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ABSTRACT

Na dl implementdions of rdiability are equaly effective a providing austomer and user benefit. Random system falure with
no prior warning or failure accommodation will have an immediate, usualy adverse impact on operation. Neverthdess, this
goproach tordiability, implidt in messurements such as‘ fallurerate and‘MTBF , is widdy assumed without consideration of
paentid benefits of pro-active maintenance. Similarly, it is essy to assume tha improved maintainability is dways a goad
thing. However, maintainaility is only oneoption available to reduce wst of ownership and reduce the impect of falure. T his
peper discusses a process for deriving optimised rdiahility and maintenance requirements through consideration of in-context

customer dbjectivesrather then a product in isdation.
KEYWORDS:

Rdiability and mantenance reguirements ; austomer requirements; technicd merics, cusomer objectives; failure aoidance

fallure anticipation; faillure accommaodetion; ddaying maintenance.

Aaonyms

ASPIRE: AeroSpace Projed for the Insertion of Rdiakility—acollaboraive project sponsored by the UK Depatment of Trade

and Industty.

FFOP : Falure Free Operating Period

FEA: Finite Element Anadyss

FMECA: Falure Modes, Effects and Criticdity Andysis



MFOP: Méntenance Free Operating Period

MTBF ; Mean Time Betwesn Failures

MTTR; Mean timeto repair

QFD: Quadlity Function Deployment

URAM: Universd Rdiability and Availability M odd—a discrete event Smulation

1. BENEFITS OF RELIABILITY & MAINTENANCE

Rdiability is defined as “ the probahility that an item can perform a required function under given conditions for a gven time
interva” [1]. The definition contains 4 aspects, namely probability, fundion, time interva and condtions. Conditions include
environment, user demand profile, use skill, maintenance and logistic support. Itis afull definition of the scenario inwhich the
system is required to exist and opeaae. Therefore, any numerica measure of rdiability is scenario dependent. However,
increesed likedihood of product perfbormance does nat necessaily improve achievement of scenaio objectives. Raher, it
depends on the degree of linkage between it and those objectives, partiailarly where thereare competing factors.  For example
duing dedgn, incressed rdiability may compete aganst maximum paformane or, inservice, increesed maintenance may
improve rdiability but aso incresse cost. Generdly, neither product rdiability nor maintenance is an atribute required in its
own right. Rather, they are desired because of the wider benefits they ofer. This applies to dl atributes rdated to rdiability
and mainteance (eg. Durability & Dependahility [1]). It could be argued, therdore, tha reliability and maintenance should

never be direct, spedfic customer requirements

T here are many bergfits that can resut from rdiability and supporting maintenance. T hey could be summaised as improving
such things as safety, operationa effediveness wholelife costs and customer satidaction. However, not dl benefits have equd
priority or criticaity and not al bendfits are mutually supportive, for example, improved safety does not necessarily lead to
improved operationd effectiveness or reduced in-service cost.  Change to rdiability or maintenance characteistics may improve
operationd effectiveness in one scenaio, but degradeitin another. It is only in the context of afull scenario that reiability and

mai ntenance can beassessed, resolving conflicts and enhancing synergies.

2. The ASPIRE husiness modd

Figure 1 shows the ASPIRE Business Modd for Reliability as has been develgped by Warwick University and agreed by the

ASPIRE project patners. It identifies objectives, metrics, rules and constraints.



<<<FIGURE 1>>>

The modd separatesthe technica and business aspects of a project into 3 viewpoirts:

e Technical design viewpoint, which indudes dl the festures and systems of a product — herdware, software

manufacturing, et al leves of the suppy chain, and al measurements of its technica capability.

e Customer/User viewpoint, which includes gperations maintenance and al other business activities of the parties

making useof the product after ddivey, being focused on achieving whatever gods or objectives are gopropriate.

e Design/Manufacturing viewpoint, which involves al companies involved with providing the Design, throughout dl

levels of the supply chain, beng focused on achieving whatever gods or dbjectives are gppropriate.

Each of these viewpoints messure reliability paformance differently and have wha are often conflicting objedives.

