conceptual design phase during which the system

function structure is determined.

In the next design phase, the embodiment design phase, the compo-

nents must be designed in such a detail that they will have the reliability

performance as expected in the previous design phase. This should be

carried out so that the effect of subsequent design for manufacturing is

taken into consideration.

As Bergman [55] pointed out, variations in the manufacturing pro-

cess is a source of unreliability and high manufacturing quality is an

important step towards reliable products. Therefore to decrease varia-

tion among important product manufacturing characteristics may also

be means to improve reliability. Statistical process control is a major

52
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tool for decreasing manufacturing variability by controlling disturbing

sources of variation.

Seen from the design process' point of view, the reliability perfor-

mance of each component is established in both the conceptual (working

principle) and the embodiment design phases. That is, after the embod-

iment phase, all the design parameters and variables are preliminarily

determined. Note that adjustments of the design parameters and vari-

ables are also, if necessary, carried out in the later design phases (design

for manufacturing and final design phase).

An alternative, and today regarded as a very attractive method is to

use the robust design methodology, see Taguchi [56] in which the role of

designed experiments is emphasized. In this methodology, the following

design phases are considered appropriate:

• system design, where system function structure is determined and

where our importance ranking methodology is relevant,

• parameter design, where adequate reliability is designed into the

system and especially into the components by choosing the de-

sign parameters and deciding design variables such as materials,

dimensions, forms etc. and,

• tolerance design, where the tolerances are determined and where

manufacturing quality is closely related.

In this methodology the second phase, i.e. the parameter design, is the

phase during which the component reliability is determined.

With respect to any specific reliability performance measure as dis-

cussed at the beginning of the last chapter, a component's reliability

performance is determined by many design as well as loading param-

eters and variables. The loading parameters and variables are speci-
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fied directly or indirectly by the client while the design parameters and

variables are derived during the design process. In order to design the

component reliability to meet the product specification, a model of com-

ponent reliability is necessary by which:

• reliability of the component may be predicted once the design is

carried out with respect to the specific loading conditions, i.e. the

design parameters and variable are determined when the loading

parameters and variables are known and,

• design parameters and variables may be determined in relation to

the loading conditions and required reliability performance so that

a specified reliability level is achieved.

These two sides of the model incorporate both an analysis oriented and

a synthesis oriented process. The traditional approach is first to design

the component and then verify if the required reliability performance

is achieved. Analysis and/or verifications by tests and the like may

demonstrate that the specifications have not been met. At this stage,

the designer may have to change one or more of the design parameters

and variables in order to improve the component reliability. In such

a way, the synthesis and analysis processes take place in an iterative

manner until a satisfactory result is obtained. Rather often practical

constraints such as cost and time will force the process to stop before a

satisfactory result is achieved.

In contrast to the traditional approach, which is often deterministic,

and to component reliability modelling, which is based on a black box

notion, the probabilistic models of stress-strength interference(SSI) and

the stress-strength-time(SST) give much more insight into the compo-

nent failure mechanism and the failure pattern. They will also make the

designer be more aware of the reliability aspects thus playing a more
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active role in improving component reliability long before failures have

occurred in the field.

4.1 The stress-strength interference modelling

A component which carries a certain function is usually subject to cer-

tain loads. Some of the loads are dictated by the working principle

while others are exerted unwantedly by the environment. These loads

can be mechanical, thermodynamical, electrical or whatever which are

characteristic of the demand on the component. The designer can usu-

ally not control these loads either for natural reasons (earthquake, wind,

storm etc.) or for the reason that these loads are intended (e.g. torque

conveyed from one gear to another, pressure exerted on a tank). The

designer, on the other hand, has the power of creating the component

to accommodate such a demand by a proper design. The ability of the

component to meet the demand or resisting the challenge is termed its

capacity. Clearly when the capacity is greater than the demand, the

component will function well and otherwise it fails. In what follows we

use the concepts stress and strength in their widest possible meaning in

place of load(demand) and capacity. It is also easily understood that a

design parameter or variable will have impact either on the stress or the

strength or both.

The design as well as loading parameters and variables are often sub-

ject to uncertainties, resulting in those of the stress and the strength. To

assure the component to function while being aware of the uncertainties,

the traditional design approach uses safety factors, safety margins or the

'worst case' method to choose a high enough strength in the hope that

failures will be eliminated. As is pointed out by Smith [57] and Haugen

[58], such an approach has the following drawbacks.
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I
Stress

Strength

Figure 4.1: The stress-strength interference

t It is highly experience dependent and is carried out by trial and

error and

• it is ineffective since the reliability level is not predictable.

Clearly the traditional approach to design is not adequate from a reli-

ability's viewpoint. The design methodology called probabilistic design

identifies explicitly all the design as well as loading variables and pa-

rameters as random variables which determine the stress and strength

distributions. By doing so, one may both analyze and synthesize com-

ponent reliability rationally once knowledge of the design and loading

parameters and variables is available. Haugen [11], [58] and Kapur and

Lamberson [32] discuss the methodology in detail.

Assuming that the stress-influencing variables and strength-influ-

encing ones are independent, one can combine them into stress and

strength distributions. By this assumption, stress and strength would

be independent. Such an assumption can not be generally made and if

the approximation is satisfactory it will facilitate the modelling as well

as the evaluation. Suppose that at time to the stress S and the strength
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C are continuous random variables with distribution function Fs(s) and

Fc{c) respectively, then by referring to Fig. 4.1 the reliability is

R = P(C>S\t = to) = j Fs(c) dFc(c). (4.1)

Such an integral may be evaluated analytically, numerically and by sim-

ulation once the distributions are known, see Kapur and Lamberson [32]

and Loll [59].

It is clear that the reliability R will be a function of the parameters

of both stress and strength distributions and these parameters are in

turn functions of the design as well as loading parameters and variables.

By such an approach one gains greater insight into the component as a

black box and more knowledge of how and why a component fails the

way it does. In case we need to improve the component, some of the

distribution parameters may be changed in the design phase and/or in

the manufacturing process. For applications of the SSI model in design,

see Shooman [9], Haugen [11], [58], Carter [33], O'Connor [35] and Loll

[59].

However, in engineering practice, such information as stress and

strength distribution is seldom available, which prevents us from eval-

uating the reliability R in Eqn (4.1). It is likely that an engineer finds

it easier to give estimates of the chance by which a variable falls into

a specific interval than to determine the distribution function. Some-

times by engineering judgment, a maximum stress 5m a x and a minimum

strength Cmin rnay be available, so that the failure probability R may

be computed as

fs(s)Fc(s)ds (4.2)

where fs(s) is the probability density function of stress S and it is as-

sumed that the stress and strength distributions overlap only within the

so-called 'interference region' [Cmim^max] and the probability of failure

outside this region is negligible.



58 4. Stress-Strength Modelling

The last section of this chapter presents a heuristic approach to

obtaining bounds on the failure probability when knowledge of interval

probabilities of stress and strength is available, but subject to uncer-

tainty.

4.2 The stress-strength time modelling

The SSI modelling just discussed provides a rationale in the analysis and

synthesis of component reliability and it has advantages not enjoyed

by the traditional approach to design, but it also suffers from some

drawbacks.

In component reliability modelling, one usually considers the life-

time distribution of the component, i.e. the distribution of time to fail-

ure(TTF). Generally the distribution of TTF is determined statistically

by life testing and estimation. The data obtained are in form of failure

times and the failures are recognized by a certain failure mode. It is

easily realized that what we observe is only surficial and phenomenal

but chronical. By saying this we mean that, when observing failures

we see only some surficial phenomena and we are focusing on when but

not on how and why. In one word we do not connect failures, at least

not explicitly, to their physics of failure or failure mechanism. There-

fore this approach gives only partial and incomplete information of the

component failure.

By SSI modelling we see failures as internal and essential but not

chronical. That is, we focus on why and how instead of when since the

distributions of stress and strength are applicable only at one specific

time instant and no indication is made as to how they change with

time. Therefore no time dependence is involved so no explicit R(t) can

be obtained this way. The approach gives also partial and incomplete
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information about the failure of component.

