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ABSTRACT

ANALYSIS, DESIGN, AND RELIABILITY BASED TRIANGULAR 
ESTIMATION MAINTENANCE FLOAT POLICY FOR LARGE SYSTEMS 

WITH HIGH OPERATIONS AVAILABILITY REQUIREMENTS
by

Nicholas C. Georgantzas 

Adviser: Dr. Michael N. Chanin

The equipeent failure distributions coaaonly identified in 

practice pose great difficulties in the establishaent of sound 

Maintenance float policy (HFP). What Motivated the present

study, however, is a set of analytical reliability based

eatiaation constructs, which have Managed to bypass the 

obstacles of efficient HFP deteraination. Following their

Methodology, the HFP estiaation Model base is extended to 

include the case of uncertainty due to the lack of data on the 

underlying failure distribution. A set of reliability based

triangular estiaation Models is foraally derived and tested. 

Guided by these proaising constructs, the conceptual schesa of 

the HFP fraaework is enlarged in order to integrate econoaic, 

social, and technological iaplications of Maintenance float

systeas which had been overlooked in the past.
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CHAPTER I

INTRODUCTION AND REVIEW OP THE LITERATURE

Purpose of the Study

The purpose of this study is to investigate what is
appropriate for the establishsent of saintenance float policy 
(HFP), during the initial setup and debugging of a nevly planned 
sanufacturing technology, a nev factory, or any nev production/ 
operations (P/0) facility with a high level of operations
availability requiresents. The decision askers' knowledge on 
the equipaent failure and repair continuous tiae distributions, 
on the capacity requiresents in teras of the initial nuaber of
units in operations, as well as on the overall systea 
effectiveness and reliability, are at the core of the analysis.

Within the first research aodule soae HFP guidelines for 
systeas planning and design will be analytically derived. That
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part of tha papar will furthar axtand tha ourrant aodal baaa on 

HFP to includa tha casa of tha raliability baaad triangular 
aatiaation taehniqua. Within a aacond, but of aqual iaportanoa 
axpariaantal aodula, tha thaoratical conatruota will ba taatad 
in taraa of thair underlying aaauaptiona and factora. Tha third 

and final aodula *111 axplora a aat of altarnativa
coat/affaetivanaaa critaria vithin tha oontaxt of aanagaaant
planning for aaintananca float ayataaa.

Prior to dlacuaaing tha eoncaptual fraaavork of tha
aalntananoa float policy raaaaroh at both tha alngla- and
aulti-faeility levels, a brlaf ovarvlav of tha davalopaanta and 
appllcatlona in tha aalntananoa aanagaaant lltaratura will ba 

glvan.

Stataaant of tha Problaa

In tha apirlt of Barlov, Proachan, t Huntar (1963), tha 
purpoaa of an HFP la to dataraina tha total nuabar of opan 
aarvica channel*, aa wall aa tha nuabar of aupport unlta vhloh 
auat ba hald aalda in ordar to aalntaln a eloaa to oontlnuoua 
flow of oparatlona. Tha iapllad aanagaaant objective la to
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ainiaize the total coat of loot production attributable to 
equlpaent downtime, aalntananoa paraonnal, and standby unlta, 

whlla aaintalning oparatlona highly available.

Tha pursuit of an analytical solution to tha HFP problaa is 
not easy. Halntananca float systens pose great aodellng 
difficulties prlaarily dua to tha complex equipment failure 
distributions which occur in practice. Further coaplicatlons 
arise froa the interdependence between operations and repair 
facilities, which render the establlehaent of an effective HFP
even aore difficult (Qertsbakh & Kordonskiy, 1969).

Based on the above obstacles, the deteralnstion of the 
optlaua HFP for a given aalntananoa float systea is considered a
0

classic aaong production/operations aanagaaant (P/OH) problaas. 
It has attracted considerable attention and has been solved 
under specific assuaptlona regarding both the failure and repair 
distributions as veil as the reliability of equlpaent.

Levine (1969), for exasple, theoretically derived an HFP
aodel by utilizing the notion of the repair to failure ratio 
(r), defined as the ratio of aean tiae to repair (HTTR) over the 
aean tiae between failure (HTBF). His aodel provides an
approxlaatlon to the HFP for a aaintenance float systea with 
equlpaent which break down according to an Exponential
distribution and their repair tlaes being also Exponentially
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dlatrlbutad. Lavlna'a 1963 papar aotlvatad a nav raaaarch 
atraaa. Hia vork vaa axtandad by Lova t Lavla (1903), vho 

davalopad an HFP aodal for tha eoablnatlon of Vaibull fallura 
and Lognoraal rapalr dlatrlbutlona. Thalr analyaia vaa oarrlad 
furthar by Hadu (1905), to lncluda tha caava of Gaaaa, 

Lognoraal, Noraal, and Unlfora fallura dlatrlbutlona.

Thaaa racant atudiaa hava aaployad a nuabar of analytical
and axparlaantal alaulatlon tachnlquaa, In ordar to aupport
aanagaaant daclalona on HFP dataralnatlon. Sooa of tha 
foraulatIona hava raachad qulta afflclant and raady to laplaaant 
aolutlona. In addition, thay hava provldad avidanca that 
cartaln aaauaptlona and factora, daaaad laportant In tha 
aalntananoa float policy aodallng procaaa, ahould ba furthar 

atudlad.

Apart froa lta puraly acadaalc origin tha naad for furthar 
invaatlgatlon on tha aalntananoa float ayataaa problaa alao
ataaa froa tha raal vorld of bualnaaa. Aa nav tachnologleal 
advancaa raault In tha raplacaaant of aan-aachlna ayataaa, 

organlzatlona raly on aora coaplax and coatly autoaata (a.g.» 
coaputara, robotlea, flaxlbla aanufacturlng ayataaa, ate.), In 
ordar to coapata. Within thla procaaa of changa thay raallza 
highar quaal and/or actual ranta for thalr huaan and phyalcal 
aaaata. Thla highar coat, couplad vlth tha lncraaaad coaplaxlty 
that autoaatlon poaaa on P/OH ayataaa, craata tha attantlon
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that industrial and service, for- and non-profit organizations

pay to aaintananca aanagaaant thaory and applications (Gllbart I 
Finch, 1983).

Soaa raal lifa HFP applications include aaargancy vehicles, 
air-forca and navy fleet aaintananca, lifa and safety sustaining 
aystaas, lnforaatlon systems, and flow- and job- production
ahops. According to Farsko-Weiss (1986), Fox (1977), Gotvals,
Salth, Kruse, A Fortune (1977), Van Esaltina (1974), and Claire 
(1986), a vary high level of operations availability is required 
for such systems to achieve their purpose. Their performance is 
determined by management decisions on the nuabar of standby 
units as veil as on the size of their repair crev. In addition, 
the videly implemented juat-ln-tlae (JIT) systems, also depend 
upon the availability of the production equipment vhen needed, 
and on a high level of system reliability during a P/0 planning 
horizon. According to Claire (1986), too many managers regard
the maintenance function as a necessary evil, and this is 
probably the most costly mistake a manager can make. One of the 
major aaintenance resources, plant and production equipment, 
requires saxlmus operations availability as veil as reliability 
for a JIT systea to be successful. Thus, it becomes imperative 
to complement management planning for JIT implementation vlth a 

sound HFP. Providing decision support to managers of systeas 
vith high availability and reliability requirements is precisely 
the task of the analytically derived and experiaentally tested
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•nd investigated aaintananca float policy construals of thia 
study.

Contribution of tha Study

Mithin tha procass of investigation on tha abova exposed 
raal organizational lifa problea, this rasaarch provides a 
contribution in a nuabar of ways. First, it adds to tha racant 
noraativa HFP rasaarch by davaloping a sat of flexible, 
raliability basad triangular astiaation aodels. Tha statistical 

tachniquas aaployad within a sat of axpariaantal analysis 
aodules, show that thasa naw aodels can significantly iaprova 
tha procass of aaintananca float policy dataraination. Second, 
it enlarges tha conceptual schaaa of tha HFP fraaavork, allowing 
to integrate, study, and increase understanding of tha social, 
econoaic, and technological iaplications of aaintananca float 
systeas. Sope of these iaplications hava baan totally
overlooked in tha past. Maintenance float systeas hava baan
considered as tha aathaaatical equivalent to finite queues, 

liaitad resource queues, or sixturas of tha two, and to dynaaic 
inventory control. This study breaks away froa this established 
plausible but narrow engineering perspective by considering
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aalntananca float ayataaa within thair largar P/OH contaxt. 
Third, by doing ao, it avaluataa HFP with an anhancad aat of 
phyaical parforaanca aaaauraa whoaa aurfacaa allow to racogniza 
and aubaaquantly analyza aaintananca float ayataa tradaoffa. 
Fourth, thla atudy raaolvaa a •ayatary* in thaoratlcally 

axplaining why coat optiaal aaintananca float policiaa ara ao 
aanaitlva to a fira'a undarlying coat atructura.

Outlina of tha Diaaartation and Hathodology

Tha raaalndar of thla chaptar will praaant a briaf ovarvlaw 
of tha aaintananca and ayataa raliability concapta. A 
litaratura raviaw ralatad to tha apacific araa of Inquiry will 
follow, in which tha aatabliahad fraaawork aa wall aa tha 
racantly davalopad HFP aodala will ba praaantad. Chaptar I will 
concluda with tha laval of analyaia and liaitationa of tha 

atudy.

Chaptar IX bagina with tha aaintananca float policy 

dataralnatlon aathodology, adoptad to provida thaoratlcal 
conalatancy with axiatlng HFP aodala. It axplaina tha 
undarlying atructura of tha naw aodala that follow and continuaa
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vith • dlacuaaion on tha apaclflc arguaanta that aotivatad tha 
raliability baaad triangular aatlaatlon aodala which ara built 
and taatad aa part of thla atudy. Chaptar II alao includaa tha 
thaoratlcal proofa of tha nav conatructa, and concludaa vlth a 
auaaary of raaulta givan In a tabla foraat.

In Chaptar III cartain aaauaptiona undarlying tha aaployad 
aathodology ara raviaitad for taatlng on tha baaia of
axpariaantally ganaratad data. Iaauaa of daacriptlva and 
pradlctiva validity ara conaidarad aa tha axplanatory povar of 
cartain aajor HFP factora la aaaaaaad. A pilot atudy and a 
total of thraa axparlaantal analyaaa ara raportad in tha 
chaptar. Tha aotlvation, tha undarlying aaauaptiona, tha 
aaployad aathodology, and tha algnificant raaulta ara providad 

for aach atudy undar tha haadinga of 'axparlaantal daaign* and 
'analyaia of raaulta.' With a aaparata atatlatical traataant 
for thaoratlcal and axparlaantal data, tha raliability baaad 
triangular aatlaatlon aodala ara ahovn to aigniflcantly iaprova 
tha procaaa of HFP dataralnatlon.

Chaptar IV la priaarily concarnad vlth tha atudy of phyaical 
parforaanca charactarlatica of aaintananca float ayataaa. Within 
an intagrativa affort, a fourth axparlaantal analyaia la 
raportad vhara aaaauraa of phyaical parforaanca ara allovad to 
lnfluanca tha final dataralnatlon of aaintananca float policy. 
Thraa coat optlaal HFP axaaplaa ara providad aa an llluatratlon



-9-

of their sensitivity to s hypothesized fire's underlying cost 
structure. On the bssis of the esployed enelyticsl/experisentel 
frasevork, the sensitivity issue is theoretically explained vith 
the aid of a constrained cost slnisizstion approach.

Chapter V contains a suaaary of this study's aajor
experiaental and theoretical findings, and concludes vith a set 
of propositions for future research. Throughout this paper a 
total of thirteen figures and sixteen tables are utilized in 
order to support and better explain a aixture of conservative as 
veil as radical extensions to the existing knovledge base on 

HFP. It is hoped that the final product stands above the 
ainlaua analysis, clarity, nethodology, and overall 
signification standards required for risky research adventures 

such as this.