2.1 The Technicd Viewpoint

“Design” indicates those physicd festures thet are directly discernible and visible from the desgn process. They incude
materid, layout, dimensions and components. “ Extema Condraints to Design’ will include technology and manufacturing
limitations as well as interfce requirements and internationd dandards W herethe product needsto match existing systems
these too would impose “ Externd Constraints to Desgn” *“ Design” is the physicd nature of theproduct. Howeve, produd
peformance attributes require a context. In the case of rdiability, they require & lesst an environment. In addition, they may
only be measurable indirecly through an andysis process and may be expressal in severd dternete ways T he translation
process, taking into account context and any andysis process, isindicated by wha can be termed “ Mapping”. This “ mapping’
converts the “ Design” dements into the “ Technicd Metrics” which are the chosen means of performance expression and the
asociated quantitative vaues. For rdiability, “ Technicad Metrics” woud include, for exanple, falure raae MTBF, life, ad
probability of individua misdon success. Thisway of thinking can equally be applied to maintenanae and mantainability where

the technicd maintanability metrics could be MT TR, maximum repair time and % fault isdation.

Rdiability is patialaly bally served with analyses to predict reliability duringthe design process. Thereis poor crreaion
bdween individua andysis tools, resources expended, and reiability achieved for many products.[2] T esting of pratotypes is
often necessary and may offe somewhet better corrdation, provided the testing reflects future operaion and environment — in
other words, rdiadility peformance of a design camot be dvorced fom customer ussge The metrics used to quantify

reliability performance have usudly used some variaion of theinternationd defintion of rdiability, namdy “ the aaility of an



iten to peform a given function in a stated envirorment for a definad period of time” This is a technicd desaiption of

reliability and as such, when quantified against such a measure, is a Technica Metric.

22 T he Customer Viewpoint

“ Customer Metrics’ are nat synonymous with “ Technicad Mdrics’ the customer’ s perception of reliability is influenced by
fadors thathe considers important. In other words, notdl product failures are equd. Somewill cost the Cugomer corsiderably
more than others, in reputation as wdl as financidly. For example, rardom failures that would disrupt missions or machine
operation will likdy be more criticd than those preventable by scheduled or prognostic anticipetion. Smal diferences in
reliability, in “ Technica Metric” vaue or chaacter, can be the caayst for mgor changesin the customer’ s operating scenario
and achievament of“ Customer Metrics”. Thus, atechnicd definition of rdliability is inadeguate to measure vaue, which can be
considered as the tadity of a produd’ s contribution to the customer and his objectives, rdative to the cost of that contribution
“ Customer Metrics”, on the other hand, are tailored to directly assess that vaue. For example customer merics could be such
things as operating deays, operating efficiency, degoyment efficiency, and maintenance resource requirements. Custome
Metrics will dso indude finenciad measures such as profit and cash flow. What is of vdueto the customer is influencd by the
“ Customer Objectives” and the “ Mapping” from “ Technicd Metrics” to “ Customer Metrics” therefore requires a detailed
operaing and logidic sceaio and adternate scenarios will result in differing “ Customer Meric’ vdues from identicd
“ Technicd Metrics”. T hismapping may be assimple asan arithmetic cd alaion but wherethere is strong seenario dependency,
more complex andysis will be required, for example usng a discrete evert simuldion. * Customer Objectives” are animportant
fegture in any business modd. T hey identify the customer motivation for purchasing the product in question. Therewill usualy
be severa objectives, with asociated priorities or ranking. T he objectives will usudly include words such as maximise and
minimise. They should not incdlude specific values or words such as optimise. This is because optimise ispart of aprocess to
identify the“ Desigr’ that provides the baanee of maximise and minimise of severa objectives that, accordng to priorities or
rarking, givesthe best overdl result. They may dso bequditative, such a being better than the competition. However, in such
cases, spedfic features would need to be identified to be used as metrics. Example Customer Objedives might be “Maximise
number of race-car wins duing a season”, “ Maximise effecive maritime araaft patrd coverge’, “ Maximise return on

investment”, “ Minimise financid risk’

“ Customer Business Rules” are a set of operationd and financia guiddines that the customer follows. T hey indude such things
as “ maximum deve opment timescde, beyond which the business oppatunity would be lost”, “maximum purchase cost &

limited by cash-flow or credit’, “ current organisation within which the nev produd must fit: skills, existing resources ec.” and



rik exposure limits Thesebusinessrules affect potentid opportunities as well asthe mapping proeess. Oneof the gad's of the
ASPIRE Business Modd isto promote oppartunities for synegy between “ Cusomer Objectives” and “ Design”. Therefore
existing Business Rules should not be taken necessarily to be undteradde. Rather, the rde of the ASPIRE BusinessModd is
firstly, to identify factors influencing the ahievement of dbjectives and, secondly, to chdlenge them, to aeste new

opportunities.