The drawbacks of the above-mentioned two approaches have con-

sequently led to the development of the stress-strength time(SST) ap-

proach which takes the changes of stress and strength distributions with

time into consideration. Hence it becomes possible to express failure

probability or reliability as a function of time, as can be seen in Shooman

[9], Schatz et a/.[60], and Loll [12]. This approach answers questions

about when, how, and why a failure occurs of a component. Hence it

gives complete information for reliability modelling.

In the rest of this section, we first extend the SSI model into SST by

using the notion of stochastic processes in Shen [61]. Then the conditions

under which the interference between a time dependent strength and

a time independent stress would result in an exponential component

lifetime is sought in Shen [62]. In Paper 6, the model in Shen [62] is

further developed. Some new definitions are made and several different

stress distributions are studied.

4.2.1 The extension of SSI to SST

The extension of SSI into SST requires that the stress and strength

are stochastic processes S(t),t > 0 and C(t),t > 0. Usually, these are

assumed to be independent of each other. Based on this notion, the

component reliability for the period (0,<o] rnav be defined as follows, see

Johnson [63] and Shen [61].

The most natural definition is when we require that current strength

exceed current stress, i.e.

(4.3)

alternatively if we could only require that current strength exceed the
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maximum thus far encountered, then

Riito) = P[C(t0

and the perhaps most rigorous one is

> sup S(t)}
K to

(4.4)

R3(t0) = P[inf C(t)> sup
<<< t<t0

(4.5)

These definitions correspond to different criteria of failure. Since the

latter two definitions are difficult to be interpreted physically, the one

in Eqn (4.3) will be mostly used in the rest of this section. Generally

the problem of modelling R(t) by SST is directly related to the classic

problem of first passage distribution in mathematical statistics. Few

results are readily useful in this context since most of them are concerned

with stationary processes, an assumption which is obviously not satisfied

in this case. Intuitively, C(t) would be decreasing while S{t) being

stationary or S(t) would be increasing if C{t) is non-decreasing.

Using the definition in Eqn (4.3) Basu and Ebrahimi [64] consider

the case where S(t) and C(t) are Brownian motion processes with means

f.i\,fi2 and covariances a\ min(.s,/),<72 min(s,<). They demonstrate that

(4.6)

Note that this model will not apply for large to since Ri(io) > 0.5 for

all to when //2 > /ii-

4.2.2 The SST model for a special case

In Shen [62] we have tried to find condition in the SST model under

which the time to failure is exponential. It is assumed that C{t) is

monotone. Considering the case when the component has exponential

lifetime with reliability function

R(t) = e~xt, t > 0. (4.7)
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Shen [62] attempts to find conditions under which the following equation

roo
R(t) = / [1 - Fc(s | 0] dFs(s | t) = e'xt (4.8)

./o

may be satisfied.

It is assumed that the stress does not change with time i.e. F$(s

t) = Fs(s). When the stress and strength are exponentially distributed

with parameters As and Ac(2) respectively i.e.

Fs(s) = 1 - e-Xsa

and

Fc(c\t) = l - e

it is shown that the unique solution to Ac is

Xc(t) = Xs(ext - (4.9)

which implies a deterioration of strength since the mean o( strength

decreases with time.

Another case considered in Shen [62] is when both stress and strength

are normally distributed with means fis and nc{t) and standard devia-

tions as and

In this case, by the criterion in Eqn (4.3), we would like to find

conditions under which

R(t) = $ = e
-xt (4.10)

Let the quantity within parentheses be denoted by u(t) which should

satisfy the differential equation

= 0 (4.11)
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with some boundary conditions. It is readily realized that the behavior of

R(t) will restrict that of u(t) and consequently Hc(t) and 0c(t). First,

it seems reasonable to assume that 0c{t) is bounded for all t. One

condition is that fic(t) increases rapidly without bound as t —• 0 so that

fic{t) - Us —* oo. This assures that u(t) —• oo and R(t) —• 1. This

also implies that a monotonically deteriorating strength dominates the

decrease of R(t). On the other hand, the condition R —• 0 as t —• oo

would require that /zc(0 - MS —* -oo. This may be interpreted as when

the deteriorated strength is well below the stress.

As an attempt to solve Eqn (4.11), a numerical solution of this

equation is done for the interval from Xt = 0.05 to 0.1 which shows a

nearly linear relation between u(t) and t, see Shen [62]. Naturally, a

greater region should be studied if the result could be of any practical

use. Because of the amount of computation required, no larger intervals

have been considered. From this mere knowledge it is impossible to

determine

With respect to the exponential lifetime, the following classical re-

sult is well known and interesting. That is, the first-passage time of a

stationary Gaussian process over a high level is approxiamtely exponen-

tially distributed, if the upcrossings do not tend to form clods, see e.g.

Cramer and Leadbetter [65].

4.2.3 Further development of the SST model

Returning to the general problem formulation in Eqn (4.3) we denote

the stress and strength distribution functions, conditioned on time t, by

Fs(s | t) and Fc(c | t). Let T be time to failure for the component, with

reliability R(t) defined as

R(t) = P{T > t) = c~/o *<T> dT (4.12)
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where h(t) is the failure rate function.

If S(t) is increasing and C(t) decreasing, R(t) may be expressed as

R(t) = / Rc(s 11) dFs(s | 0 (4.13)
Jo

where Rc{s \t) = [l — Fc(s | <)], see Paper 6.

Assuming that Fs(s | t) - Fs(s), i.e. S(t) = 5(0) and 5(0) is a

random variable, it can be shown that the failure probability F(t) =

1 - R(t) may be treated as a mixture of Fc{& \ t) according to Fs, i.e.

F(t)=
Jo

(4.14)

This formulation may be of interest in studying SST models. The mix-

ture of distributions has many known properties e.g. it preserves some

ageing properties such as NBU and NBUE, see Barlow and Proschan

[22].

We define the function Rc(s | 0 a s ^ne survival probability beyond

a stress level s at time t since

(4.15)R c ( s | 0 = l - FC(s I 0 = P ( C ( t ) > s \ t )

and a function g{x 11) satisfying

Rc(s I 0 = exp[- / g(x | 0 dx]
Jo

is called the conditional strength failure rate at time t.

(4.16)

In close analogy to Eqn (4.12), we put Eqn (4.16) into Eqn (4.13)

with Fs(s I 0 = Fs(s)-> obtaining

Ä(0= [ e
Jo

dx (4.17)

It is apparent that, with a specific R(t) and a general and known Fs(s),

g(x I /) will have certain correspondence to R(t). In another word, the

properties of strength C will be preserved and recurs in R(t).
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The simplest case is when g(x \t)\s constant for given t. The stren-

gth distribution is then exponential with a time dependent parameter.

In summary, we will have the following result, see Paper 6.

When strength distribution is conditionally exponential, R(t) may

be expressed as:
roo

R{t) = / e-XcW" dFs(s) (4.18)
Jo

where Ac(0 = g{x \ t).

The equation above can be regarded as a pseudo-Laplace transfor-

mation in order to simplify the calculations. Thus we can rewrite it

as

R(t) = LXcit)[Fs(8)]. (4.19)

The following are some cases which show the dependency of R(t) on

Fs(s).

When Fs{s) is exponential with parameter As i.e. Fs(s) - l -e~A 5 S ,

we have

Ac(0 = As[e//(i) - 1] (4.20)

where H(t) is the component cumulative hazard function defined by

H(t) = f h(r) dr.
Jo

(4.21)

This result relates the failure rate to the distribution parameters of stress

and strength, hence a correspondence is established between the overall

component failure characteristics (h(t), H(t) or R(t)) and mechanisms

of failure.