Maintenance and Systea Reliability

The purpose of an effective naintenance policy is to keep a 

P/OH systea in optlaua operating condition so that it can 
satisfy expected deaands at a alniaua cost (Hardy & Krajevski, 
1973). Froa a practitioner's point of vlev, all coaponents of
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■uch • ayataa ara aubjact to datarloratlon and occaaional 
fallura in parforalng thalr aaalgnad taaka. How faat 

datarloratlon occura and how fraquantly braakdowna lapoaa 
ldlanaaa on workara, aqulpaant, and parhapa on tha antlra 
ayataa, claarly dapanda on tha daalgn of tha ayataa, tha 
aaployad aqulpaant, and tha local atraaa condltlona.

In a aora narrow aanaa, aaintananca la lntandad to laprova 
tha raliability of auch phyaical aaaata aa aachlnaa, aatarlal 
handling of aqulpaant, or coaputara, and tha aafaty of bulldlnga 
and facllltlaa. According to Darvltalotla (1981), tha
datarloratlon and fallura pattarna for highly critical ayataa 
coaponanta can ba obaarvad, racordad, and analyzad rathar 
objactlvaly. Thua, a conaldarabla aaount of atudy haa lad to 
tha davalopaant of both practical and thaoratlcal aodala that 
can ba uaad to foraulata aaintananca pollclaa. Tha raault of 
thalr auccaaaful laplaaantation, howavar, raqulraa an 
laprovaaant of tha ovarall raliability of tha P/OH ayataa at 
larga.

Although tha tara 'raliability* haa aany dlffarant tachnlcal 
raanlnga, tha following dafinition by Bazovaky (1961), haa 
bacoaa aoat coaaonly accaptad, according to Hayar (1970).

Tha raliability of a coaponant (or ayataa) at tiaa t, aay 
R(t), la daflnad aa R(t) • Prob(T>t), whara T la tha lifa
lanqth of tha coaponant. R la callad tha raliability function.
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Tha abova dafinitlon aiaply aaya that tha raliability of a 
coaponant aquala tha probability that tha coaponant doaa not 
fall during tha lntarval (0, tl (or, aquivalantly, raliability 

aquala tha probability that tha coaponant ia atill functioning 
at tlaa t). For axaapla, if for a particular itaa R(tj)«0.93, 

thia aaana that approxlaataly 93X of auch ltaaa, uaad undar 
cartain conditiona, vill atill ba functioning at tlaa tj.

In taraa of tha pdf of T, aay f,

Tha concapta of raliability and fallura rata ara cantral to 
aaintananca aanagaaant, and ara conaidarad iaportant toola for a 

thorough atudy of 'fallura aodala.* Hayar (1970), poaaa that 
tha daciaion on vhat ia a 'raaaonabla* fallura lav to aeauaa, ia 
aquivalant to datarainlng vhat ia a raaaonabla aathaaatical 
aodal for tha daacrlption of aoaa obaarvational phanoaanon. 
Froa a atrictly aathaaatical point of viav, ona aay aaauaa any 
pdf for T and than alaply atudy tha eonaaquancaa of that 
aaauaption. Hovavar, if thara la lntaraat in having tha aodal 
rapraaant (aa accurataly aa poaalbla) tha actual fallura data

(1)

In taraa of tha cdf of T, aay F,

R(t) ■ 1 - Frob(T<t) ■ 1 - F(t) (2)
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availabla. than tha ehoica of tha aodal aust taka this Into

account.

A aubsaqvant and aora difficult problaa la tha avaluatlon of
tha rallabillty of a ayataa vhan tha raliability of all of lta

coaponanta la known. According to Hilllar A Lieberaan (1986, p. 
762). atatlatical aatlaatlon of coaponant raliability la wall in 
hand, but aatlaatlon of ayataa raliability froa coaponant data 

in virtually an unaolvad problaa. Ona alapla (but ralativaly 
iaportant) caaa la tha ayataa of N coaponanta. connactad in
aariaa. functioning lndapandantly. and tha 1th coaponant haa 
raliability R^d); than, tha raliability of tha antlra ayataa. 
aay R(t>. ia givan by

and tha raliability of tha ayataa ia laaa than tha raliability 

of any of ita parta.

Anothar iaportant caaa ia a parallal ayataa in which tha 

coaponanta ara connactad in auch a way that tha ayataa faila to 
function only if all tha coaponanta fail to function. For a 
ayataa of K coaponanta oparating in parallal. functioning 

lndapandantly. and if all tha coaponanta hava aqual raliability. 
aay R^(t)ar(t). for all i. than tha raliability of tha ayataa. 

aay R(t>. la givan by

(3)
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R(t) = 1 - t l-r(t) ]**, (4)

N--

with the ayatea being wore reliable than any of the Individual 

coaponanta.

Whereaa a aeriea operation ia often aandatory (that ia, a 
nuaber of coaponanta auat function in order for the ayataa to 
function), ayateaa are aoetly deaigned for parallel operation in 
order to increaae their reliability. Deapite the fora and the 
deaign, however, the aaintenance ayataa ia called upon either in 
a predictable aanner for preventive aaintenance, or at arbitrary 
intervale when failure ia aignaled by aignificant deviationa 
froa accepted atandarda in the quality of output or the coat 

and/or tiae to produce it. A general deacription of a 
aaintenance ayatea and lta operation (Figure 1), ehould include 
a aet of decieion variablea, input, output, conatrainta, and 
aeaaurea of performance.

Following the prerequieite variety of aaintenance iaauea, a 
vide epectrua of alternative* haa becoae available in order to 
keep equipaent in aatisfactory working order at a ainiaua coat. 
The analytical developaenta in aaintenance modeling - other
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than, and yat ralatad to HFP, can ba claaalflad in thraa aajor 

catagoriaa <Tabla I).

(1) Inapactlon. It la lntandad to dataralna tha oparating 
atatua of a coaponant and nay ba viaual or raquira aoaa taata 
for aaaauraaant with apacial aqulpaant. If tha Inapactlon 
ravaala dafactiva parforaanca, tha lnapactad coaponant aay ba 
rapalrad or raplacad. It la a vldaly aaployad altarnatlva for 
aalntananca at all lavala of P/OH ayataaa. Savaral authora 
(Hayra, 1983} Luaa, 1976; Sangupta, 1980), hava aodalad 
contlnuoua tlaa aalntananca problaaa, vhara aqulpaant 
datarlorata according to a Harkov or aaal-Harkov procaaa. Thalr 
aolutlona conalat of Inapactlon and raplacaaant achadulaa that 
alnlalza tha long run axpactad avaraga coat par unit of tlaa.

<ii> Corractlva Halntananca <£fi> or Rapalr. Thla la tha
altarnatlva uaad aftar a coaponant braaka down and raplacaaant 
la not advlaabla. CH pollclaa taka Into conaldaration hov 
critical tha coaponant la, and vhathar or not thara la a atandby 
unit that takaa ovar to avoid production atoppaga. Tha 
litaratura on CH can ba furthar dlvidad into two aajor 
aub-claaaaa.

Tha firat CH aub-claaa, lncludaa aodala built to raprasant
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alniaal rapalr (HR) pollclaa, vhlch raatora a ayataa vlthout 
affactlng ita failura rata. Tha HR concapt vaa introducad by 

Barlov t Huntar (1960), in thalr Policy I aodal that involvaa 
aalntananca of fairly alapla aqulpaant. Brown, Hahonay, 4 
Slvazllan (1963), daflna HR aa tha typa of rapalr or raplacaaant 

vhlch la aufflclant to raturn tha aqulpaant proaptly to
oparatlonal atatua. Thay coablnad tha HR concapt vlth that of
*hyataraaia rapalr* vhlch laada to partial racovary of tha 
ayatt'a, to axtand Eppan'a (1965) aodal, by Including a dlacount 
factor. Aa a raault, Brovn at al. (1983), dataralnad tha 
optlaal aarvlca aga of aqulpaant, vhlch onca raachad, aanagaaant 

auat daclda vhathar to raplaca or coaplataly ovarhaul. By 
axpraaalng HR aa tha failura rata of aqulpaant, that lai 
HR(t)«l-R(t)»F(t), for t>0, Nakagava 4 Kovada (1963), darlvad 
tha tvo raplacaaant pollclaa that vara originally davalopad by 
Barlov 4 Huntar (Policy I, 1960), and Horiaura (1970).

Tha aacond CH aub-claaa of aodala includaa conatructa 
concarnad vlth rapalr Halt (RL) pollclaa. Tha flrat RL aodal 
vaa davalopad by Makagava 4 Oaaki (1974), and It vaa axtandad to 
lta aora ganaral fora by Nguyan 4 Hurthy (1960), vho found it 
optlaal ovar both datarainiatlc aa vail aa atochaatlc RL 
pollclaa. Undar tha RL foraulation, a ayataa la allovad to

oparata until a failura occura. A rapalr ia iaaadiataly 
appliad, but if it ia not coaplatad aftar a tlaa liait RL«t*, 
tha unit undargoing rapalr ia raplacad by a nav ona.
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t* ainiaizaa tha axpactad coat par unit of tlaa ovar an infinlta 
horizon, vhiia a coaplatad rapair ia aaauaad to aaka a coaponant 
aa good aa na*. Laaba (1974), axtandad tha RL policy aodal to 
incorporata paat rapair coat data, vhlla Baichalt (1962), found 
it aora coat affactiva than tha aconoaic lifa tiaa policy aodala 

(Laaaon, Haatlnga, & Wlllia, 1983; Lohaan, Foatar, & Layaan,
1962), vhara raplacaaant daclaiona ara baaad aolaly on tha aga
of aqulpaant. Aga raplacaaant pollclaa ara baaad on dataraining 

tha uaaful aga of a unit in oparationa (Hahraz & Stulaan, 1983). 
Aftar that aga la raachad, tha unit ia conaidarad unproductiva 
and thua, coatly to aaintaln. Siallarly, tha RL policy la uaad 
to dacida vhan to rapair or raplaca a unit on tha baala of coat 
or aquivalantly on tha baaia of tha tiaa raqulrad for ita rapair 
(Nakagava & Oaakl, 1974).

<iii> Pr»v»nttYt Halntananca (fm.. It ia ganarally
conaidarad a aora coaprahanalva approach aa it rallaa on both
inapactlon and rapair, according to a pradataralnad plan of 
action. Such action in PH aay ranga froa ainor or tr.ajor rapaira 
to raplacing parta or avan an antlra coaponant. PH aay ba 
achadulad at dlffarant tlaa lntarvala, at randoa or 

aaquantlally. An iaportant condition for PH laplaaantation la
tha aaall variability in tha failura fraa run tiaa of aqulpaant, 
vhlch aakaa an optlaal Inapactlon achadula faaaibla. Whita 
(1979), dafinad PH aa a parlodically parforaad operation that 
pravanta failura, incraaaaa aqulpaant raliability, and datacta
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coaponanta vlth high failura rataa. Policy II of Barlov & 
Huntar (1960), conaiata of a PH achadula which onca appliad, 

raturna a ayataa to a atata that ia aquivalant to that following 
raplacaaant. Thua, tha optiaua PH policy aaxiaizaa tha
'Halting afficiancy* of a ayataa, daflnad aa tha fractional 

aaount of failura-fraa run tiaa of aqulpaant ovar long intarvala 
of tiaa. Nguyan 1 Hurthy (1961), atudiad tha PH problaa undar
tha aaauaptlon Mtat tha lifa dlatributlon of a ayataa changaa 
aftar aach rapair, aa tha failura rata function incraaaaa vlth 
tha nuabar of rapaira. For thaa, tha aia of PH ia to upgrada 
tha raliability of aqulpaant by raducing tha chancaa of aachina 
braakdovn. For Hann 1 Coataa (1980), PH la a control aachaniaa 
which providaa eorractiva action according to faadback on 
aqulpaant parforaanca and aalntananca naada. Savaral authora 
hava utilizad optiaization tachniquaa to aodal PH. Tha 
aaauaptlon undarlylng thair aathaaatical conatructa ia that 
thara axiata a cut off point vhara it ia aora aconoaical to 

apply PH rathar than aaargancy aalntananca. Thua, in ordar to 
ba aora affactiva, PH auat ba achadulad juat prior to 
braakdovn. Such an intarvantion aay pravant tha failura of
aqulpaant, and aay raduca both tha coat of braakdovn aa vail aa 
tha coat of fraquant inapactlona. If tha aqulpaant braakdovn 
pattarn ia known, PH bacoaaa auch aaaiar to iaplaaant, but atill 

thara ia no cartainty with raapact to ita final affactivanaaa.
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In ganaral, atochaatic failura rataa naoaaaitata tha uaa of 

coaplax aathaaatical tachniquaa and raatrictiva aaauaptiona in 

aodaling aalntananca pollclaa. Unfortunataly, thia raaulta In a 
ahift froa alapla, tractabla, and aaay to inplaaant aodala, to 
aora and aora coaplax aathaaatical conatrualn. On tha othar 
hand, aa tha coat of invaatlng In nav aachines ris?s, aanagare 
aaak aora afflclant aaana to pradlct and control tha bahavior of

Bullock (1979), and Chanin & Sphicaa (1980), id»ntifi*d and 
raportad on thla vldanlng gap batvaan thaory and practica in tha 
aalntananca aanagaaant litaratura. Ballock'a aurvay found that 
coaplax aathaaatical aodala ara confinad to larga in aiza and 
alack raaourcaa organlzationa, vhlla Chanin I Sphicaa poaad 
that, although uaaful for acadaaic purpoaaa, auch aodala ara of 
laaa practical utility. Hoat of thair praacrlbad pollclaa claia 
to ainlaiza tha total coat of aalntananca by dataraining an 
optiaua raplacaaant and/or rapair achadula. In addition to 
thair coaplaxity thaaa aodala aatabliah thair coat optiaua 
pollclaa by atudying aalntananca ayataaa on a unit by unit 
baaia. No attaapt ia aada to captura tha parforaanca of tha 

ayataa thay atudy aa a vhola.