23 Design/manufacturing company viewpoint

Business Metrics ae performance measures important to the design/manufacturing company. Cash-flow, profit and liquidity
are lifeblood to a company. These must be predicted and contrdled, by forecasting and budgeting. The “ Design” process will
consume resources, both cument and future. Inreturn, mmitted and potentid sdes will provide income, aswould lessing but
with different cash-fow. The business rdationship between the design/manufacturing company and the customer/user will
significantly influence the Mapping link between Technica Metrics and Business Metrics. Saes with in-setvice support costed
spaatdy would, in the short term, result in improved reiability reducing in-service support and hence potentidly profit. Any
sde or lease which included in-service support a the manufacturer’ s expense, the oppositewould be true. It may be agued tha
sde of any product with poor reiability, offering a worse package than thet offered by competitors would not providelong-term
profit. Sdes and reputation would be lost. However, in monopoly situations, customas do nat have choice except not to
puchase a dl. Contract incentives and perdties have been used frequently @& a means to control reliaility achievement.
However, these provide motivation to improve produd rdiability only whilst the incentive/pendty is greger than the cost of
futher devdopmert. The greater the cost of devdopment, the less would be any improvement, natwithstanding the
efiectiveness of any change on “ Customer Objectives” “ Business Rules’ are particularly important within the ASPIRE
Business Modd. They will signifieantly dter the synergy bdween maximisation of “ Customer Objectives’ and “ Busines
Obectives”  In adition to financid objectives such as maximising profit, “ Business Objectives” should include strategic
devdlopment and berchmarks such as being best-in-sedor. T hebusiness objectives will identify those factors that lodk beyond
short-term profit. If short-tem profit is indead an objective, the business objective should give thereason why. Any compary
that seeks short-term profit & the expense of maximisaion of “ Customer Objectives” is nat likdy to seek improved reiability.

T herefore, such companies are dso unikey to use the ASPIRE BusinessModd.

Externa Constraintsto business rulesinclude government policy, legislation, competitionrues, etc. They arelimitations on the

patentia Business Rules.



3. SCENARIO OBJECTIVES

Acaording to the ASPIRE husiness modd sdety, operationad dfectiveness and whole-life msts and customer sati sfaction would
be instances of “ dojectives’.  Paticular cusomer or business scenaios will give priority between indvidud dbjectives
However, the manner in which the dbjectives are measured will either lirk optimisation more closdy to thetechnicad design or
more closdy to the custome/business scenario. The ASPIRE business modd aso notesthat the designing company aso has
ohjectives BusinessObjectives). These may be minimisaion of warranty costs, maximisation of prdit, custamer retertion, ec
There may be synergy beaween manufacturer (business) and customer (user) objectives, depending on the commercid
relationship and liadilities. Vintr in [3] corsiders the influence of religility and maintenance on the optimisation o warranty

COsts.