If h{t) = A, that is, the component has constant failure rate, then

Ac(0 = As[eAt - i] (4.22)

while when h(t) — A<, that is, linearly increasing failure rate, then

(4.23)
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In the case when Fs(s) is Gamma with density

fs(s) = ^-y-le-0s 8 > 0, t, > 0, p > 0 (4.24)

we obtain the corresponding result

Xc(t) = Pie1*™* - 1]. (4.25)

When h(t) — A and \t we have

Ac(0 = P[e* - 1] (4.26)

and
At2

\c(t) = p[e?v - 1]. (4.27)

By SST modelling one attempts to establish relationship between com-

ponent failure rate and th: stress-strength distribution characteristics,

among other things. The results presented above serve as a first step

towards this goal. In the formulation it is possible to incorporate the

time into the strength distribution thus component reliability becomes

dependent on the strength (time dependent) and the stress(time inde-

pendent).

4.3 SST modelling and reliability growth

Considering the component reliability in terms of stress-strength mod-

elling, its improvement process is continuous in time, at least it should

be as Deming [66] said 'improve constantly and forever'. Usually the

stress distribution may be considered to be independent of time. For

a manufacturer the stress is assumed to be fixed for his products. An

improvement of his products then means increased strength.
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For a component having stress distribution Fs(s) and strength dis-

tribution Fc(c), the reliability of the component is given by the proba-

bility

R = P{C> S).

Any change of reliability may be characterized by some changes of

the strength distribution since the stress distribution may usually be

treated unchanged. Any effort should always be devoted to increasing

the strength. The curve of strength distribution should thus be moved

away from that of the stress. This is in line with the idea of artificial

heredity by Charles R. Darwin, as is pointed out by van Otterloo in an

editorial, see [67]. The stress-strength time model discussed before is a

valuable tool to handle the situation in which the strength improves with

time, resulting in an improvement of component reliability or reliability

growth. The following is from Paper 7.

When the improvement is a continuous process, the reliability of

the component produced would increase in time , i.e. reliability grows.

Hence a component produced at a later occasion would be more reliable

than one produced earlier. This may be characterized by the fact that

the parameters of the strength distribution are functions of production

time.

We define the relative reliability improvement rate at production

time t by

r(t)= - In R(t). (4.28)

The motivation for this is that the relative increase of reliability

At)-R(t)

R(t)

may be interpreted as the decrease of intensity of failure. The solution

to the following differential equation with r(t) = 0 when R(t) = 1
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is Eqn (4.28).

It follows that if R(t) is constant then the failure intensity is constant

over the whole improvement process. In such a process, r(t) is usually a

decreasing function. The inverse of r(t), an increasing function, may be

called the mean time to failure of an item produced at production time

t.

In the simple case when both stress and strength are exponential

with parameters A5 and Ac respectively, the reliability is expressed by

R =

see e.g. Kapur and Lamberson [32].

(4.29)

Suppose that new products are successively developed and manu-

factured in such a way that the parameter Ac is, hopefully, a decreasing

function of time, then the failure intensity is

' XS V (4.30)

Suppose now that the mean of the strength is much larger than that

of the stress, that is, \c{t) is much less than A5 for all £, and we have

approximately

Ac(0
As

(4.31)

If Ac(0 is a power function, that is \c(t) = tQ, then r(t) - tQ. This

is analogous to the Duane model for reliability growth. It is easily seen

that if a = 0, i.e. Xc(t) is independent of production time /, then we

have no reliability growth.

Naturally, increase of the mean strength and decrease of its variation

would result in a reliability improvement. We will consider normally dis-

tributed stress and strength with means us, pc and standard deviations



68 4- Stress-Strength Modelling

as and oc- By Kapur and Lamberson [32], the component reliability

would be

R = *(*) (4.32)

where $ is the cumulative distribution of the standard normal and

z =

Since usually fie > Us, the larger is z the larger is the reliability R.

To increase the value of z we may increase the mean of strength f.ic or

decrease the variation of strength a^.

The effect to increase the mean strength from fie to fj,c + A/i is seen

by the change in z as

Az = - * ! ! _ . (4.33)

The reliability is increased by an amount of

- - e -«V>. (4.34)

Fo" many practical situations it is too hard or too expensive to increase

the mean strength. Another possibility is to decrease the strength vari-

ation. It is reasonable that, since in practice the strength is always

stochastically greater than the stress, a decrease of strength variation

will resuh in an increase of reliability.

In the expression of z, it is seen that if the stress variation, as, is

small, a great gain of reliability can be achieved by reducing the strength

variation, see Loll [12]. In this case we have approximately

(4.35)

and we see directly that decreasing the variation is effective to increase

reliability since o c becomes a scaJe parameter.
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When the change in &c is small, the change in z is

Az = -(fiC

The increase of reliability becomes

AÄ = V

(4.36)

"2 l\ (4.37)

An attempt has been made to incorporate time dependence into the im-

provement process so that stress-strength models and reliability growth

may be combined. The stress-strength models have been used to com-

pare reliability of two components produced at different times.

In practice, the development as well as manufacturing process may

improve the product reliability in many ways. The modelling of the

reliability growth by stress-strength is just a comprehensive one. De-

sign changes may shift both the mean and the variation of the strength

while during manufacturing process quality improvement may reduce

the strength variation.

4.4 A heuristic approach in SSI

In order to compute the failure probability by Eqn (4.2), one has to know

the distributions of stress and strength i.e. Fc(c) and Fs{s). Unfortu-

nately, such knowledge is often unavailable in the engineering practice

except for some empirical data. Particularly, estimates of the probabil-

ity of stress and strength falling into the region [CmimSmax] a s weU a s

probabilities that each of them falls into some intervals of the region can

become available from experience and expert judgment. In such a case,

it is possible to compute R by appropriate approaches without knowing

Fc(c) and Fs(s).

Naturally, since the empirical probability data suffer from uncertain-

ties, the computed R would also involve uncertainty. Often the empirical
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probabilities are expressed as values between upper and lower bounds,

hence we obtain a pair of bounds on Ä, too. We hope that the approach

for computing R is such that the bounds it yields will always, or at

least most of the time, include the 'true' value. It is also desirable that

the bounds so obtained can be used to construct practical and accurate

estimate of R and the spread of the bounds should be small.

Several authors have studied this problem and approaches have been

suggested. The region [Cmin^max] is partitioned into n intervals by the

equidistant points Cmin ~ QQ < a\ < ... < an = 5m a x . Let p, and 9, be

the probability of S and C falling into the interval [a,_i,a,] respectively

then YA-IVI
 a nd YA=\ Qi a r e t n e probabilities of S and C falling into

The uncertainties on p,, g,, YA=I pi and Y,?=i Qi c a n >̂e expressed as

LPl<Pi<UVl, Lq,<gi<Uqt (4.38)

'i < UQ. (4.39)
t = l

or as ±a% of the exact probabilities. Note that non-linear programming

is involved in obtaining the bounds on R.

Kapur [68] suggests the following estimate of R:

n

Ufc=i

(4.40)

In studying the Kapur approach, Park and Clark [69] point out that it

overestimates R and it does not always include the true value. They

suggest the following estimate:

n

jt=i

n

(4.41)
t = i

It is later found by Meloy and Cavalier [70] that bounds by this approach

do not always include the true value of R either. Subsequently, an
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approach is developed which gives bounds that always include the true

value. It is as follows:

n i - l n
(4.42)

in which 0 is set to 1 and 0 for the upper and lower bound respectively.

This approach, however, gives very wide spread of the bounds since

its formulation represents the 'worst-case' and the 'best-case' scenarios.

Hence the approach is not very useful.

In Paper 8, a new approach is suggested which estimates R by

•i-in

t = i

n
(4.43)

where 0, is dependent on the individual p, and <?,.

Two numerical examples are given in Paper 8 which demonstrate

that the estimated bounds obtained by this new approach include the

true value already when the number of intervals is small — the most

common situation in practice. Further, a good point estimate of R can

be easily constructed from the bounds which gives uniform performance.

The spread of the bounds, represented by the ratio of upper bound to

the lower bound, is found to be smaller than or competitive to those by

the previous approaches.



Chapter 5

Demonstration and

Verification of the Results

In all engineering design research projects, a major difficulty is a strict

scientific verification of the results. The nature of engineering design

is such that subjective and objective knowledge are used in a sequence

which, in practice, never can be repeated exactly. This implies that the

only theoretical approach to assure a scientific accuracy would be to

carry out such a number of projects that the results can be statistically

validated. For the obvious reasons, this is not practically feasible.