In practica, hovavar, thara ara aituationa vhara iaportant 
aqulpaant auat ba kapt in oparation ragardlaaa of coaponant 
failuraa. In auch caaaa, a ayataa braakdovn ia llkaly to hava
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aerioua conaequencea du* to diaruption, downtlaa coat, or 

reaulting unaafa conditiona. That ia vhan a aalntananca float 
ayataa ia typically uaad.

Tha Maintenance Float Policy (HFP) Fraaevork

A aalntananca float ayataa ia typically uaad vhan it ia 
iaportant to kaap critical operating facilitiaa at a high level 
of availability. It ia a fora of redundancy which once 
introduced iaprovea tha reliability of a ayataa aa a vhola. 
Thua, tha ganaaia of tha literature aaapled and claaaifiad in 
tha lover part of Table I.

Tha raaaarch doaain includaa a P/OH ayataa vith three aajor 
aub-coaponantas an oparationa facility, a rapair atation vith 
aultlple aarvlca channala, and a aat of atandby float unlta 
(Figure 2). Tha float ia a ready (hot) inventory of apara unita 
laaadiataly available to replace tha unita which fail. Once 
repaired at tha central rapair atation (CHS), tha aqulpaant
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raturn to • standby condition. In Flgura 2, lat N dsnots 
productlvs capacity in taras of a givan nuabar of indapandant, 

yat ldantical and slaultanaously functioning aqulpaant in thair 
oparatlono systaa anvlronaant. Tha iangth of tlaa during vhlch 
a unit oparating undar strasa conditions occupiss an *up* stats 

(vix., tha unit is in good working ordar), can ba thought of as 
tha tiaa batvaan two succaasiva *dovn* statas, during vhlch tha
unit is lnoparativa, or caasas to function propariy undar tha
strass appliad. Calling this up tlaa "tiaa batvaan failura,* 
or *lifa langth,• say T, a continuous randoa variabla is
raalizad, vith aoaa pdf.

Existing aapirical avidanca indiratas that tha valua of T 
cannot ba pradlctad f r o m a dataralni?tic aodal. That is,
*idantical* cosponants subjactad to "ldantical* strass fail at 
diffarant and unpradictabla tiaas. Soaa fall quits asrly in 
thair Ufa and othars at latar stagas. Of couraa, "tha aannar 
of failing" varias vith tha typa of coaponant baing conaidarad. 
A fuss, for axaapla, fails rathar suddanly in tha sansa that ona 
aoaant is working parfactly and tha naxt aoaant is not 

functioning at all. A staal baaa undar a haavy load, hovavar, 

vaakans ovar a long pariod of tiaa. In any avant, tha usa of a 
probabilistic nodal, vith T considarad as a continuous randoa 

variabla, saass to ba tha only raallstic approach.



When any of tha initial N unita in tha oparationa facility 
falla (viz., changaa froa ita up to a down atata), it ia 
ralaaaad for rapair. Tha tiaa raqulrad for ita rapair - to ba 
parforaad at tha CRS, la alao a continuoua randoa variabla and 
aa auch it aaauaaa aoaa probability dlatribution aa vail.

Whenever a failura oceura tha nuabar of operating unite la 
raducad to N-l. If any raaarva unita ara available, tha down 
unit ia raplacad by an up, tha praaanca of which iaaadiataly 
raatoraa tha nuabar of oparatlng unita back to N. It la aaauaad 
that any atandby unita praaant ara not actually in uae, and 
tharafora hava no probability of failura. Switching in of a
radundant unit oceura with parfact raliability and unlapalrad 
parforaanca. In auch a ayataa, a fixad nuabar of unita (thoaa 
in oparationa, plua on raaarva, and thoaa undargoing and/or 
waiting for rapalr), ara allowad to free-float aa thay clrculata 
within an anlargad, yat cloaad P/OH ayataa.

Tha ratlonala bahlnd aaintaining atandby unita ia tha
following: any tlaa tha nuabar of aqulpaant in oparationa
becoaee laaa than N, tha oparationa facility ia not fully
availabla for production. Aa a ganaral aanagaaant practica, 
auch a reduction in oparationa availability ia racordad aa 
unavailability or *dovntiae,* which can further ba tranalatad 

into coat of loat production.
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Tha abova fraaavork can ba furthar axtandad to aodal a 
ayataa of J oparationa facilitiaa vhlch aaploy slallar but not 
ldantlcal production aqulpaant, they dlffar In taraa of
capacity, and thay ara all aarvicad by a cantral rapalr atation 
(Figura 3). Oiffarant atraaa factora aay ba raalizad at aach 
facility, dua to diffarant anvironaantal or local conditiona, 
daaand load, handling of aqulpaant, ate. Thua, vaatly diffarant 

failura rataa aay ba axpariancad at aach oparationa facility. 
Although it vould ba valuabla to aodal and aolva thia 
ganaralizad HFP problaa for tha J facility ayataa, tha
challanga ia raaarvad for futura raaaarch.

Tha aalntananca float ayataa daacribad abova haa varioua 
othar naaaa auch aa *axtra aqulpaant,a *ravolving fund,* 
‘aalntananca axchanga atock,* *rapairaan'a problaa, ■ or "apara 
proviaioning.* Ragardlaaa of tha naaa, a unit which faila ia 
raplacad by a unit froa tha float and tha old unit ia rapairad 
and raturnad to tha float atock. It ia thia faatura of 
raplacaaant and concurrant rapair which ia uniqua to aalntananca 

float ayataaa.
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Haintananca Float Policy (NFP) Ifodala

Savaral variations of tha problaa hava baan diacuasad in tha 
litaratura. Tha aost coaaon varalon involvas tha dataraination 
of tha optlaal nuabar of aparas for oparatlng coaponanta vhlch 
ara not rapairad onca thay fall. Ralatad aodala in tha pura 
raplacaaant apara parts problaa had baan traatad by Gaialar I 
Karr (1996), and Gourary (1996 & 1996). Thoaa aodala ainlaizad 
tha axpactad total of valghtad shortagas, subjact to a linaar 
vaight or cost rastralnt, vith tha daaand probability dansity 
for aparas aaauaad a priori.

On Hay 14, 1999, Guy Black and Frank Proschan praaantad *0n 

Optlaal Radundancy* at tha Fiftaanth National ORSA Haatlng in 
Washington, D. C. (Black 1 Proachan, 1999). Thair aodal 
aaxlaizad raliability by optiaua allocation of radundant units 
llkaviaa subjact to a linaar constraint. Tha daaand for 
radundant units, hovavar, lnstaad of baing aaauaad a priori, it 
vaa ganaratad by tha failuras of oparatlng units folloving an 

Exponantlal distribution. Thus, in ordar to obtain tha 
coaposition of tha optlaal nuabar of radundant units, Black and 
Prochan vara tha first to usa lnforaatlon on coaponant failura
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rather than inforaation on coaponant daaand diatributiona.

Proochan (1939), had alraady ahovn that an optlaal 
coabinatlon of radundant unita can ba obtainad for tha caaa of 
nonaxponantial Uf a  diatributiona aa vail. All that la raqulrad 

for tha undarlylng danaitlaa of tha coaponant failura tiaaa ia 
to poaaaaa tha aonotona likalihood ratio' proparty. Thia 
proparty charactarlzaa tha Exponential, Gaaaa, Normal, and aany 

othar diatributiona. Oua to thia proparty a ayataa'a
raliability takaa tha fora of a concava function vhlch c 
coabinatlon of radundant unita aaaka to aaxlaiza.

Additional aodala on tha pura raplacaaant spare parts 
problaa vara davalopad by Bhattacharyya (1967), Horriaon (1961), 
and Schvaitzar (1967). Othar approachas conaldar both
provisioning for aparaa and rapair (a.g., Natarajan, 1966; 
Srinivasan, 1966), but thasa hava baan typically concarnad vith 
tha darivation of tha first tlaa to failura, or tha intararrlval 
tiaa batvaan failuras.

Barlov at al (1963), parcelvad tha aalntananca float ayataa 

in Figure 2 as a rapalraan's problaa. They, likewise Hilliard 
(1973), and Wahl (1966), foraulatad and solved it vith tha aid 
of tha steady state birth and death aquations. Such a 
foraulatlon conveniently allovs for analysis vhlch naturally 
fits into tha basic asauaptions of queueing theory. It does
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facllltate the derivation of a cost optimal HFP solution, 
although White (1967), vould rathar foraulata and solve tha 
problaa ualng dynaaic programming. An alternative optimization 
approach vaa proposed by Ifani & Saraa <1964), who identified HFP 
determination as a 'closed queueing network* problem. Their 

formulation seems to eliminate the need for explicit arrival and 
departure assumptions for units vhlch otherwise vould be 
considered extraneous to the maintenance system.

Since a maintenance float policy is so difficult to 
determine analytically, researchers have frequently eaployed 
experimental simulation. Schrlber (1974), for example, offered 
a general description of a maintenance float aystea and proposed 
to study the behavior of the expected total cost function on the 
basis of marginal cost parameters associated vith the repair 
crew size, the number of standby unita, and lost production. 
Additional trial-and-error extensions to the HFP problea via 
simulation have also been considered by Heir t Tiger (1971), 
White (1979), Widavsky (1971), and other colleagues. Such an 
extension yielding a specific solution vhlle simultaneously 
controlling for the effect of routine maintenance, is the vork 

of Johnson A Fernandes (1976).

The above stream of theoretical and experimental 
mathematical analyses on maintenance float systems vlth both 
replacement and concurrent repair has not explicitly considered
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the iaportant iaaua of ayataa raliability. Soaa of tha authora 
vho did incorporata ayataa raliability in thair optiaization 

conatructa, providad ainiaua coat aolutiona to tha HFP problaa 
vithin a apactrua of rathar raatrictiva aaauaptiona, daaaad 
nacaaaary in tha davalopaant of thair aathaaatical aodala. 

Kuaagi (1973), Raaanarayanan t Uaha (1979), Sabraaanian & 
Venkatakriahnan (1973), Stavanaon (1972), and Uaha & 
Raaanarayanan (1980), for axaapla, vara foread to confina thair 
foraulationa to ayataaa vith a vary aaall nuabar of unita in 
oparationa.