A technica design and its attributes indicate aparticula solution intended to contribute to objectives achievament. The design
atributes may be measured with greger or lesser focus on the product, and with grester ar lesser focus on its contiibution to
ohjectives. These measures would use technica (design) metrics or cusomer/business (in-context) metrics accordingly. For
example, atechnicd metric would be, say, system on-board diagnostic detection and isolaion capability given particula
assumptions of falure likdihood, while a cugsomer metric woud be, say, technicd dispach rate within a specific scenario of
operaion aad maintenance support, or cost per hour of operation, agan for a specific seenario. An opergiond efiectiveness
“ objective’ might be a straegic military oljective such as ddivering a mobile amy group to adeployel theetre reedy to
operae in minimum time. A cargo arcraft with its riability & mantenance atributes is only part of thet scenaio. Such
deployed thestres may easily be without maintenance facilities and, thergfore, avoidance of down-route maintenance might be
considered to have much grester impact on the overal objective than the average amount or cost of maintenance. Equipmert
thet is to be operated away from any base support is worthless if it wereto fail. Also, an ability to forecast and prevent failure
bdore deployment might have significant impact. Equipment with a constant failure rate gves no gochastic prediction of when
failure will occur and, therefore, rdiability improvement focusedon ‘MTBF woud not improve gpportunity to prevent failure
bdore deployment. In a civilian context, the objective of a radng car team is towin raes. It might essily be argued that ca
reliability takes second place to absdute perfomance. Conside 2 dternatives, namey a car with a50% likdihood of winning
ifit finishes and a more reiable car that has alower performance that would never win races, evenifit finishes. The optimd
saution would be the one with the overal higher number of probeble wins. Thus rdiability requirenents cannot be defined for
aracing ca in terms of minmum failure rates except when baanced aganst the performance achieved. Objectives may dso be
more subtle, such & presenting an “as new” condition after severd years of product usage as part of a“ cusomer sdisfaction”

objective. When goplied to a car stexing whed, this would require wear, staining & discolouraion to beunnoticesbl e after,



sa/, 7 yeas. However, thisis not the same as to say that wear should be minimised. Depth of texture and alowable wea
would berdated and thuswould be subject to later andysis. They are not individudly definable requirements at the ealy stages

of andysis.

Rdiability and maintenance, when considered a the business or strategicleve often requirelaerd thinking, to go beyond usud
technical descriptions in order to most clealy identify objectives. Specific rdiability and maintenance requirements should

never divet atention from those objedives. They shoud reman dynamic and beconsidered continudly throughout design.

4. CUSTOMER MEASURES OF RELIABILITY AND MAINT ENANCE

Thedéfinition of rdiability isoften assumed tordate only to a product function. Thisis na the case A product is oten part of
a wider system and operaied in a scenario ontext. Rdiability may be viewal as a product paameter or as an in-context

measure gpplicable to the scenario.

Technicd measures of reidality, naed earlier to indude falue rae and MTBF, dso include system failure probability,

MTBF
equipment life, as well as vaious stetisticad modds, avdlability when deined as (or arelated variaion) and

MTBF +MTTR

any messures of ability to deect, isolate, recover, prevent or comect failures. These may beintegrated into concepts of avoiding
falure, anticipating falure and accommodating faults. (Figure 2) Nevethdess, they remain technicd messures becuse they

are not messuring the direct benefit to a customer scenaio.

<<<FIGURE 2>>>

Customer metrics ae in-context meaaures tha are cdlosly corrdated with achievement of customer objectives.  They provide
cer and visible lirks to objectives auch as profit, consistency o service strategic capability, wholelife costs, safety and sectar
placement for attributes such as end-austomer setisfaction or quality of srvice. They dlow identification and optimisation of
saution. They often do nat mention reiability or mantenancedirectly, but nevathdess are signifcantly afected by reliability
and mainteance. Customer metrics dlow comparison of dternae solutions because they ae not product focused. They restrid
dternatives only as demondrably limited by the budness or operationa scenaio. An example where a solution would be
incorrectly restricted is a requirement that states that a system should have & least a specificminimum life. This assumes that a
long life is automatically of merit. Rather, it could beargued that the requirement should be, say, of minimum whole-life cos
over a paticular operationd lifetime If a lower whde-life cost could be achieved by chegper, dsposable items, saving on

maintenance infrastiucture but a the expense of indvidud product life then this could be a better solution. Indeed,



maintenance-free, digosableitems may dso uilise dtenate manufacturing processes that themselves may improve rdiability
and dso reduce initia costs. The meits of such an approach are of course product and scenaio specific, but that isthepoint. A
customer reguirement should focus on achievament of the undedying objectives, and alow unrestricted desgn options to best

meet thoseobjectives. A product MTBF is much lesslikdy to be avaid customer requirament.