Recalling the objective of this thesis (see Page 5), it turned out that

the only results which can be demonstrated and partially verified are

those emanating from chapter 3 — the importance measures. The stress-

strength models derived in chapter 4 are still at a conceptual/theoretical

level of development that they, in the present form, are not suitable for

a practical implementation.

For the demonstration and verification of the results from chapter

3, a case study and a worked example are utilized. In the case study, an

existing product is studied with emphases on the importance measures.

72
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By doing this, the traditional (analytical) approach, that is, how the

reliability technology is utilized in engineering design, is demonstrated.

Simultaneously, a practical evaluation of the importance measures is car-

ried out. In the worked example, a design-oriented (synthesis-oriented)

approach is demonstrated.

The general results of the case study and the worked example will

be put into the overall design context and discussed more in chapter 6.

5.1 A case study: the gasoline pump

This study has been carried out at the Wayne Europe AB in Malmö

which produces complete tank systems for gasoline stations. The object

of interest is the existing gasoline pump SU 866, see Fig. 5.1.

The objectives of this study are

• to analyze the existing product according to the traditional ap-

proach of reliability technology by:

- establishing the system fault, tree and/or reliability block di-

agram

- obtaining failure data (field or empirical data)

- computing system failure probability

• to consider some appropriate improvement actions at the compo-

nent level and rank the components by computing the correspond-

ing importance measures

• to suggest components for improvement with respect to the

provement actions at the component level.

The complete study is presented in Shen [71].

mi-
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FRONT

UNLEADED

Figure 5.1: The gasoline pump SU 866: courtesy of Wayne Europe A B



5.1. A case study: the gasoline pump

5.1.1 The system failure analysis

The failure mode considered is defined as: that when the real amount

(in liters) of gasoline obtained by the customer deviates from that shown

on the display. A failure is said to have occurred when the deviation

is greater than 0.5% of the true volume. By considering this failure

mode and the system configuration in Fig. 5.1, a fault tree is created in

Fig. 5.2. For the designations, see Table 5.1.

It should be noted that an FMEA (Failure Mode and Effect Anal-

ysis) or FMECA (Failure Mode, Effect and Criticality Analysis) may

have been performed in this case. By an FMEA, one can determine the

relationships between possible failure modes of a component and their

effects. It is also a means by which failure modes, their causes and con-

sequences can be systematically identified. For a procedure to perform

an FMEA/FMECA, see e.g. [72]. In such analyses, RPN (Risk Priority

Number) may be used to weigh the failure rate, the severity and the

detectability of a failure mode and hence it is a type of importance mea-

sure. In our case, the failure modes and effects of the components and

the system are rather obvious and well known to the system engineer.

Therefore, no FMEA or FMECA has been performed. Likewise, since it

is reasonable to consider the failures as random, their severities low and

no possibility to detect them, it is believed that RPN will not be very

helpful, hence it is not computed.

Using the min cut set algorithm by Barlow and Chatterjee [73], the

min cut sets were obtained. Since the number of the min cut sets was

large and their sizes small, the system was more conveniently represented

by the reliability block diagram which is shown in Fig. 5.3.

Since the failures involved are of a non-catastrophic nature, they are

not remedied immediately. The information available is the number of

repairs or replacements made on each component during a certain period
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Figure 5.2: System fault tree
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Figure 5.3: System reliability block diagram

of time. Based on the information, the component failure probabilities

were estimated under a certain period of time, see Table 5.1.

It should be noted that:

• a component may be repaired or replaced for other reasons than

the one we consider,

• a component may be replaced even though it has not failed for the

sake of cost effectiveness and efficiency,
V 7

• the estimated failure probabilities are weighted for different pumps

and different environments in which they are installed and oper-

ated and,

• the failure data in Table 5.1 are all relative values for the reason

of confidentiality.
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Table 5.1: The failure data: Courtesy of Wayne Europe AB

Comp. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Designation
Computer
Display
Gear transmiss? ^ i
Gear transmission 2
Drop con'
Mast )
Mas ,
Pulse sensor 1
Pulse sensor 2
Pilot cone
Main cone
Check valve 1
Check valve 2
Meter 1
Meter 2
Air separator 1
Air separator 2
Pump suck seal 1
Pump suck seal 2
Pump suck pipe 1
Gasoline
Pump suck pipe 2
Gasoline

Failure mode
»Vrong output
Display faulty
Incorrect trans.
Incorrect trans.
Leakage
Leakage
Leakage
Malfunction
Malfunction
Leakage
Leakage
Leakage
Leakage
Malfunction
Malfunction
Malfunction
Malfunction
Leakage(air)
Leakage(air)
Improper install.
Cavitation
Improper install.
Cavitation

Reliab.
0.9995
0.9995
0.998
0.998
0.999
0.98
0.98
0.995
0.995
0.999
0.95
0.999
0.999
0.995
0.995
0.99
0.99
0.99
0.99
0.999
0.999
0.999
0.999

Because of these the estimates are both approximate and conservative.

For our purpose of ranking components importance, however, such esti-

mates would be good enough.

It has been assumed that the components are independent of each

other. This may be motivated by the fact that the components do not

subject to common stresses or loadings and the environmental conditions

are considered to have little or no effect on the component failures. The

only possible dependence may exist among those either identical or siini-
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lar ones e.g. the gear transmissions, pulse sensors etc. These components

may suffer from the same defects from design and/or manufacturing pro-

cess, hence they might be dependent. In addition to these and for the

sake of simplicity and in accordance with the models developed, we have

assumed component independence in the study.

By the system reliability block diagram, Fig. 5.3 and the failure

data, Table 5.1, the system failure probability (reliability) is obtained

as 6.4% (93.6%). Thus, the probability that the displayed volume is

in error by an amount larger or smaller than 0.5% during some fillings

estimated in a given time interval is approximately 6.4%. This has been

confirmed by the design engineer as a realistic value.

5.1.2 Computation of different rankings of component

importance

Having obtained the overall probability of system failure, it is natural

that one starts to consider how to improve the system performance.

As a first stage of the improvement process, we have to identify which

component or components are the most critical or important in the sense

that it is most worthwhile to direct improvement efforts towards them.

Resources are to be allocated. Next we need to know by how much

amount, the improvement of each component or group of components

would increase the system reliability with respect to different situations

(different improvement actions taken). Table 5.3 to Table 5.7 summarize

the results.

5.1.3 Suggestions for product improvement

After the system failure analysis and the computation of several rank-

ings of component importance a substantial amount of information is ob-
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tained. Such information, combined with the designer's subject-matter

knowledge and the company's cost policy, would be valuable in the prod-

uct improvement process.

Before suggesting possible improvement actions it is necessary to

thoroughly discuss the interpretations of the computed rankings in dif-

ferent situations.

Generally even when the designer does not have data regarding the

component failure characteristics, it is still possible to qualitatively rank

the failure-proness of the components by his knowledge. Hence we first

consider the case when no data are available and no engineering judge-

ment may be made.

Without the help of any importance ranking we may observe the

following:

t The computer and display are the most important since they are

in series with the rest of the system and then failures are not

caused by any other secondary events. Here their improvement

would have a direct effect on the system performance. The same

is true for other components which are in series with the rest of

the system. These components are said to be in category 1.

t The components in the modules Xi?X2> a nd X3 °f category 2 are

less important than those in category 1. Comparisons amongst

components in category 2 are generally impossible without failure

data.

Having obtained the results of structural importance in Table 5.2, we

restate our assertions as follows:

• Components in category 1 are more important than those in cate-
gory 2. No discrimination can be made among the components in
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Table 5.2

Comp. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

The structural importance measures

Designation
Computer
Display
Gear transmission 1
Gear transmission 2
Drop cone
Mast 1
Mast 2
Pulse sensor 1
Pulse sensor 2
Pilot cone
Main cone
Check valve 1
Check valve 2
Meter 1
Meter 2
Air separator 1
Air separator 2
Pump suck seal 1
Pump suck seal 2
Pump suck pipe 1
Gasoline
Pump suck pipe 2
Gasoline

6.636xlO~4

6.636xlO~4

6.636xlO"4

6.636xlO~4

2.596X10"4

6.636 xlO"4

6.636 xlO~4

6.636X10"4

6.636X10"4

8.653X10"5

8.653X10"5

8.653XHT5

8.653X10"5

6.636xlO~4

6.636xlO~4

3.016xl0~4

3.016xl0~4

1.810X10"4

1.810xl0~4

6.032xl0~5

6.032X10"5

6.032X10"5

6.032X10"5

Rank
1
1
1
1
13
1
1
1
1
16
16
16
16
1
1
11
11
14
14
20
20
20
20

category 1.