Siailar difficultiaa ara raportad by raaaarchara vho
davalopad coat optiaal diract aaarch algorithaa. Tha laval of 
coaplaxity incraaaaa aa a larga nuabar of idantical aqulpaant 

vhich oparata aiaultanaoualy raquira a conaidarabla nuabar of 
aarvica channala and atandby unita in ordar to aaintain a high 
laval of oparationa availability and ayataa raliability. 
Hilliard (1973), and Wahl (1966), for axaapla, poaa that for 
larga aalntananca float ayataaa tha vactor grid boundarlaa gat 
vary larga. Additionally, likaviaa othar authora on HFP, thay 
both concluda that coat optiaal aalntananca float polieiaa vhich 
ara baaad on tha aaaignaant of aarglnal coat paraaatara vill 
alvaya ba highly aanaitiva to a fira'o underlying coat

atructura. Thia laat concluaion vaa alao raachad by Hadu
(1983), vho folloved a coat ratio approach, and Natarajan 
(1968). Nona of thaaa authora avar explained vhy.
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Boria Lavina <1965), vaa tha flrat to bypaaa tha 
difficultiaa in davaloping a raliability baaad, thaoratleal 
aatlaatlon aodal without raatrictiona on tha aiza of tha ayataa. 
Ha did ao by utilizing tha notion of a aalntananca ayataa'a 
rapalr to failura ratio (r), daflnad aa tha ratio of aaan tlaa 

to rapalr (HTTR), ovar tha aaan tiaa batwaan failura (HTBF). By 
traating r aa a variabla, Lavina analytically davalopad an 
aatlaatlon approach to tha HFP problaa for tha caaa vhara both 
tha aqulpaant falluraa and rapaira follow an Exponantlal 
dlatrlbution. Vallaca (1983), raporta that both tha HTBF and 
tha HTTR ara wall aatabliahad notiona and thay ara atill uaad 
today vith tha HIL-STD-781, undar tha aaauaptlon of conatant 
rataa.

Following Lavina'a aathodology, Lova 1 Lavia <1983), 
davalopad a aalntananca float policy for a public tranaportation 
ayataa vith Waibull falluraa and Lognoraal rapaira. Tha 

raaaarch doaain vaa furthar axtandad by Hadu (1985; aaa alao 
Hadu & Chanin, 1986), vho ahovad (in Hadu 1985: Corollary 1, 
p. 49), that tha atructura of thaaa raliability baaad aodala 
for tha aatlaatlon of tha aalntananca float factor (f), ara 
lndapandant of and can ba uaad vith any arbitrary rapalr 
dlatrlbution. Conaaquantly, Hadu darivad a aat of raliability 
baaad HFP aatlaatlon forauli for tha caaaa of Gaaaa, Lognoraal, 
Horaal, and Unifora aqulpaant failura diatributiona.
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The preaentation of the Levine-Love 1 Levia-Hadu reaearch 
atraaa developmenta la alapllflad in thia paper, by preaenting 
aaaantial raaulta in a tabular fora, and by referring back to 
Lavina (1965), Love i Lavia (1983), and Hadu (1985), for a aora 
detailed foraal treatment vith proofa. Table II containa a 
auaaary of the relevant equationa for the aatlaatlon of the 
aaintenance float factor f, for a given claaa of aqulpaant 
failure diatributiona.

Subaequently, the ainiaua aaintenance total float <F>, in 
teraa of both aparea and aervlce channela required to achieve a 
relatively high level of oparationa availability, aay A, can be 
eatiaated aa a function of the the float factor and the nuabar 

of unita initially in oparationa. That ia

F « f N. (5)

Unlike the caaea of the Exponential and Weibull aqulpaant 
failure diatributiona where the analytical reaulta are 
relatively eaay to iapleaent, the realizationa, for exaaple, of 
a Gaaaa failure dlatrlbution aay require the uae of a rather 
unwieldy equation. To deal vlth the problea, Hadu reduced the 
complexity of hie forauli by offering the aayaptotic property
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baaad altarnativaa (Tabla III). Froa tha Gaaaa dlatrlbution tha 
Exponantial failura caaa waa obtainad and ahovn to ba aquivalant 
to Lavina'a original foraulation. Tha apacial caaaa of Gaaaa 
vara alao obtainad, and tha f vaa ahown to approach zaro at tha 
Halt for tha Daganarata or Conatant failura dlatrlbution.

Laval of Analyaia and Liaitationa

Tha lltaratura aaapla on aalntananca float ayataaa indlcataa 
tha naad for aodala that dacraaaa tha vactor grid diract aaarch 

boundarlaa for larga ayataaa vith high availability 
raquiraaanta. Thia ia praciaaly tha naad that tha raliability 
baaad Lavina-Lova 4 Lavia-Hadu aatlaatlon conatructa raapondad 

to. Tha axpariaantal analyaaa raportad by Lova 4 Lavla (1983), 
and Hadu (1963), hovavar, lndicatad that in both tha caaaa of 
larga aalntananca float ayataaa and larga rapair to failura 
ratio r valuaa, thair analytically darivad aatlaataa fall abort 
froa achiavlng high lavala of oparationa availability. For auch 
caaaa, tha vactor grid boundarlaa atill raaain larga raaulting
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in inefficient HFP searches. The reliability based triangular 
estiaation aodels vhich are built and tested in the chapters to 
follow, are shown to provide initial float factor eatiaates that 
significantly iaprove the optlaal aaintenance float policy 
deteralnation effort, for both large systeas and large r values.

Host of the foraulations in the HFP literature depend on the 

a priori assignaent of cost paraaeters. Consequently, the 
optiaal aaintenance float policies derived are very sensitive to 
saall changes in the aarginal cost paraaeters of the objective 
functions they depend on. This study deviates froa this
explicit a priori aarginal coat assignaent aethod. Throughout 
the theoretical, experiaental and statistical analyses vhich 
follow in Chapters II, III, and IV, the priaary focus is on the 
physical perforaance characteristics of aaintenance float 
systeas. The iaproveaent of the overall systea effectiveness is 
pursued in this study as new facilities are planned, designed, 
and built.

The behavior of a HFP total cost function is considered a 
posteriori in Chapter IV. A steady state cost alnlaization
approach is the final deterainant of the optiaua aaintenance 
float policy, yet it is restrained by the decision aakers' 
choice on the physical perforaance of the systea they aanage.
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There arc certain lialtationa inharant in tha aodeling 

procaaa of ayataaa. Unfortunately, cartain ralationahipa auat 
ba axcludad froa conaldaration. Littla uaaful inforaation would 
ba generated by a aodal in which 'everything la ralatad to 
everything else,* even if tha aodal wara aathaaatlcally 

tractabla. For thia reason, a oat of paths of prlaary intarast 
waa salactad for analysis, undar tha asaaaption that such 
salaction doas not dany tha axlstanca of possibla ralavant 

othars.

Furtheraore, additional arguaents aight ba aada for tha 
potantlally interesting affects of tha nuaarous aalntananca 
issues and attributes not addressed in tha present study. 
Again, tha salaction process reflects tha diaansiona of greatest 
iaaadiata intarast, and in no way denies tha existence or 

influence of othars.
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CHAPTER II

RELIABILITY BASED TRIANGULAR ESTIMATION MODELS

Maintenance Float Policy (HFP) 
Estlaation Methodology

The approach eaployed in thia chapter vaa adopted to provide 
theoretical conaiatency vith the reliability baaed HFP 
eatiaatlon aodel baae aa a vhola. Each nev conatruct vill be 
defined, developed, and ita place in the acheae of relationahipa 
vill be aade explicit. The nevly conatructed aodel baae vill
then be ready for the procesa of experiaentation and teating, 
vhlch involvea alaulation folloved by the appropriate 

etatlatlcal analyela.

Levine (1969), once aore, defined the aaintenance float 
factor f aa the proportion of unita vhich have failed up to tiae 
tn. Central to hia aodel vaa the notion of ayatea reliability
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vail tha axpactad tlaa of tha nth ranaval of a unit, vhlch 
at ataady atata la daflnad aa n tlaaa tha aua of HTBF plua HTTR. 
That la T(n)»n(HTBF♦HTTR). To fix ldaaa, tha following

notation and daflnltlona ara lntroduead.

I> i nuabar of unita Initially In oparationa.
i nuabar of functioning unita at tiaa t (at tiaa

txi Ht ■ H-l).
R(t) : ayataa raliability at tlaa t; daflnad aa tha

fraction of functioning unita at tiaa t. Thua, 
R(t) - Ht/N, vith R(tx> > (M-D/H.

HTBF : aaan tiaa batvaan failura.

HTTR i aaan tlaa to rapalr.
r t rapalr to failura ratioi daflnad aa r ■ HTTR/HTBF.
tn : tha tlaa of tha nth failura. It ia raquirad that

tn > ti*HTTR, ao by tha tiaa tha nth failura 
oceura, tha unit vhich cauaad tha firat failura 
haa alraady baan rapairad. With thia condition 
tha oparationa facility ia navar coaplataly 
unavallabla and an avaraga of N unita in 
oparationa ia achiavad.

f i aalntananca float factor; daflnad ao tha 
proportion of unita that hava failad up to tiaa t. 
Thua, f ■ l-CH^/N) or altarnatlvaly, f * l-R(t).

F : aalntananca total float; backup and aarvlca
channal raquiraaanta in aupport of an avaraga of N 
unita in oparationa. Froa (S) daflnad aa F ■ fN.

In ordar to llluatrata tha aathodology davalopad and appllad 
by tha Lavina-Lova I Lavia-Hadu raaaarch atraaa, tha aquatlona 

yialding f for tha Waibull failura dlatrlbution (Tabla II, 

foraulaa II-2, and Tabla III, foraulaa 111*2), ara analytically 
darlvad. Thaaa forauli rapraaant a ganarallzatlon of tha Lova I
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Lavls (1963) aodal, and thay hava not appaarad alaavhara in tha 
HFP litaratura. Hadu (1983, Thaorao 3, p. 49), praaantad tha 

original Lova & Lavia raault without proof nor any aodiflcation.

Vaibull Dlatrlbution. According to Gradanko, Balyayav, i 

Solovyav (1969), tha dlatrlbution function

F(t) ■ 0, for t < 0,
(6)

1 - axp(-(t/b)*>, for t > 0,

vith ahapa paraaatar a>0, and acala paraaatar b>0, haa baan 
givan tha naaa Vaibull distribution. This dlatrlbution vaa uaad 
by Vaibull in ordar to daacrlba axpariaantally obsarvad
variationa in tha fatlgua raaiatanca of ataal, ita alaatic 
lialta, tha dlaanaiona of partlclaa of soot, ate. It has 
racantly baan usad to study tha variations in tha langth of 
sarvica of alactronic aqulpaant. Vaibull's distribution vas 

knovn aarllar in probability thaory as tha Halting or Typa III 

axtraaa valua distribution (Typa I: Guabal; Typa II: Cauchy- 
Frachat; Typa III: Vaibull; saa Ladavaann, 1980). Today it is
vldaly usad in raliability aodala for lifatiaas of davicas and 
in ordar to aodal tiaa raquiraaants to task coaplation.
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Thwrta-l-
For • P/OH ayataa vith N unita initially in oparationa vhlch 

fail according to a Vaibull(a, b) dlatrlbution, tha aalntananca 
float factor la givan by

f » 1 - axp(-[(lntM/(M-l)])l/**HTTR/b]*J.

Praai*
aaauaing tiaa incraaanta aaall anough ao that only ona unit 

can fail at a tiaa, froa aquation (2),

R<ti> • axpJ-tti/b)*). (7)

Slnca tj, hovavar, aignlflaa tha flrat failura of a unit in 

oparationa, tha ayataa'a raliability bacoaaa

R<tj> ■ (N-D/M. (8)

Dua to tha aqual laft hand alda of (7) and (6),
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•xp(-(t1/b)*> > (N-l)/M, (9)

or (tj/b)* ■ -lnt (H-D/HJ, (10)

or tA ■ b(-ln[(K-l>/Hl)1/a. (11)

Du* to the required condition given in the notation and 
definitions abovet tn > ti'HTTR, where HTTR ia the aean tiae 
to repair of an arbitrary repair distribution, and froa (11),

tn > b(-lnC(R-l)/M))1/*»HTTR. (12)

Thus, in order to aaintain a ainiaua systea reliability, froa 

the equality in (12)

R(tn) • *xp(-(Ib(-ln[(M-l)/M])1/a»HTTR]/b)a), (13)
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or R(in) - •xp{-[(-ln[<M-l)/H]>l/#*HTTR/b]*). (14)

Sine* f - l-R(t),

and dua to tha ralatlonahlp

-lnt(N-l)/HI ■ ln(N/(N-l>), (16)

loraulaa (IS) transforaa to

f ■ l-axp(-((lnCH/(ll-l)l)l/*»l!TTR/b)*). (17)

t 0. E. D.
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Thtorta. 2 -

For • P/OH ayataa with a vary larga nuabar of unita 

initially in oparationa (H » oo), which fall according to a 
WaibulHa, b) diotribution, tha aaintananca float factor la 

givan by

f « l-axp-((HTTR/b>*>.