5. REQUIREMENT S PROCESS MODEL

The importance of focusing rdiability & maintenance requirements on austomer objectives requires a greater consideration of
dternatives than reguirements based on product technicad metrics. A structured process is required and a basic high levd

process is auggested here and shown in figure 3

<<<FIGURE 3>>>

51 Identify Customer Objectives

Customer objectives will oten be unstated yet reman implidt. Cugomers may even explicitly state thet “ reliaility ad
maintenance shal have egud prioity with performance, cod and devdopment timexae’, yet such staements reman
somewhat doubtful. Indeed, as has been agued awove, it should not necessarily be the case that reliability or ease of
maintenance have any direct priority, but rathe that ther benefits be idertified and maximised. Altenate solutions may require
radcdly dfferent rdiability and maintenance properties in orde to achieve the same bergfits. Customers may be unaware o
the need to focus on bendits rather than individud rdiability and maintenance.  Teecommunication companies have
requirements for the bresking strength of their overhead wires. These ariginated from the need to survive adverse weether and
iceaccretion, and to bresk without seconday damage if foued by, say, a truck. However, the mamner in which the

requirements are stated may preclude considerdion of dternate drategiesfor cable design and erection.

52 Identify all potentia solutions & scemario

QFD is a structured process to translae requirements into sdutions gptimised against custome saisfadion and business
advantagely. In the case o rdiability and mantenaice, it is a powerful tool to condder their effects on a wide range o
business, operationd and customer dbjectives. QFD helps idertify and lists the potentid impact of reliability and mantenance
on business and astomer objectives. It is an impotant tod leading to a find optimised sdution however, it requires
considerable skill and knowledge in ranking fctors. Indeed, ranking of factors may not initidly bepossiblewith any degree of
catainty and may itsef be a product of the subsequent anaysis process. The QFD process commences with identification ad

structuring of customer requirements into what is often cled “ the voice of the cusomer”, dften using brainstorming techniques



Against each “ voice, for which therewill be an impartance (priority), severd dternative solutions can be compared, each of
which will have a technica difficulty and syrergy with competing voices. Thesedternatives may reguire reinement to lower-
level detail before asingle “ best” technica solution can be identified. More likely, other andysis tods such a FMECA [7] will
be required to conduct the mmparative andyds in support of QFD. However, it is unressonable to assume that an optimum
saution can dways be derived by QFD as asingle discrete activity. Considergion and comparison of dternaiveswill often

require an extended process o refinement.

52.1 Explore snergy

QFD requires dl patentia solutions to be assessed in detail for potentid synergy where improvement in onefeature would tend
to improveachievement of another. This is paticulaly important when the god would beto maximise or minimise parameters
in order to maximise benefit. Introduction of maintenance free designs is often an exampe of this M aintenance free products
will not reguire acess features, thus reducing parts and simplifying design. Access festures are often points of contaminant
ingress and seets of corrosion.  If products do not require maintenance aaess, themanner of assembly might be atered, leading
to chegpness and greater reliability. Elimingion of in-service maintenance dso dffects support services, often reducing o
eiminaing them. Thus thereis synegy between severd aspectsand, providing thereis overdl improvements in bendits to the

customer, then maintenance fee would providea good gpportunity.

52.2 Supporting analyss

Consideration of options and their benefits is not easy or necessarily mathematicly cetain. Indeed, traditiond quentitative
reliability anaysis does not aways apply to more complex dtuations and andytic modds reaing compex rdiaility and
maintenance to combined business, operationd and cost benefits cannot essily be derived  Andytic mathenaticd modds ae
usualy limited to perticular sub-sets of reiadility and maintenance messurements within constrained scenarios. For rdiability
and maintenance rdated requirements, discrete event simulation is often the only route to fully explore benefits and their
sasitivities, to expore options and to identify detailed requirements thet most dfectivdy meet a austomer business objective
In turn, discrete event simuation itsef may require inputs from andysis such as Finite Element Andysis, histaricd data

adysis, FMECA and other tools necessary to identify and predid appropriate technica chaacteristics.