• In category 2, component 16 and 17 are slightly more important

than 5. This difference may not be appreciated without the nu-

merical values of Iy. Although it may be observed that, without

the knowledge of I^\ 18 and 19 should be less important than

16 and 17 and more important than 10- 13, the relations become

more apparent with II' values.
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Next, it is seen that components 20-23 are least important, in the system,

which is expected.

By using the structural importance, a comprehensive insight is gain-

ed into the relative importance among the components, especially those

in category 2. Component 16 and 17 (air separators) are the most im-

portant in this category followed by 5 (drop cone). These should be

considered for improvement after the category 1 components.

Knowing components' reliability, more conclusions may be drawn

with the help of the computed Birnbaum ranking in Table 5.3.

The values of Ig give us indication as in which direction (on which

components), the system reliability increases fastest. Note that this mea-

sure may not take into consideration the nature of component reliability

increase, i.e. improvement actions. It is merely a rate of change.

From Table 5.3 we observe that:

• component 6 and 7 (masts) are the most important ones and others

in category 1 are ranked according to their reliability levels, in

ascending order and

• a component which is more important than another by structural

importance is not necessarily so by Ig. For example, component

5, although possessing higher structural importance value than 18

and 19, becomes less important by Ig. Similarly, components 20-

23 which are structurally less important than 10-13 now become

more important.

In general, IQ is applicable only when a small adjustment or pertur-

bation of component reliability is the case. In practice, this implies that

no drastic improvement of component reliability is expected and compo-

nents are improved by minor design or/and manufacturing changes. It
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Table 5.3: The Birnbaum importance measures

Comp. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Designation
Computer
Display
Gear transmission 1
Gear transmission 2
Drop cone
Mast 1
Mast 2
Pulse sensor 1
Pulse sensor 2
Pilot cone
Main cone
Check valve 1
Check valve 2
Meter 1
Meter 2
Air separator 1
Air separator 2
Pump suck seal 1
Pump suck seal 2
Pump suck pipe 1
Gasoline
Pump suck pipe 2
Gasoline

lB
0.937
0.937
0.938
0.938
9.54 xlO~5

0.956
0.956
0.941
0.941
1.78X10"6

1.87xl0~6

4.77X10"5

4.77X10"5

0.941
0.941
9.366xlO"3

9.366xlO"3

9.365X10"3

9.365xlO"3

9.27X10"6

9.27X10"6

9.27X10"6

9.27X10"6

Rank
9
9
7
7
15
1
1
3
3
20
19
16
16
3
3
11
11
13
13
18
18
18
18

is therefore suggested that the Birnbaum ranking be utilized only when

small adjustments and improvements of the components' reliability are

feasible. By incorporating the improvement actions, the component im-

portance ranking by 1$ may be changed. For example, if parallel re-

dundancy is considered, the ranking will be that in Table 5.4. In this

case:

the majority of the ranks of the components are unchanged espe-
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Table 5.4: The parallel redundancy importance measures

Comp. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Designation
Computer
Display
Gear transmission 1
Gear transmission 2
Drop cone
Mast 1
Mast 2
Pulse sensor 1
Pulse sensor 2
Pilot cone
Main cone
Check valve 1
Check valve 2
Meter 1
Meter 2
Air separator 1
Air separator 2
Pump suck seal 1
Pump suck seal 2
Pump suck pipe 1
Gasoline
Pump suck pipe 2
Gasoline

A(«)

4.68X10"4

4.68xlO~4

1.87xlO~3

1.87X10"3

9.53 xlO~8

1.87X10"2

1.87X10-2

4.68xlO~3

4.68X10"3

1.78X10-9

8.88xlO"8

4.76xlO~8

4.76X10-8

4.68X10-3

4.68X10"3

9.273xlO~5

9.273xlO~5

9.272xlO~5

9.272X10"5

9.262 XlO~9

9.262xlO~9

9.262xlO~9

9.262xlO~9

Rank
9
9
7
7
15
1
1
3
3
23
16
17
17
3
3
11
11
13
13
19
19
19
19

daily those which have higher Birnbaum importance values and

the changes are

Rank
Birnbaum

Rani

Parallel

'orients may

16
12

16

11

be

18
,13 20-23

17

12,13

practically

19
11

19

20-23

added a parallel redun
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dant component, Ap does give the increase of system reliability due to

such a redundancy wherever it is applied.

The designer needs to weigh the feasibility of applying parallel re-

dundancy to a certain component against its Ap . In our case, compo-

nents 8 and 9 (ranked 3rd), 14 and 15 (3rd), 3 and 4 (7th), 1 and 2 (9th)

and 16 and 17 (11th) may be feasible for parallel redundancy. Although

6 and 7 have the highest Ap values (increase of system reliability is

greatest), from a practical viewpoint, it may be not that realistic and

desirable or easy to add parallel redundancy to them.

It is interesting to mention that, in fact, in certain countries, parallel

redundancy has been added to either component 1 (the computer) or 2

(the display) in order to increase system reliability.

If the company considers to use components having superior quality

and reliability in place of the existing ones, the computed improvement

potential for the components in Table 5.5 would give some guidelines.

The components which have higher Aj values are most beneficial

to be replaced by a very good one.

It is noted that Aj is just slightly larger than Ap , implying that

adding either parallel redundancy or replacing by superior components

does not make much difference. The increase of system reliability is

nearly the same. The ranking by Aj is the same as Ap and the dis-

cussion is similar. Aj provides the designer with a directive that if

some components have larger improvement potential, then it is the im-

perfection of these components which bottlenecks the system reliability.

Therefore they need and deserve more research and development effort

since the potential gain is larger.

The computed importance of min cut sets in Table 5.6 and 5.7 give

some indication as to which group of components is the most critical
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Table 5.5: The components' improvement potential

Comp. No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Designation
Computer
Display
Gear transmission 1
Gear transmission 2
Drop cone
Mast 1
Mast 2
Pulse sensor 1
Pulse sensor 2
Pilot cone
Main cone
Check valve 1
Check valve 2
Meter 1
Meter 2
Air separator 1
Air separator 2
Pump suck seal 1
Pump suck seal 2
Pump suck pipe 1
Gasoline
Pump suck pipe 2
Gasoline

4.69 xlO~4

4.69xlO~4

1.88X10-3

1.88xl0~3

9.54 xlO~8

1.91xlO-2

1.91 xlO"2

4.71 xlO~3

4.71 xlO~3

1.78x10-*
9.35xlO~8

4.77X10"8

4.77X10"8

4.71 xlO"3

4.71 xlO"3

9.366XHT5

9.366X10"5

9.365xlO"5

9.365X10"5

9.27X10"9

9.27X10"9

9.27X10"9

9.27X10-9

Rank
9
9
7
7
15
1
1
3
3
23
16
17
17
3
3
11
11
13
13
19
19
19
19

one.