Proof:
in (17), lat H —♦oo. Than,

li"N-»a><H/<N-l>) " li«N-*.ao<l/£l-<l/N> )> * 1, < 18)

and alnca ln(l> » 0, (17) bacoaaa

f « 1-axp-i(HTTR/b)*). (19)

0. E. D. □
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Prallainary Arguaanta and Dlacuaalon

Turning back to Tabla II, in tha caaa of an Exponantial 
diatribution (foraulaa II-l), tha valua of f dapanda on two 
aajor factora: N and r. In tha two paraaatar faiiura
diatribution caaaa, tha nuabar of factora on vhlch f dapanda la
incraaaad. Naaaly, in tha Gaaaa caaa (foraulaa II-3), f ia a
function of N, r, and a (a algnifylng tha nuabar of phaaaa to
final faiiura). With Lognoraal (foraulaa II-4), and Noraal 
(foraulaa II-3), falluraa, tha atandard davlatlon bacoaaa an 
additional factor in tha aatlaation of aaintananca float policy.

Tabla III, which ia a auaaary of tha aqulvalant HFP aodala 

in thair aayaptotlc fora, ahowa how tha coaplaxity in tha 
aquatlona yialding f ia iaaadiataly raducad aa N la aaauaad to 
approach infinity. In all caaaa, tha nuabar of factora which
lnfluanca tha aatlaation of f ia raducad. For axaapla, tha 
aaintananca float factor dapanda only on tha rapair to faiiura 
ratio valua in tha Exponantial caaa (foraulaa III-l). It ia 

axpraaaad aa a function of r and a in tha caaa of a Gaaaa 
faiiura diatribution (foraulaa III-3).
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1f equlpaent fail according to a Gaaaa diatribution, aa a 

bacoaaa larga (viz., it approachaa infinity), f bacoaaa zaro and 
tha Daganarata raault ia obtainad. Otharviaa, as tha flov of 
oparations raachas a staady stata, f bacoaaa Constant and for 
larga valuaa of N, froa foraulaa (S), tha aaintananca total 

float F is diractly proportional to tha initial nuabar of unlta 
in oparationa. Tha aayaptotic raaults of Tabla III, hava baan 
shown to provida good approxiaations to tha f astiaatas froa 
Tabla II, avan for N saall (Hadu i Chanin, 1986).

In apita tha paradigaatic alaganca, froa the inception of 

tha HFP aodels, savaral assuaptlona wara postulated. These, 
although convenient for analytical purposes, can be hardly 
tenable in practice. Tha three aajor ones, which wara carried 
through by tha Lavina-Lowa I Lewis-Hadu straaa, are listed 

below.

1. A unit is coaplataly rejuvenated after repair, assuaad to be 
as good as new.

2. Waiting tlaa to repair is nonexistent or negligible.
3. Tha equlpaent faiiura distribution has baan coaplataly 

characterized froa aapirical data.

Due to tha aodularity concept in aanufacturing and 

aaintananca aanageaent, tha first assuaptlon stands rather close 
to reality. For tha second assuaptlon, however, reality
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dlctates that ona ahould retain a healthy akeptlciaa. The very 

lirat experiaental analyaia vhich ia reported in Chapter III, 
allova to explicitly teat both for the atatiatical aignlficance 
of the HFP determination factora N and r, and for the
negligibility of the average waiting tlae to repair, aay W.

With reepect to the third aaauaptlon, when actual
obaervationa of tiaes to failure are recorded, it ia difficult 
to diatinguiah aaong the varioua poaaible underlying probability
functions. The differences between certain asyasetrical
distributions, such as Gaaaa, Weibull, and Lognoraal (Figure 4), 
are eignlflcant only at the tails. Actual observations, 
however, can be and in aost caaes are aparse at the tail even 
for fairly large saaplea. Barlow et al (1963), were rather 
concerned with this iaportant issue of failure distribution 
characterization. In order to aake the problea tractable, 
Bazovsky (1961), proposed the use of the Instantaneous failure 
rate or 'hazard* function, vhich is associated with the randoa 

variable T, and is given by

Z(t> - g(t)/(l-G(t)1 ■ g(t)/R(t), (20)
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dafinad for 6(t)<l. Whila g, tha pdf of T, uniquely dataralnaa 
tha hazard function, tha convaraa alao holdat Z unlqualy 
datarainaa tha pdf g.

In aoaa caaaa, howavar, it aay not ba poaaibla to collact 

data on aquipaant faiiura nor rapair tiaaa, ao tha tachniquaa 
propoaad by Barlow at al (1963), and Bazovaky (1961), ara not 
applicabla to tha aaintananca float policy aatlaation problaa. 
For axaapla, if a nawly plannad aaintananca float ayataa doaa 

not currantly axlat in any phyaical fora othar than tha
bluaprint, collacting data froa tha ayataa la not poaaibla.

Tha Triangular Approach

Collacting raal U f a  data froa a nawly plannad P/ON facility 
aay indaad ba iapoaaibla. All that tha plannar of auch a ayataa 
knowa ia that tha randoa quantity of intaraat, tiaa, la a 
contlnuoua randoa variabla T. Tha plannar aay think of T aa 
baing tha tiaa to parfora aoaa taak, a.g., tha tiaa raquirad to 

rapair a piaca of aquipaant, or aa baing tha duration of an 
activity, a.g., tha tiaa to faiiura of a naw aachina, or a naw 
coaputar coaponant. Tha flrat raaction in auch caaaa ia to
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ldentlfy a tiaa intarval [a, b) <a and b raal nuabara auch that 
a<b>, in vhich it ia *falt* that T will lia with probability
cloaa to onej that la, Prob(T<a V T>b) ■ 0. In ordar to obtain

'aubjective* aatiaataa on b (tha longaat llkaly tiaa to 
faiiura), and a (tha ahortaat llkaly tiaa to faiiura), tha

plannar will aak aoaa •axparta* for thair aoat optiaiatic and 
paaaiaiatic aatiaataa of T, reapectlvely. Onca auch an Intarval 
haa baan idantifiad, tha next atap ia to placa a pdf on (a, b), 
vhich la thought to ba rapraaantatlva of T.

Infarancaa for larga ayataas ara inavltably baaad to a graat 
axtant on thaoratical eonaidarationa. Whenever data ara 
avallabla or can ba collactad, tha HFP lnvaatigator can affact a 
conaidarabla iaprovaaant in tha quality of tha input and hanca 
tha aaaningfulnaaa of tha analytical and/or axpariaantal 
raaulta, by uaing atatiatical aathoda to coaplaaant tha
thaoratical eonaidarationa and tha apaciflcation of paraaatar 

valuaa.

Data collaction and analyaia ara coatly hovavar. In 
addition, thay taka tiaa, a rara coaaodity vhan anavara ara 
naadad in a hurry. Yat, tha aanagar and/or plannar auat glva an 
HFP aatiaata for a ayataa of oparationa vhich aight ba vital to 
tha organization. Sinca nona of tha atate-of-the-art
aaintananca float policy aodala can axpllcitly handle tha lack 
of data, thla could ba a riaky declaion under uncertainty.
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Fortunataly, hauiialic procvdursa for choosing • distribution in 
ths sbssncs of data do axist, and practltionsrs uss than. Thsy 

ara basad on tha Batata}, 82), and Triangularta, b, cl, 
diatributions (Britnay, 1976; Chasa 1 Aqullano, 198S; Dana, 
Gray, t Woodworth, 1979; Fishaan, 1973; Law i Kalton, 1982).

In tha Triangular approach, onca an intarval ta, b) has baan 
subjactivaly idantlfiad, tha naxt stap is to placa a pdf on it, 

which is thought to ba raprasantatlva of tha continuous randoa 
varlabla tiaa to faiiura T. Additionally, tha axparts ara also 
askad for thair subjaetiva astiaata on tha aost likaly tiaa to 
faiiura. This aost likaly valua, say a, is tha aoda of tha 
distribution of T. Glvan a, b, and a, tha randoa varlabla T is 
than assuaad to follow a Triangular distribution on tha intarval 
Ca, b) with aoda a; that is, Triangularis, b, c»a).

Tha practltlonars' ralianca on tha abova daacrlbad approach 
of *triangulatlon,* aay ba tranad back to tha "prlncipla of 
ainiaua prajudica,* vhich atatas that ona should ba as 
noncoaaittal as possibla ragardlng tha things that ara not 
known. Jaynas (19S7), davalopad tha *alnlaax antropy astiaator* 

on tha basis of this prlncipla. Evan if it is not trua that ona 
should always try to ainiaiza tha aaxiaua antropy within a 
systaa, hovavar, anothar plauslbla justification for tha 
Triangular haurlatic aay aaarga froa tha raala of aaxiaua 
likalihood astiaatlon, vhich rallas upon a particular
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probabiliatic daacription of data. Goodwin I Payna (1977, p 16- 

17), for axaapla, foraally provlda tha following:

PyfiniUQfl-

A aaxiaua a poatarlorl (HAP) aatlaata la tha aoda of tha 
poitanor diatribution p(hly>, whara tha function p(yl*) ia 

callad tha llkallhood function.

Furthar, by lattlng k * p(h)/p(y), whara k doaa not dapand 
upon h, and with

p(hly) * p(ylh)p(h)/p(y) « kp(ylh), (21)

Goodwin & Payna ahow how tha abova dafinad HAP aatiaator 
coincldaa with tha aaxiaua llkallhood aatiaator (HLE). for a 
UniforaCa, bl prior diatribution (which la oftan callad tha 

non-lnforaativa prior).

Thus, onca a faiiura tiaa Intarval (a, bl la idantlflad, a 
non-inforaatlva prior or UniforaCa, bl diatribution aay ba 
asauaad. Naxt, baaad on tha abova foraal dafinition and raault.
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• aubjectiv* N t i M t t  on th* aoat likely tla* to failur*, aay a, 

aay e*rv* aa an RLE, vhich colncidaa vith tha HAP. Paraiaony 
vould poaa a aa th* aod* of a posterior Triangular(a, b, c«*l.

Th* following a*t of analytically d*rlv*d reeulta ia

propoa*d aa a claaa of robuat aaint*nanc* float policy
•atlaatlon aodela, vh*n th* only lnforaatlon on th* equlpaent 
failur* pattern availabl* to aanag***nt, conalata of th*
aubjectiv* *atiaat*a of *xp*rta. In *ff*ct, th* work of th* 
L*vin*-Lov* & L*via-Hadu atr*aa la extended, baa*d on all but 
th*ir third aaauaption.

Sine* Hadu (1989: Corollary 1, p. 49), ahoved that th*
atructur* of th* HFP *atiaation foraull d*p*nda on th* equlpaent 
failur* diatribution alone, th* diatribution of r*palr tia*a
will not b* of aajor concern. Beeldea, aaintenanc* expert* can 
alvay* provide an Interval or point eatiaat* for th* HTTR aa 
well aa th* Triangular paraa*t*ra a, b, and c. Th*a* 

reliability baa*d conatructa ar* developed for both th* 
Triangular and Left Triangular failure diatribution*. For 
aaxiaua unlforalty with th* L*vin*-Lov* t L*vie-Hadu research 

results, th* aayaptotic caa*a ar* alao derived.

Triangular Diatribution. Th* cdf of T following a

Triangular!a, b. cl. ia given by
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F(t) • 0, if t < a,

- ((t-a)2)/((b-a)(c-a)) if • < t < c,
> (22)

■ 1. if b < t,

a, b, & c raal (at location, b-a: seals, c: ahapa paraaatara).