52.3 Understand R& M Effect

Rdiability and maintenance ae expressed in many diffeent ways such ssMTBF, life, MTTR, etc. However, when considering

how reliadlity and maintenance best contributes to customer dbjectives it is ussful to aggregate their effedt as being avoiding



and anticipeting failure, and of delaying maintenance by accommodating failure. Each failure will incur cost, but thiscost will
be modified by when the repair is undertaken and the degree of faward planning passible. This modd (Figure 1) is a useful link
bdween technicd expressions of rdiability and customer objectives. It highlights how strongly any paticular festure will
engble the objective in the scenario mntext. Prognostics, scheduled replacement, diagnostic capability, falure models, physics
of falure usage modds, durability and many other attributes link well into this concept of assesing ability to avad falure

articipate fdlure or dday mantenance
53 Rdine & Himinate Solutiorns

A key factar in optimisation is retaining flexibility until such point in the design process that adear decison is fessible. An
ealy decison ma inadvetently restrict options. Indeed, early decisions quite frequently affect rdiability, perhaps
urknowingy simply becauseknowledge is lacking of the potentid effect. Rather, design decisions should nat be finalised until
al the evidence is known. [8] However, reinement will be possible within the level of knowledge avalable. This is the
principle of set-based design. QFD and set besed dedgn link well together. QFD highlights links between detailed design

fegtures with objectives. Gaps or uncertainty in knowledge can be documented and managed using the QFD hierarchy.
54 Identify Opportunities for Inprovement

FMECA, refarrd to past experience in-service data andysis of existing product, testing, design reviews and many othe
techniques dlow identification of opportunity to improve reiaility and maintenance. However, an opportunity should be
implemented only where it provides an improvement to achievement of objectives. Rdighility and maintenance improvements
should be assessed initidly in terms of reduced likelihood of falure, improved ability to anticipate and prevent failure, and in
terms of advantages of delaying application of maintenance. Given the scenarios under consideration, these will be of greater or
lesser advantage. The full advantage might not be able to be assessale without gpplication of scenario simulation, using
discrete event simulation. Discrete event simulation is a poweful technique ableto identify sensitivity to change of rdiability
or maintenance properties and, in conjunction with priorities established using QFD, will be ade to identify the merits of

patentid improvements and of the aress worthy of patiaular attertion in order to achieve the most efect on abjectives.
6. CONFIRMATION OF ACHIEVEMENT

Confidence limits ae often gplied to rdiability and maintenance requirements. This is erroneous since a reguiremert is eithe
quentitative a baance between festures, a maximum or aminimum, it should not be stated with confidencelimits of any kind

Neverthdess, confidence limits are dosdy rdated to the achievement of rdiaility and maintenance requirements they are

1C



necessary when confirmation of achievement is necessary through demonstration and testing since messuremert of any
stochastic property will inevitably produce vaied results and confidencelimits are simply a way of expressing the likdy spread
of these reaults. Demonstration and testing are expensive activities, therdore, they should be limited T he narrower the bounds
within which the true stochastic paraneter neads to lie and the greater the confidence that must beachieved that theparamete
does indedd lie indde the bounds, the greater the testing reguired. Consegquently, the demand placed on the test should be
acording to assessed risk of non-achievemert and the sensitivity of the relevant customer bendits to that parameter. The
greater the level of aggregation being measured, the less will be test duration or a given ratio o upper to lower confidence
bounds, because it will be being messured based on agrester number of events per unit of operaion. Thus, it would appea
sensible to measure benefit achievement directly rather than more ddaled, slution-gecific technica feasture. Messuring
benefit achievement closes the loop on the origin of rdiability and maintenance requirements, namey customer benefits
However, drect testing and demonstraion remain expensive activities and where 1isk or sensitivity is lacking, might usefully be

avoided. Confidence limits ae not inthemse ves part of a requirement.

7. SUMMARY

Technicd rdiability and mantenance metrics are not austomer requirements, rather customer reguirements should be expressed
in teems o the bengfits rdiability and maintenance @n ddive to the customers and as such are generaly maximisation or
minimisation of scenario objectives such as sdety, opeaationad success and wholelife costs. It is doften the job of therdiability
engineer to derive from these customer objectives the technica metrics that can be used to design the technicd solution to the
customer’ sproblem. To do this a genaic gpproach is best and this paper hes suggested a structured, high levd approach that can
be used to make wre that the find technica metrics are derivad propedy, with no gaps or omssisons and that al necessary

information is used to provide an optimised sdution.
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Figure 3: T he structured requirements process modd. (generic process.tif)
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