It may be observed that:

• the min cut sets A'i5 and K\$ i.e. the simultaneous failure of the

air separator and the pump's inlet seal is the most critical among

the non-single component min cut sets and

• the second most important min cut sets are 7\'13 and Ku i.e. si-
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Table 5.6: The importance of min cut sets
Cutset No.
A'i =

A'2 =

#3 =

K4 =
K5 =
K6 =
K7 =
Ks =
K9 =
Kw =
Ku =
K\2 —

A-i3 =
KXA =
A',5 =

^16 =

A'i7 =
K\% =

{1}
{2}
{3}
{4}
{6}
{7}
{8}
{9}
{14}
{15}
{5,10,
{5,10,
{5,11,
{5,11,
{16,18
{17,19
{16,20
{17,22

12}
13}
12}
13}

}
}
,21}
,23}

Designation
Computer
Display
Gear transmission 1
Gear transmission 2
Mast 1
Mast 2
Pulse sensor 1
Pulse sensor 2
Meter 1
Meter 2
Drop/pilot cone/check valve
Drop/pilot cone/check valve
Drop/main cone/check valve
Drop/main cone/check valve
Air separator/pump suck seal
Air separator/pump suck seal
Air separator/suck pipe/gasoline
Air separator/suck pipe/gasoline

qK,
4.68 xlO~4

4.68xlO~4

1.88 X1O~3

1.88 xlO~3

1.91 xlO~2

1.91 xlO~2

4.70 X1O~3

4.70xl0~3

4.70X10-3

4.70X10"3

8.88 xlO~10

8.88xlO~10

4.67X10"8

4.67xlO~8

9.34 x 10~ 5

9.34 xlO"5

9.27xlO~9

9.27xlO~9

Rank
9
9
7
7
1
1
3
3
3
3
17
17
13
13
11
11
15
15

multaneous failure of drop cone, the main cone and the main check
valve.

The min cut sets' importance is useful since several components be-

longing to an important min cut set may be practically improved or

maintained as a whole in order to save time and money. In practice,

operable components are often unnecessarily inspected, repaired or re-

placed when just a few components have failed in the same module,

which involves heavy costs.

Although much can be suggested, by the system failure modelling

and the computation of importance rankings, it is the company ani

particularly the design engineer who decides if these suggestions are

realistic, considering other specifications such as cost, weight etc.

From all aspects, components 6 and 7 (the leaking masts) are the



5. Demonstration cind Verification of the Results

Table 5.7: The failure probability of min cut sets

Cutset No.
Ki = {1}
K* = {2}
K3 = {3}
K4 = {4}

A-s = {6}
A-6 = {7}
K7 = {8}
A-s = {9}
K9 = {14}
A',o = {15}
# , , = {5,10,12}
Ku= {5,10,13}
# « = {5,11,12}
# „ = {5,11,13}
AT15= {16,18}
# 1 6 = {17,19}
Kn= {16,20,21}
A',g = {17,22,23}

Designation
Computer
Display
Gear transmission 1
Gear transmission 2
Mast 1
Mast 2
Pulse sensor 1
Pulse sensor 2
Meter 1
Meter 2
Drop/pilot cone/check valve
Drop/pilot cone/check valve
Drop/main cone/check valve
Drop/main cone/check valve
Air separator/pump suck seal
Air separator/pump suck seal
Air separator/suck pipe/gasoline
Air separator/suck pipe/gasoline

5xlO~4

5xlO"4

2xl0" 3

2xl0- 3

2xlO"2

2xl(T2

5xlO~3

5xl0~3

5xl0~3

5xl0" 3

ixHT 9

l x lO ' 9

5xl0~8

5xl0~8

lxlO"4

lxlO"4

lxlO"8

lxlO"8

Rank
9
9
7
7
1
1
3
3
3
3
17
17
13
13
11
11
15
15

most important or critical ones. Practically the possible improvements

may be using masts of higher quality and/or more frequent replace-

ment of them. It is not practical to use parallel redundancy and small

improvement is perhaps not feasible. The design engineer confirms, by

past experience, that 6 and 7 do have caused many failures and it is con-

sidered to suggest more frequent replacement of masts at the gasoline

stations.

Components 8 and 9 (pulse sensors) and 14 and 15 (meters) are

also under consideration for improvements. Components 16 and 17,

although not very important by the ranking methods, are considered by

the company for improvement. The reason is that a better air separator

would give the customer more confidence since he/she can check if tho

gasoline is air-free or not by looking at a sight glass. This is an interesting
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case since a technically non-critical component is improved for other

reasons than the one which really matters.

For the pulse sensors, meters and air separators the company has

some ideas of using parallel redundancy or standby to improve reliability.

5.1.4 S u m m a r y

The theoretically developed models in chapter 3 are applied, in this rase,

for demonstrating and verifying their relevance and applicability in the

process of product improvement. The goal of the study is to a great

extent fulfilled.

The modelling and computation provide much information and in-

sight into the overall problem. This information and insight may be used

by the designer in making decisions in a more rational way. The results

from the analysis are in agreement with past experience of the designer

and the concept of improvement actions are considered to be relevant,

fairly practical and new. The suggestions made for choosing compo-

nents for improvement are also in agreement with what the company is

considering.

There are some interesting topics which have not been treated in

this study i.e. :

• the cost aspect of each of the improvement actions and its impact

on the ranking of component importance. The costs of compo-

nents in our case have been considered rather uniform, making the

impact less significant,

• the components' and the system's maintenance characteristics i.e.

repair and replacement and their impact on the component impor-

tance ranking and,
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possibility to consider a group of components, not necessarily the

min cut sets since some components form naturally physical groups.

5.2 A worked example: lift brake system

The objective of this worked example is mainly to demonstrate how the

developed importance measures are utib'zed in the conceptual design

phase when creating improved product concepts.

The example, a lift brake system mounted between the motor and

the gearbox, is based on a paper by Rafaat [74]. During the system con-

ceptual design phase, different improvements are considered and even-

tually applied. The initial concept of the system is shown in Fig. 5.4.

Locking nuts

Operating switch

On

Apply
Electromagnetic solenoid

Figure 5.4: Suggested design of the lift brake system [74]

The designer is required to determine the system reliability level

and if necessary, suggest further improvements (new concepts).

The components have been assumed to work independently with

constant failure rates. Table 5.8 gives the reliability estimates of the
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Table 5.8: Reliability data [74]

Component Failure mode Reliab.

1. Solenoid

2. Wiring

3. Brake shoe

4. Operating switch

5. Bearings

- coil failure 0.95

- stem sticks open 0.99

- contact failure 0.99

- wear or fracture 0.97

- contact failure 0.97

- seizure 0.98

switch wiring coil stem — shoe bearing

Figure 5.5: Reliability block diagram of suggested brake system [74]

components.

From Fig. 5.4 it is clear that the components operate in series as

is shown by the reliability block diagram in Fig. 5.5. The fault tree is

shown in Fig. 5.6.

The system reliability is computed as R = 0.858546 and the failure

probability is 1 - R = 0.141454. This latter value is also the failure-to-

danger probability which is considered too high to be accepted. There-

fore the system should be improved to achieve a higher reliability and a

lower probability of failure-to-danger.

5.2.1 The first step in the improvement

In this case it is very likely that all, except the brake shoe, are purchased

or prefabricated components. For these components, the reliability levels
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loss oi minimum braking pressure

Excess
i pad wear j Brake shoe not applied

'Bearing
, seizure Solenoid not energised

Sofcnoid
{slicks open J

Loss of input signal

Switch not applied 'Human error'

O
Switch
contact

k failure,

Figure 5.6: Suggested brake system fault tree [74]
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are usually specified by the contractors, thus they are fixed.

Considering the nature of these components, it is sensible to keep

these components while putting them into some kind of redundancy. As

for the brake shoe, improvements by redesign and manufacturing mod-

ifications are possible, for example, by using other more wear-resisting

materials on the contact surface, other forms or dimensions of the lin-

ing or other heat treatments of the surface. It is most likely that such

improvements would cause large additional costs and time delays. It is

thus desirable to keep the present brake shoe design and to find other

ways of improvement.

From this discussion, it is apparent that reliability improvements at

the component level is suitable, that is, either some kind of redundancy

or using components of higher reliability. Therefore the improvement

actions such as parallel redundancy, standby redundancy, and perfect

replacement etc. may become relevant.

Before realizing such improvements, it is necessary to identify the

most important component(s). That is, one should find that or those

components which will yield greatest system reliability increase upon a

certain improvement. Although it is rather apparent in this case which

component is the most important, the computation of some importance

rankings in Table 5.9 will enable quantitative comparison. Above all,

; one sees directly how much system reliability would increase, if a certain

improvement at the component level is carried out.
r

- It should be noted that the failure rates are obtained by assuming

r that the operation time for the reliability data is one year(= 8760 hours)

§ and that the components have exponential lifetimes.