Ii)gQril 3-
For a P/OH ayataa vith N units initially in oparations vhich 

fall according to a Triangular(a, b, cl diatribution, tha 

aaintananca float factor la givan by

f « {[<b-a)(c-a)/Nl/2»HTTR)2/[(b-a)<c-a>,

0 < HTTR < <l-(l/ml/2)<[(b-a><c-a))1/2,

» l-(([t(H-l)/N)(b-a)(b-c>J-HTTR)*/2/(b-a)(b-c>),
for
tl-(l/H)l/2l[(b-a)(c-a)]1/2<HTTR<(l(H-l)/H)(b-a)(b-c))1/2,

for

for ([<H-l)/Hl(b-a)b-c))1/2<HTTR.
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EESfll:
•■■using tiae incieaenta ■*•11 enough m o that only 

can fail at a tiaa, froa th* definition of R(t) in (2), 
th* first part of (22)

R(t) « 1 - t((t-a)2)/((b-a)<c-a)»),

defined for a < t < c. At tj,

R(tx) » 1-1 ((t|-a>2)/( (b-a> (c-a)) J « (H-D/M,

or H(b-a)(c-a) - mtj-a)2 « (N-l)(b-a)(c-a),

or ti » a ♦ I(l/H)(b-a)(c-a)Jl/2.

Due to th* condition tn > tj ♦ HTTR, let

one unit 

and froa

(23)

(24)

(23)

(26)

tn > a ♦ t(l/H)(b-a)(c-a)J1/2 ♦ HTTR. (27)
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Froa (23), and by conaidaring tha aquality in (27)

R(tn) * l-((((l/M)(b-a)(c-a>J1/2*HTTR)2/[(b-a)(c-a)]) (28)

and dua to 1 » 1 - R(t>,

f « (t(b-a)(c-a)/K)1/2*HTTR)2/C(b-a)(c-a>l,

for 0 < RTTR < (l-(l/R)l/2)([(b-a)(c-a))l/2),

► (29)

bacauaa 0 < £ < 1. Siailarly,

£ ■ l-({[[<H-l)/R](b-a)(b-c)]-HTTR)1/2/(b-a)(b-c)),

for
(l-(l/M)1/2]t(b-a)(c-a)]1/2<MTTR<([(M-l)/R)(b-a)(b-c))1/2.

►(30)

Q. E. D.
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Thaoraa 4.

For ■ P/OH systaa with a very largo nuabar of units

initially in oparations (N  froo), vhich fail according to a
TriangularCa, b, cl distribution, tha aaintananca float factor 

is ginan by

f • (HTTR)2/(b-a)(c-a),

for
0 < HTTR < l(b-a)<c-a))1/2,

« l-([[(b-a)(b-c)]l/2-HTTR]2/(b-a)(b-c)>,

for
[(b-a)(c-a)J1/2 < HTTR < C(b-a)(b-c)J1/2,

« 1, for t(b-a)(b-c)]1/2 < HTTR.

Proof:
In (29), lat H— Than,

n » M rgfi/m > 0. Thus, (31)

f « (HTTR)2/(b-a)(c-a), for 0<HTTR<I(b-a)(c-a)Jl/2. (32)
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Slailarly, in <30), lat N— ►<*>. Than,

(N-l >/N) * li»N_^>0Jl-<l/N) * 1-0 * 1. (33)

Thua, (30) bacoaaa

f « 1 - <lt<b-aXb-c))1/2-HTTR]2/<b-a><b-c)>, 
for

[<b-a)<c-a)1/2 < HTTR < [<b-a)(b-c)]1/2.

► (34)

0. E. 0.

Laft Triangular Diatribution. Tha Halting caaa aa c — *a
ia callad tha Laft Trlangularta, bl diatribution. For a«0 and 
b»l, tha Laft Trlangularta, b) la a apacial caaa of tha 
Batata^, *2  ̂ diatribution. Tha cdf of T following a Laft 
Trlangularta, bl, la givan by

FL <t) » 0,

« 1 - I<b-t)/<b-a>I2, 

■ 1,

if t < a, 
if a < t < b, 
if b < t.

(33)
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Theorea 5.

For • P/OH ayataa with N unit* Initially in operations vhich 

fail according to a Laft Trlangularta, b] distribution, tha 
aaintananca float factor la givan by

f » 1 - {[( H-1) /N11/2 " fHTTR/<b-a)J)2# 
for
0 < HTTR < (b-a)t<H-l)/H)1/2,

* 1, for (b-a)t(M-l)/H)1/2 < HTTR.

Ptflfli.:
aaauaing tiaa incraaanta aaall enough ao that only ona unit 

can fail at a tiaa, froa tha daflnition of R(t) in (2), and (35)

R(t) « ((b-t)/(b-a))2, (36)

daflnad for a < t « b. At tiaa tj.

R(ti> « [(b-t^/tb-a))2 « (H-D/M, (37)



-53-

or tj ■ b - (b-«)C(M-l)/KJ1/2.

Sine* it ia required that tn > tj ♦ HTTR, lat

tn > b - (b-a)C<M-1)/H)l/2 ♦ HTTR.

Froa (36), and by taking tha aquality in (39),

R(tn > « <b-[b-<b-a>C<H-l>/m1/2*HTTR]/<b-a>>2,

or R(tn) » <[<H-l>/M1/2-tHTTR/<b-a>]>2.

Thua, f ■ 1 - (t(H-l)/MJl/2-IHTTR/<b-a)])2, 
for

0 < HTTR < (b-a)t(M-l)/Hl1/2.

0. E. D.



-54-
Thaoraa 6.

For • P/OH ayataa vith a vary larga nuabar of unlta 
initially in oparationa (H— ►  00), vhich fail according to a Laft 
Triangularta, b] diatribution, tha aaintananca float factor ia 

givan by

f « 1 - <l-CHTTR/(b-a>)>2, for 0 < HTTR < b-a,

■ 1, for b-a < HTTR.

ElSfil:
In (42) lat N— Than, dua to (33), 

f « 1 - (l-[HTTR/(b-a)I)2, for 0 < HTTR < b-a, (43)

bacauaa 0 < f < 1.

0. E. D. □
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Tabla IV contains a suaaary of ths analytically darivad 

rasults for tha raliability basad triangular aatlaation HFP 
aodals. Both tha Triangular and Laft Triangular diatribution 

caaaa includad in tha tabla aay ba considarad aa axtanaions to 
tha Lavina-Lowa & Lavis-Hadu rasaarch atraaa, ainca thay ara 

basad on all but thair third aaauaption.

Thus, if tha undarlying aquipaant faiiura diatribution 
cannot ba charactarlzad for a nawly plannad aaintananca float 
ayataa dua to tha lack of data, tha aodala in Tabla IV can ba 
usad to astiaata an initial HFP. Onea a aat of *aducatad* 
subjactlva aatiaataa on tha aost llkaly a, b, c, and HTTR, 
paraaatar valuas bacoaaa avallabla froa axparts, it can ba usad 
to astiaata tha aaintananca float factor (f), froa which tha 

aaintananca total float <F>, can ba subsaquantly calculatad by 
uaing foraulaa (5). In tha caaa that N is larga (viz., N —a oo), 
tha asyaptotic aodala auaaarlzad in Tabla V aay ba usad.

Again, tha abova aodal baaa ia priaarlly proposad as a sat 
of robust HFP aatlaation constructs whan tha only inforaation
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availabla to aanagaaant conalata of tha aubjactiva aatiaataa of 
axparta. Dua to thair flaxibla atructura, hovavar, on vhich 
aoaa rathar daalrabla propartlaa idantiflad vithln tha pilot 

atudy of Chaptar III aay ba attributad, thaaa aodala can 
aigniflcantly laprova tha aatlaation procaaa of aaintananca 

float policy avan vhan tha undarlylng faiiura diatribution haa 
baan coaplataly charactarlzad.
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CHAPTER III

EXPERIHENTAL ANALYSIS AND TESTING

Eatiaatad varaua Actual Naad

In ordar to aaaaura tha validity of hla aodal, Lavlna 
<1963), parforaad a aat of coaparlaona with two raal Ufa 
aaintananca float ayataaa. In both caaaa, tha thaoratlcally 
aatlaatad float raqulraaanta vara found lovar than tha onaa 
vhich had baan aatabllahad on tha baala of actual naad. Whila 
Lova A Lavla (1963), vara aora concarnad vlth local faiiura and 
rapair diatribution eharactarlzatlona, Nadu (1963), alao found 

hla thaoratical f aatiaataa to ba lov vhan coaparad to tha float 
factor raqulraaanta vhich ha aatabllahad through a aat of 

alaulatlon axparlaanta.

Daaplta tha alallar flndlnga, tha lntarpratatlona of Lavlna 
and Nadu dlffar. Lavlna'a axplanation vaa that hla rapair to
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fallura ratio (r) baaad foraulaa *... doaa not dataralna tha 
alfactlvanaaa of tha float, only ita alza* (Lavlna, 1965, p. 
403). Hadu (1965), hovavar, attrlbutad tha conalatancy of hla 
raaulta to tha aacond aajor aaauaptlon on tha nagllgibility of 
tha avaraga waiting tiaa to rapair, aay W. Ha furthar poaad 
that although tha lnclualon of V would aaka tha thaoratical
aatlaation of HFP difficult to darlva, tha axplanatory powar
which tha two aajor aaintananca float factora, N and r, hava on 

V ahould ba axpariaantally aaaaaaad.

Lavlna'a thaoratical aatlaation aodal and ita axtanalona, 

aaauaa V away by conaidaring it to ba a nagllgibla quantity. In 
raal aa wall aa aiaulatad digital Ufa, howavar, it appaara 
rathar difficult to aliainata V. Baaidaa, tha coat of auch an 
achiavaaant would ba aatronoalcal. In tha following aaction,
Lavlna'a aodal ia raviaitad, and tha affacta that N and r hava
on tha 'nagllgibla* W ara atatlatlcally taatad. Thua, tha 
validity of Lavlna'a aacond aajor aaauaptlon ia axpariaantally

aaaaaaad.
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Expariaantal Analyaia #1

Expariaantal Daaign

Tha aaintananca flont ayataa atudiad in thia aactlon vaa 

aodalad with tha aid of tha following aaauaptionai

1. Tha N unita initially in oparationa function indapandantly,
and thair faiiura tinaa ara idantically diatributad 
following an Exponantial(b«1> diatribution.

2. N waa aat aqual to tha flxad valuaa of 3, 20, and SO unita
initially in oparationa.

3. Rapair tiaaa wara aaauaad to ba conatant, with tha rapair to
faiiura ratio <r), aat aqual to tha fixad valuaa of 0.23, 
0.50, 0.75, and 1.00.

4. A unit ia coaplataly rajuvanatad aftar rapair, aaauaad to ba
aa good aa naw, functioning within a cloaad ayataa of 
oparationa and aaintananca.
A aat of float factor (f) aatiaataa waa obtainad froa 

Lavlna'a aodal (Tabla II, foraulaa II-l). By uaing aquation (5) 
and rounding off, tha aaintananca float ayataa raqulraaanta vara 

aatiaatad in taraa of atandby float unita (F>, aa wall aa 

aarvica channala (S), at tha cantral rapair atatlon (CRS). 
Thaaa aatiaataa vara aubaaquantly uaad in tha iaplaaantatlon of
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a alaulatlon aodal (Flgura 5), on an IBN/370* sarlaa aainfraaa 
uaing GPSS-V (Gordon, 1975). Tan rapllcationa vara uaad for 
aach alaulatlon run. Tha tlaar vaa aat to 43,200 GPSS tiaa 
unita, an aaauaad aqulvalant of 720 houra <90 work daya), of 
oparatlon. Tranalant atata atatlatlca vara cancalad, In ordar 
to avoid contaalnatlon of ataady atata raaulta. Conaaquantly, 
tan axparlaantal raalizatlona vara avaragad to obtain tha V 
valuaa, vhich vara lndaad raallzad and racordad In Tabla VI.

Analyaia of Raaulta

Whan aultlpla crltarlon obaarvatlona bacoaa avallabla and 
tha raaaarch goal la to aaaaaa tha lapact of varloua lavala of 
ona or aora axparlaantal varlablaa on tha crltarlon valuaa, 
aultlvarlata analyala-of-varlanca (ANOVA), la tha approprlata 

data analyaia tachnlqua. Tha priaary focua in thla aactlon vaa
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to taat for any significant diffarancas on tha waiting tiaa to 

rapair 'profila,* dua to changaa in tha axpariaantally
controllad factora N and r. Tha atatiatical taata conductad
vara baaad on tha variation of W and ita dacoapoaitlon.