I Since the solenoid, particularly the coil, is the least reliable, it is the

'* most important according to all the four importance rankings. Therefore

one should first improve this component.
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Table 5.9: The importance rankings of the suggested system

component

Switch

Wiring

Coil

Stem

Shoe

Bearing

A x 10"6

3.48

1.15

5.86

1.15

3.48

2.31

r(«)
lB

0.885

0.867

0.904

0.867

0.885

0.876

i±P

0.0258

0.0086

0.0429

0.0086

0.0258

0.0172

A</>

0.02660

0.00867

0.04520

0.00867

0.02660

0.01750

A ( l )

0.02620

0.00865

0.04409

0.00865

0.02620

0.01740

Rank

2

5

1

5

2

4

If one should find a solenoid, which is of such a high reliability that

it would not fail in a practical sense (for example, its failure probability

in one year is less than 10~6), using this in place of the present one

would increase the system reliability by an amount of Aj = 0.0452 to

R — 0.903746 (5.3% increase). After this replacement the switch and

the shoe become the most important components in the system.

If parallel redundancy should be applied to the solenoid then the

increase of system reliability would be A ^ = 0.0429 i.e. R = 0.901446

(5% increase). This result is valid only when the two solenoids are

identical and independent. Such an arrangement may be implemented

as in Fig. 5.7. After this improvement the system structure becomes

that of Fig. 5.8. The ranking of components is shown in Table 5.10.

Examining the increase of system reliability due to duplicating the

wiring shows that the (original) system's reliability increases by 0.00858

to R = 0.867126 (less than 1% increase). Thus it is not beneficial to do

this duplication.

Since the switch has as low a reliability as that of the shoe, one may

consider its duplication, for example, by using one with double contacts.
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Operating switch

Off

Locking nuls

Apply

Electro-magnetic solenoid

Figure 5.7: A possible arrangement of the solenoids parallel redundancy

switch — wiring

coil A

coil B

stem A

stem B

shoe — bearing

Figure 5.8: The system structure after paralleling of the solenoid

Table 5.10: The rankings of components after paralleling of solenoid

component

Switch

Wiring

Coils

Stems

Shoe

Bearing

A x 10"6

3.48

1.15

5.86

1.15

3.48

2.31

r(«)lB

0.938

0.919

0.054

0.052

0.938

0.928

A(')
Up
0.02729

0.00910

0.00255

0.00051

0.02729

0.01819

0.02813

0.00919

0.00269

0.00052

0.02813

0.01856

A(t)

as0.02773

0.00916

0.00262

0.00052

0.02773

0.01841

Rank

1

4

5

7

1

3
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OH

Figure 5.9: The brake system after duplicating the shoe

This way, the system reliability is improved by an amount of 0.0258 so

that R = 0.884346 (3% increase).

The brake shoe may alsc be duplicated so that it will stop the lift

efFectively. If this was done the system reliability improvement would be

equal to that of the switch when it is duplicated. A possible arrangement

is shown in Fig. 5.9.

In this case the bearing may be difficult to improve by parallel re-

dundancy. A possibility is to choose a better one or maintain better lu-

brication conditions. Although many, if not all, of the components could

be duplicated, it was suggested that the system should be redesigned as

shown in Fig. 5.10. Part of the fault tree is shown in Fig. 5.11. The sys-

tem structure is given in Fig. 5.12 which has reliability 0.941686 (9.7%

increase).

If the switch, wiring, solenoid, and shoe were duplicated at the com-

ponent level, then the system would have reliability 0.974676 (13.5%

increase). Naturally such an arrangement would be difficult, if not im-

possible. A main problem is perhaps the introduction of new sources of
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Bearing

lining

97

Brake shoe

Apply

Two separate solenoids

Figure 5.10: Alternative design 1 — a redundant system [74]

failure since the system becomes more complicated.

Since it was believed that the probability of the failure-to-danger,

0.0169, a portion of 70% of the total failure probability is too high, it is

necessary to improve the system further.

5.2.2 The second step of the improvement

In the improved system, shown in Fig. 5.10, we can compute the rankings

of the component importance as before and the results are presented in

Table 5.11. These results will help deciding directions for further courses

of action. Apparently, without improvement on switch and the bearing,

no substantial system improvement can be further achieved at this stage.

If the switch is duplicated so that any one of the two contacts would

provide a signal to the solenoids, then the system reliability would reach

0.969937 (13% increase).

Second to the switch, the bearing is a critical component. Duplica-

tion of it seems impractical. However, it was suggested that instead of

•A
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I K S ft minimum braking pressure Probabilny— 0 0 3 6 9

Insufficient brake shoes gripping P= 0 0169

002 X
AND

Jl
Brake shoe A malfunctions P= 0.013 Brake shoe B malfunctions P= 0.013

001

Figure 5.11: Fault tree of the alternative design in Fig. 5.10 by [74]

switch —

— wiring A coil A — stem A — shoe A —

— wiring B coil B stem B shoe B —

— bearing

•

Figure 5.12: The system structure by the alternative design 1
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Table 5.11: The rankings of components in the alternative design 1

component

Switch

Wirings

Coils

Stems

Shoes

Bearing

A x 10"6

3.48

1.15

5.86

1.15

3.48

2.31

LB

0.971

0.088

0.092

0.088

0.090

0.961

A(l)

0.02825

0.00088

0.00437

0.00088

0.00262

0.01883

A</>

0.02912

0.00088

0.00460

0.00088

0.00271

0.01922

A(l)

0.02871

0.00088

0.00449

0.00088

0.00267

0.01906

Rank

1

7

3

7

5

2

using solenoids to engage the brake shoes, another component (another

working principle) with higher reliability should be selected for the same

function, while the solenoids would be used to disengage the brake shoes.

The highly reliable component to replace the bearing is the spiral

steel spring which has the reliability of 0.999. It may actually be re-

garded as perfect by comparing the Aj = 0.019218 for the bearing and

the increase of reliability at the bearing's position, i.e. 0.019.

The new design is presented in Fig. 5.13 and the reliability block

diagram is shown in Fig. 5.14 with system reliability 0.959773 (12%

increase).

By this design the failure-to-danger probability is reduced to 0.00268

(7% of the total failure probability), see the fault tree in Fig. 5.15.

This probability is regarded negligible compared with the original system

design and falls well within the prescription of safety.

The new ranking of components is computed in Table 5.12. If only

a small amount of improvement may be done on the components such as

that on the brake shoes as shown in Fig. 5.13, the Birnbaum measures

would be relevant.
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Apply

O O P
U O U,

Spiral steel spring

Release

Two separate solenoids

Figure 5.13: The alternative design 2 — highly reliable parts [74]

switch

wiring A

wiring B

— coil A

coil B

— stem A

stem B

— shoe A

shoe B

—spring A

spring B

rod

Figure 5.14: The system structure by the alternative design 2

Loss of minimum braking pressure Probability = 0 00268

Insufficient brake shoes gripping

Shoe A malfunctions | P=0041

AND

P=0.001G8

ShoeBmaffundionsJ P=0.041

0.03 0.001 001 0.01 0.001 003

Figure 5.15: Fault tree of the alternative design 2 [74]
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Table 5.12: The rankings of components in the alternative design 2

componeni

Switch

Wirings

Coils

Stems

Shoes

Rod

Springs

A X 10"6

3.48

1.15

5.86

1.15

3.48

0.11

0.11

r(«)
lB

0.9895

0.0863

0.0900

0.0863

0.0881

0.9607

0.0855

A(l)
lip

0.02880

0.00085

0.00430

0.00085

0.00256

0.00096

0.00009

0.02970

0.00086

0.00450

0.00086
0.00264

0.00096

0.00009

0.02926

0.00086

0.00439

0.00086

0.00261

0.00096

0.00009

Rank

1

5

2

5

3

4

7

Further improvement may be made by on one hand duplicating the

switch, i.e. if one switch fails to disengage the current, the other will

do it, thus the system reliability would be increased to 0.988566 (15%

increase). On the other hand, if we separate the supporting rod into

two parts so that each spring will be mounted to each rod, then we

would have the system structure shown in Fig. 5.16 which has reliability

0.967457 (12.7% increase). This arrangement is shown in Fig. 5.17.

switch

wiring A

wiring B

coil A

coil B

stem A shoe A spring A rod A

— stem B •hoe B spring B — rod B

Figure 5.16: The system structure after duplicating the rod

On this basis, if the switch is duplicated as well, then the system

reliability would be 0.996481 (16% increase).
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On

OQQ
_ u u u/

Spiral steel spring

OH

Releasf

Two separate solenoids

Figure 5.17: The system design after duplicating the rod

5.2.3 Discussions

Because of the simple function structures involved, the importance rank-

ings have not found as much use as when the structures are more com-

plex. The quantities of Ap , Aj and A$ , however, do give directly

effects of improving them by the respective actions on the system reli-

ability increase. This will not only give the designer a qualitative as-

sistance (which component should be improved) but also a quantitative

one (how much the effect is).

Using this information, the technical knowledge and the cost aspect,

the designer may make rational decisions as to what to do and how to

do in the improvement (synthesis) process. This example also illustrates

the relevance and applicability of such improvement actions as parallel

redundancy and perfect replacement in an electromechanical system.



Chapter 6

Conclusions and Topics for
Future Studies

The main results in this thesis are the importance measures in chapter 3

and the stress-strength models in chapter 4. These results have partially

been demonstrated and verified in chapter 5 in which the design context

given in chapter 2 is also reflected.

In this chapter, both the importance measures and the stress-streng-

th models are commented upon from a reliability's as well as from a

design's point of view. Conclusively, an outlook into the need for future

work in this area starts with a reference to quality technology and its con-

nections to design methodology and the product development process.

Based on this discussion and the conclusion regarding the importance

measures and the stress-strength models, a listing of important future

research topics is given.

103
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6.1 Component importance measures

One of the objectives of this thesis is to develop a new methodology

for ranking component importance which is more connected to design

considerations than the existing ones which are mostly analysis-oriented.

The general component importance measure defined in Eqn (3.2)

fulfills this purpose well by integrating three important factors. These

are:

• the present component reliability level,

• its marginal importance Ig (the rate of system reliability improve-

ment against that of the component) and

• particularly the amount of component reliability improvement (de-

termined by the improvement action).

It is by this incorporation of improvement actions that the general com-

ponent importance measure becomes useful in the design practice. The

improvement of component reliability can be described as either dis-

crete or continuous. Although only discrete cases are studied in this

thesis, others, discrete and/or continuous, are by no means excluded.

For example, some minor design change or manufacturing adjustment

may improve the component by a small amount at each improvement,

which are considered continuous, while a major redesign may cause a

jump of reliability which is regarded as discrete. Whatever the improve-

ment action is, it may be readily incorporated into Eqn (3.2) to obtain

a specific importance measure.

By using the notion of expected system yield, this general com-

ponent importance measure may be defined time independent. It also

generalizes some of the existing ones, i.e. / { / , /Jv , IB-P anc^ *E •> a s IS

seen from Section 3.1.
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An interesting result in the discussion of parallel redundancy is that

the increase of system reliability by duplicating a certain component is

found to be equivalent to the covariance between system state and that

of the component. This may be interpreted as to what degree a compo-

nent state influences and determines that of the system. With standby

redundancy, it is noted that such an improvement action is not always

better at the component level than at the system level. Although, per-

haps only of theoretical value, minimal repair is studied. It is noted

that a minimal repair, if it could be implemented somehow, would be

more effective than a parallel redundancy. Practically, this implies that

if component failures could be minimally remedied, such as quick-fixes,

a better system reliability would be achieved. The study of perfect re-

placement brings forward the notion of improvement potential, which

may be used in the early phases of the design process as the most infor-

mative measure. It expresses how much is left for the component to be

further improved. It also functions as a bottleneck identifier and spare

capacity indicator. The relations among effects of these improvement ac-

tions are useful in the situations when several improvement alternatives

are considered and the favourable one(s) is/are to be chosen.

To summarize, this methodology is suggested to be used in ranking

component importance in the system. Such a ranking methodology has

been shown to be simple, effective, and relevant to the engineering design

practice. This is partially demonstrated and verified in chapter 5.

6.2 Stress-strength models

As an alternative and complement to the common component lifetime

models, stress-strength models give much more insight into the com-

ponent failure mechanism and failure pattern. Most important to the

designer is that by such an approach, it is possible to relate design vari-
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ables and parameters to the component reliability, which is essential in

the embodiment design phase.

Component lifetime modelling is characteristic of predicting com-

ponent reliability; while the stress-strength models combine prediction

with synthesis of the component reliability. It can therefore be said that

the stress-strength models are more suitable particularly in the embod-

iment design phase while the lifetime models are more suitable in the

conceptual and final design phases.

It is desirable that relationship between the stress-strength model

and the common lifetime model be investigated and established. Start-

ing with two special cases when R(t) is assumed exponential, the con-

ditions which the stress and strength have to meet are studied. The

results show that if the stress is time independent, then the time de-

pendent parameter(s) of the strength may be determined. Thus design

considerations may be taken to change such parameters if a specific re-

liability characteristic is wanted. The SST model is further developed

to relate component failure rate to the time dependent parameters of

strength, when stress is assumed exponential and Gamma and time in-

dependent. In each case the strength deterioration is represented by a

function of time.

One possible application of the SST model is in the reliability growth

process. Assuming that the stress is time independent, the component

reliability will grow if the mean strength increases and/or the strength

variation decreases. Such an improvement may be achieved either by de-

sign changes which reduce or eliminate the strength-reducing factors in

order to increase the mean strength or by adjustments of the manufac-

turing process with the help of e.g. statistical process control to reduce

the strength variation.

The difficulty of computing component reliability when stress and
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strength distribution is unknown can be overcome by the developed

heuristic approach, using some empirical data. This approach has the

advantage of being simple and practical since the amount of data re-

quired for a reasonable accuracy is small and can be obtained from

experiment and/or by experience.

6.3 Topics for future studies

Historically, it is a well known fact that when a country develops into

an industrial power, it is the result of a superior interaction between

economy and technology. It is also a fact that this recipe of success is

copied by other countries and thereby gradually closing the development

gap. Examples of this process are how the UK lost their leading role

as an industrial nation to the USA and in turn how the present gap

between the USA and Japan closes rapidly. The reliability technology

developed in the US during the 40's and 50's is today incorporated into

quality technology. The leading nation in this area today is undoubtedly

Japan, which, with reference to the discussion above, explains the great

interest which quality technology has created all over the world.

The design methodology which started in the middle of the last

century in Germany has not gained a major interest until recent years.

The unawareness of the design methodology is partly due to the fact

that the major development took place in Germany during the Second

World War, see Wögerbauer [76] and Kesselring [77].

Since the design process emphasizes the product development pro-

cedure as such while quality technology emphasizes different techniques

for securing the product quality within the development process, the

choice in this thesis of the design methodology as the overall context is

obvious. This does not exclude that interesting contributions with ref-
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erence to the product development process are developed within quality

technology, see Andersson [75].

A topic for future studies would be to more thoroughly study how

design methodology aad quality technology can be combined in a way

which, better than today, benefits the product development process.

This may be achieved by incorporating the techniques of quality tech-

nology like QFD (Quality Function Deployment), see Andersson [75] and

the references therein, and robust design methodology, see Taguchi [56]

etc. into the well established development models of modern design

methodology, see VDI 2221 [78].

Regarding the component importance measures, the following should

be developed further:

• combination with cost and resource allocation,

• consideration of component dependence and,

• extension of the concepts to include availability, maintainability

and logistics.

In the area of stress-strength modelling, both theoretical and experi-

mental work are needed. Firstly, mathematical models will have to be

developed which are tractable but realistic. Secondly such models should

be tested and verified by experiments so that designers will accept them

as design rules, principles and guidelines.
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