Tha valuaa that tha crltarlon (dapandant) varlabla W took
on, claarly conatltutad an axparlaantal data aat for vhich tha 
randoa aaalgnaant aathod rathar than randoa aaapling, vaa 
uaad. Tha tvo indapandant variablaa vara traatad aa a pair of 
orthogonal aatric variatoa. Mora spaciflcally, vlth tha
provision of a sat of flxad valuaa for aach of tha aatric
variablaa N and r, thair affact on V vaa aatabllahad. Tha
atatiatical analysis vaa parforaad ■ undar tha aaauaptlon of a
flxad affacts aodal, using SPSS <Nla, Hill, Jankins,
Stalnbrannar, & Bant, 197S).

Slonlflcanca of tha Effacta of W Factora

Vithln tha contaxt of tha abova daaeribad application, tha 
diffarancas in W vara aaaaaaad for thair slgnlficanca. A sat of 
tvo hypothaaaa vaa foraulatad and taatad (Tabla VII), at four
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diffarant confidanca lm l * .  In particular, Hj poatulatad 

that E(VIN«S)>...-E(HIN>50), or ata»0. Tha Fcoaputad
indicataa that tha null hypothaaia of aqual aaana (Hj), should 
ba rajactad. Tha daacrlptiva ata valua for N vaa iaprovad to 

0.7543, vhlch algnlflas that tha initial nuabar of units in 
oparations, alona, can axplain aora than 7SX of tha variability 
in tha ataady atata raalizations of W. H2 poatulatad that 

E(Vlr*0.25>»... ■E(Wlr*1.00), or ata«0. Tha Fcoaputad
indicataa that tha null hypothaaia of aqual aaana <H2># should 
not ba rajactad at any conaarvativa (0.01, nor 0.05) alpha 
laval. Tha daacrlptiva ata valua for r vaa iaprovad only up to
0.5161, which aignifias that tha rapair to failura ratio, alona, 
axplaina lasa than 52X of tha variability in tha ataady atata 
raalizations of W.

N was found to ba highly corralatad to V with a corralation 
coafficiant of 0.9140. Figura 6, which la basad on tha 
axparlaantal raalizations in Tabla VI, shows a diract linaar 
ralatlonahlp aaong (a) N and V, and (b) r and V, raspactivaly. 
V incraasas aa N and r gat larga, but tha affact of r is not as 
aignificant aa that of N. Tha two pooitlva ralationshipa shown 
in Figura 6, vara both axpactad alncat (a) tha arrival
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rat* of unit* into th* qu*u* i* directly proportional to th* 
nuab*r of unit* (N> in operation* - a property of United aourc* 
qu*u*ing aodels; and (b) higher value* of th* repair to failure 
ratio (r), i*ply slover service.

Th* significant result obtained her* is that different rates 
of change in average waiting tis* to repair are realized, as th* 
initial nuaber of units in operations and the repair to failure 
ratio are increased. This result aakes it difficult to assua* 
that V is negligible. Since V co-varies with ooth N and r 
respectively, it is expected to have a considerable effect on 

th* aaintenance float factor (f), and, thus, on th* overall 
effectiveness of th* aaintenance total float (F).

If th* rates of change in M were found to be negligible as N 
and r vary, then the assuaption of no waiting tin* to repair 
aight have been acceptable. Based on this section's

experiaental data, however, statistical results in Table VII, 
and pictorial relationships in Figure 6, waiting tine to repair 
cannot be assuaed to be negligible for N>5, and r>0.25.



Pilot Study

In order to determine how the reliability baeed triangular 
eatiaation aodela coapare to the Levine-Lowe & Lewia-Hadu 
forauli, two aeta of theoretical float factor <f> eatiaatea were 
generated. Both data aeta were obtained through the
iapleaentation of the tabulated f equationa froa Table II and 
Table IV. The aaintenance float factora were calculated for a 
fixed range of the initial nuaber of unita in operationa 
(N » 3, ..., 1000), and and for a fixed range of the repair to

failure ratio (r * 0.23, ..., 1.30). The data aet obtained froa
the iapleaentation of the forauli in Table II (for the 
Exponential, Velbull, and Gaaaa diatributiona), was plotted
againat the aet of the f valuea obtained froa the iapleaentation 
of the equationa in Table IV. Figure 7 containa theae plota for 
the aet of fixed valuea for M; Figure 8, for the aet of fixed
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valuas for r. A comparison of thasa prslialnary and rathsr 
arbitrary thsorstical f sstisatss was conducted and aaasurad on 

ths basis of tha absoluts psrcsntsgs srror dsflnsd ss

IXal»l <fTriangular"^Failura Distn) * ̂ Triangular* ****

which is slso includsd in ths plots. For most cssss, IXsl took
on valuss wall balow tha 10X nark. In sll caaas, tha aoda of
tha Triangular distribution was sat aqual to tha aoda of tha 

hypothasizad actual failura distribution.

Froa this pilot study, tha raliability bssad triangular (IFF 
forauli, appaar rathar proaising in astiaating tha aaintananca 
float factor, whan tha undarlying failura distribution has not 
yat baan charactarizad by tha planner/dacision aakar. Thus, tha 
third aajor assuaption of tha Lavina-Lowa t Lawis-Hadu rasaarch 
stieaa, aay ba ralaxad, at laast for cartaln rangas which tha 
currant study purports to idantify.

Additionally, tha bahavior of tha darivad f aquations was 
obsarvad ovar tha prasat wida ranga of N and r valuas. In tha

casas of tha Exponantial and Gaaaa failura distributions, and
for a wida ranga in tha Vaibull casa, tha raliability basad 
triangular astiaation aodaIs wars found auch aora sansitiva to
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both large N and large r valuea than the Levine-Love 1

Levla-Hadu atreaa resulta. Thla deaonetrated aenaitlvlty
(Figure 7, and Figure 8 ), ia quite deairable due to the lack of 
queueing effect conaideratlona in the ayatea reliability baaed, 
theoretical eatlaation proceaa of an initial aaintenance float 

policy (HFP).

Baaed on the above prellalnary observatlone, and while
taking into conaideration both the third and aecond aajor
aaauaptlona of the Levine-Love & Levie-Hadu atreaa in
coabination, two aore experlaental analyaea were aotlvated and 

are reported below.
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Experiaental Analysis #2

Expsrissntal Design

Ths results of Experiaental Analysis #1 shoved that the 

average waiting tise to repair (V), is expected to have a 
significant inpact on the aaintenance total float effectiveness. 
As both N (the nuaber of units initially in operations), and r 
(the repair to failure ratio), get large, V is proportionally 
Increased. Based on the pilot study, however, the observed 
behavior of the reliability based triangular estiaation 

constructs, indicated that they can coapensate for the
non-inclusion of N in the Levine-Love t Levis-Hadu aodels.

Consequently, the next step was to establish the ranges over
which the desirable coapeneation would be significant. By
letting the forauli in Table V be larger or equal to the 
equations of Table III, a set of five inequalities was
foraulated. This set was solved for the (b-a) scale paraaeter 
of the reliability based triangular estiaation aodels. In order
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to be consistent with th* th*or*tic«l function* u**d by th* 
L*vin*-Low« t L*wi*-H*du aodels, however, th* location p*r***t*r 

of th* Triangular function wa* **t *qual to z*ro. In addition, 
th* ahap* paraa*t*r (c>, waa a*t *qual to th* theoretical aod* 
of each corresponding distribution function.

Finally, th* b values obtained froa th* solution of each 
established inequality, coapl*t*ly d*ttrained th* ranges of th* 

underlying Triangular densities to be tested. The objective was 
to test if th* reliability based triangular estiaation aodels 
Indeed provide significantly higher f values than the 
Levine-Love 1 Levis-Hadu NFP constructs. The theoretical 
experiaents of this section were conducted with the aid of th* 
following assuaptions:

1. Th* N units initially in operations function independently, 
and their failure tlaes are identically distributed, 
following on* of the five theoretical distributions:
(1) Exponential, (2) Veibull, (3) Sanaa, (4) Noraal, and 
(5) Lognoraal.

2. N was set equal to th* fixed values of S, 10, 20, 40, and 80 
units initially in operations.

3. Repair tlaes were asauaed to be constant with the repair to 
failure ratio (r) aet equal to th* fixed values of 0.25, 
0.50, 0.75, 1.00, and 1.50.

4. A unit is coapletely rejuvenated after repair, and it is
assuaed to be as good as new functioning within a closed
systea of operations and aaintenance.

Two sets of aaintenance float factor (f), and aaintenance 
total float (F), theoretical values were obtained, coded, and



-69-

liatad in Tabla VIII, froa tha iaplaaantation of both tha
Lavina-Lova t Lavia-Hadu aodala (aathod H»l>, and tha
raliability baaad triangular aatiaation aodala (aathod (1*2), on
an IBM/370* aariaa aainfraaa, ualng SIHSCRIPT II.3 (Kiviat,

Villanuava, i Markowitz, 1966).

Analyala of Raaulta

Tha priaary focua of thia aaction waa to taat if tha f and F 
valuaa obtainad froa tha raliability baaad triangular aatiaation 
aodala, wara aignificantly highar than tha thaoratical f and F 
aatiaataa obtainad froa tha Lavina-Lowa & Lawia-Hadu 
conatructa. Tachnically apaaking, tha raaaarch goal waa to 
aaaaaa tha iapact of tha two lavala of tha non-aatric 
axpariaantal variabla aathod <H>, on tha aaintananca float 

factor <f), and on tha aaintananca total float (F). Tha 
axpariaantal factora M and r had to ba conaidarad aa wall. Tha 
atatlatical taata eonductad wara baaad on tha variation of f, 
tha variation of F, and thalr raapactlva dacoapoaitlon.
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Agaln, th* valuta that tha critarlon (dapandant) variablaa f 

and F took on, claarly conatltutad two axpariaantal data aata 
lor which th* randoa aaaignaant aathod - rathar than randoa 
aaapling waa uaad. In addition to th* dichotoaoua H, th* two 
lndapandant variablaa N and r, war* traatad aa a pair of 
orthogonal aatric covariataa, with two aata of fixad valuta 
(Tabla VIII). Thair affacta on f and F war* aatabliahad (and 
intuitivaly axplainad), aa wall aa that of th* undarlying 
aatiaation aathod If. Finally, th* atatiatical analyaaa war* 
parforaad undar th* varlfiabl* aaauaptlon of fixad affact 
aodala, uaing SPSS (Mi* at al, 1973).

Slanlflcanc* of tha Triangular Approach (Thaoratical Data)

Th* Diffarancaa in both th* f and F valuta in Tabla VIII 
war* axaalnad for Hal and H>2. Mithin th* contaxt of thia
apacific application, two hypothaaaa war* foraulatad and taatad 
(Tabla IX), at four dlffarant lavala of algnificanc*. Nor* 
apacifically, H3 poatulatad that E(fIH>l)>E(fIM>2), or *taa0. 
Th* F q , ^ ^  indicataa that th* null hypothaaia of aqual 

aaana ehould b* rajactad. Th* daacrlptiva ata for th*
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aatiaatlon aathod vaa 0.2917, which signifies that tha 
axpariaantal varlabla H axplaina about 30X of tha total 

variability in tha thaoratical aaintananca float factor aatiaata 
(f). Siailarly, H4 poatulatad that E(FIH"1)bE(FIH«2>, or 

ata*0, but tha Fgoaputad Indicataa that tha null hypothaaia of 
aqual aaana ahould ba rajactad avan at tha conaarvativa alpha 
laval of 0.01 aigniflcanca. Tha darivation aathod, hovavar, 
axplaina only about 1SV of tha variability in tha aatiaatad 

aaintananca total float (F).

Within tha abova apaciflc applicatlona, an orthogonal 

factorial daaign with aqual call fraquanclaa vaa conaldarad.
Sinca tha lntaraction affacta vara found to ba inaigniflcant,
only tha aigniflcanca of aain affacta vaa raportad abova. Tha
two way lntaraction, for axaapla, batvaan aatiaation aathod and 
aquipaant failura diatributlon producad an F£oapUtV(j of 1.246 
with df(Nl)/df(N2)*4/238, vhila tha Fya5Uxa^V(j givaa a highar 
valua of 1.36, avan at tha non-conaarvativa alpha laval of 0.25 

aigniflcanca.

Tha tvo vay analyaia of covarianca for (f) gava a aultipla 
daacrlptiva R of 0.924, vhila tha raw ragraaaion coafficianta 
for tha ratio <r>, and tha initial nuabar of unita in oparationa 

(N), vara 48.590, and -24.060. Tha nagativa aign in tha 
coafficiant of N can ba attributad to tha fact that largar
ayataaa raquira laaa float - in parcantaga taraa. Thia ia vhat
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Lowe t Lewis (1963), rsfsr to ss 'positive returns to scale.* 
The two way analysis of covariance for F gave a aultiple 
descriptive R of 0.833, with the coefficients of r and N being
0.139 and 0.416, reepectively. Once the theoretical percentage 
estisates are converted into backup unit and service channel 
requirements, it becoses clear that larger syetess require sore 
float - in absolute terns.

True Significance of the Triangular Approach (Theoretical Data)

Due to the snail explanatory power of the dichotoaous
experinental factor net hod (It), testing for the true
significance in the differences aaong f and F values (for H«l, 
and for H»2, Table VIIZ), was iaperative. The research goal was 
to test if the aeans of the aaintenance float factor (f> and 
naintenance total float (F> valuee, obtained with the
reliability based triangular estlnation nethod (H»2>, stand 
significantly above the aeans of the f and F values which were 
estlasted froa the Levine-Lowe t Lewis-Nadu aethod <H«1).

Within this specific application, a true difference in the 
results of the two methods was established and signified with 
the aid of an one-tailed t-test series lsplesentation, using
SPSS (Nie et al, 1973). A preliainary set of F-tests on the
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aaapla varlancaa indlcatad that tha t-taata In Tabla X, ahould 
ba baaad on tha poolad varlanca aatiaata. Additionally, ainca 
thara ara aora than ISO dagraaa of fraadoa lnvolvad (Baranaon 1 
Lavina, 1979: p. 300), tha Noraal diatribution vaa uaad
lntarchangaably vith tha t diatribution in obtaining tha axact 
tabulatad valuaa. Baaad on tha raaulta of tha abova atatiatical 
taata, tha raliability baaad triangular aatiaation aathod indaad 
providaa aigniflcantly highar f (within a 99X confidanca laval), 
and highar F (within a 9SX confidanca laval), valuaa, than tha 
Lavlna-Lova t Lavia-Hadu aodala.

Tha abova concluaion vaa baaad on a coaparlaon of tha 
thaoratical f and F aatiaataa provldad by tha two aata of ayataa 
raliability baaad aaintananca float policy aatiaation aodala. 
By daaign, both approachaa provida aatiaataa on tha aaintananca 
float raquiraaanta in taraa of backup unlta and aarvica 

channala, but not on tha affactivanaaa of tha total float. It 
raaalna to ba aaan, tharafora, how tha two approachaa coapara 
onca iaplaaantad in a raal U f a  aattlng. Such a taak, hovavar, 
would ba wall bayond tha tlaa and raaourca liaita of thia 
raaaarch projact. Thua, tha digital aiaulation axparlaanta 

raportad in tha following aactlon.
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Expariaantal Analysis #3

Expariaantal Dssign

Ths aaintananca float systaas studiad in this saction wara 
aodalad with tha aid of tha following assumptions:

1. Tha N units initially in oparations function indapandantly, 
and thair failura tiaas ara idantically distributad. Tha 
failura distributions usad in tha axpariaants ara:
(1) Exponantial, (2) Maibull, and (3) Erlang-2.

2. N was sat aqual to tha fixad valua of 80 units initially in 
oparations.

3. Rapair tiaas wara also assuaad to ba indapandant and 
idantically distributad. Tha rapair distributions usad ara:
(1) Exponantial, (2) Erlang-2, and (3) Lognormal.

4. A quits *raasonab]a* fixad valua was chosan for tha 
rapair to failura ratio (r«0.23), throughout tha 
axpariaants.

5. A unit is coaplataly rajuvanatad ones rapairad, assuaad to 
ba as good as naw, functioning within a closad systaa of 
oparations and aaintananca.

A subsat of of tha thaoratical aaintananca total float 
astiaatas (F), was axtractad froa Tabla VIZI, for both aathods 
of aatiaation (H«l, and H»2>, for thraa failura distributions



-75-
<D"1, D«2, and D«3), for r»0.25, and for N"60. This aubaat of
aatiaataa on tha aaintananca total float raqulraaanta vaa 
aubaaquantly uaad in tha iaplaaantation of tha aiaulation aodal 

in Figura 5.

Again, tan raplicationa vara uaad for aach aiaulation run, 
vith tha tiaar aat to 43,200 6PSS tiaa unita. Aftar cancalling 

tha tranalant atata raaulta - in ordar to avoid contaaination of 
tha ataady atata raaulta, tan raplicationa vara avaragad to 
obtain tha oparationa availability (A), tha aarvlca channal 
utilization (P), and tha waiting tiaa to rapair (V). Thaaa 
ayataa affactivanaaa valuaa - providad by tha GPSS output, vara 

racordad, codad, and tabulatad (Tabla XI).

Tabla XI alao containa tha noalnal valuaa on tha NFP 
aatiaation aathod, and tha failura and rapair diatribution 
coabinationa, which vara uaad during tha axpariaantal aiaulation 
runa. Hathaaatically axact valuaa for tha Exponantlal, Vaibull, 
Erlang-2, and Lognoraal diatribution functlona, vara ganaratad 
froa a UnlforalO, 1], through tha 'lnvaraa tranafora* aathod 
(Flahaan, 1973) Lav I Kalton, 1982).
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Analysis of Raaulta

Tha priaary intaraat of thia section's ihveatigation vaa to 
taat if tha iaplaaantatlon of tha raliability based triangular 
aatiaataa (aathod H * 2 in Tabla XI), can substantially iaprove 
tha parforaanca of a aaintananca float system, in ccnparison t_ 
tha parforaanca laval achiavad through tha iaplaaantatlon of the 
Lavina-Lova t Levis-Hadu aatiaataa (aathod H*1 in Tabla XI). 
That ia, to taat if tha racordad differences in operations 
availability (A), service channel utilization (P), and average 
waiting tiaa to rapair (W), due to diffarancas in tha aatiaation 

aathod, ara statistically significant.

Once aora, tha research goal was to assasa tha impact of tha 
non-aatric axpariaantal variable aathod (H), on the criterion 
values of A, P, and V. Once again, tha statistical tests vara 
based on tha variation of these three aatric depended variables 
and thair respective decoaposition, and they were conducted 
under tha assuaption of a fixad affects aodal, using SPSS (Nie 

at al, 1975).
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Slgnlflcanca of th* Triangular Approach <Expariaantal Data)

Tha diffarancaa in A, P, and W valuaa in Tabla XI, vara 
axaainad for Hal and H«2. Within tha contaxt of thia apacific 
application, thraa hypothaaaa vara foraulatad and taatad, at
four diffarant lavala of aigniflcanca <Tabla XII). Mora 
apaeifically, H7 poatulatad that E(AIHal)aE(AIHa2>, or ataaO.
Tha raaulta in Tabla XII lndicata that tha null hypothaaia of
aqual aaana ahould ba rajactad. Tha daacrlptiva ata vaa 
iaprovad to 0.8S04, vhlch algnifiaa that tha aatiaation aathod,
alona, axplaina aora than 8SX of tha variability in tha

oparationa availability aaaaura.

Siailarly, tha Fcoaputad atatiatica indicata that Hg and 
Hg ahould ba rajactad aa vail. Hg hypothaaizad that
E(PIHal)aE<PIHa2>, or ataa0. Tha iaprovaaant of ata to 0.7499, 
Indicataa that tha dlffarancaa in tha aatiaation aathod, alona, 
can axplain a littla laaa than 7SX of tha ovarall variability in 
tha aarvica channal utilization (P). Hg poatulatad that 

E(WIHal>aE<WIHa2), or ataa0. Tha raaulta in Tabla XII, hovavar,
not only aignlfy that tha aqual aaana aodal doaa not fit
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tha data vail, but ovar SOX of tha variability in W la

attributabla to tha diffaranca in tha aatiaation aathod alona.

An orthogonal factorial daeign with aqual call fraquanciaa 
vaa conaidarad for tha abova apacific application. Only tha 
aigniflcanca of aain affacta ia raportad hara, ainca all 
lntaraction affacta vara found to ba inaignifleant. Tha
aultipla claaaificatlon analyaia (HCA), tablaa for tha 
oparationa availability (A), aarvica channal utilization (P), 
and avaraga vaiting tiaa for rapair <W>, gava aultipla R
coafficlanta of 0.950, 0.660, and 0.92S, raapactivaly.

Trua Slonlflcanca of tha Triangular Approach (Expariaantal Data)

Tha raaaarch goal of thla aaction vaa to varify that tha 

ataady atata parforaanca charactarlatlea obtainad froa tha 
iaplaaantatlon of tha raliability baaad triangular aatiaataa, 
ara algnificantly dlffarant froa tha Lavina-Lova fc Lavia-ltadu 

iaplaaantatlon raaulta. Tha trua diffaranca in tha raaulta of 
tha tvo aathoda vaa aatabliahad vith tha aid of an ona-tailad 

t-taat aarlaa iaplaaantatlon (Tabla XIII), ualng, again, SPSS.
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A preliainary u t  of F-teata on th* aaapl* variancaa 
indicated that th* t-taata ahould b* baa*d on th* aeparat* 

varianc* estimate. According to th* atatiatical t*at r*aulta In 
Tabl* XIII, th* iapleaentation of th* reliability baaed 
triangular *atiaat*a, reeulte in a aignificantly higher 

operation* availability (A), but in a aignificantly lover 
aervic* channel utilization (P), and waiting tia* to repair (V), 
in coapariaon with th* Levine-Love & Levia-Hadu aatiaataa

iapleaentation.

Th* above concluaiona are reached vithin a 99X confidence
interval, and they are baaed on th* coapariaon of th* ateady
atat* experimental realization* on three perforaanc* aeaaurea, 
characterizing a aet of aiaulated aaintenance float ayateaa. 
Both the Levine-Love & Levia-Hadu aodela and th* reliability 
baaed triangular eatiaation conatruala, are built to provide 
initial HFP requireaente in teraa of backup unit* and aervic* 

channel*. Th* latter, however, can provide initial aaintenance 
float policy eatiaatea that aignificantly iaprov* the ayatea'a 
effectiveneaa in teraa of both A and V. P vaa Indeed 
aignificantly reduced, but it never fell below th* 99.40X
aervic* channel utilization nark aa Table XI indicate*.
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Structural Considerations

Through an examination of tha structure of hia theoretical 
HFP estiaation model, Levine (1965), observed that the time 

element appears only in the repair to failure ratio (r). 
Consequently, he concluded that the exponential term (Table II, 
formulae II-l), can be divided into two factors which become 
substantially Independent of each other, given any specific 
situation. Similarly, Hadu (1985), observed that the structure 
of his formuli yielding f, depends only on the failure, not the 
repair distribution (Hadu, 1985: Corollary 1, p. 49).

The purpose of this section is to test if indeed the 
equations developed by the Levine-Love t Levis-Hadu stream, as 
well as the reliability based triangular estimation models, can 
be uaed with any arbitrary repair distribution. This deduction 

is a major piece of information that has not been adequately 
Justified in the HFP literature. Experimental Analysis #3 was 
partially designed to achieve this. The section's third 
assumption (experimental design, p. 74), as well as the 
structure of Table XI, should reveal the initial intent.
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Slanlflcanca of tha Rapair Distribution (Expariaantal Data)

Tha prlaary lntaraat In thla aactlon vaa to taat 1f tha

thraa arbitrarily choaan rapair distributions usad during tha
aiaulation runs in Expariaantal Analysis #3, had a significant 
affact on tha systaa parforaanca aaasuras. That is. If any 
significant diffarancas can ba datactad on tha oparations 
availability (A), sarvica channal utilization (P), and avaraga 
waiting tiaa for rapair (W), 'proflias,* dua to tha raalization 
of thraa diffarant rapair distributions. Tha statistical tasts 
conductad vara basad on tha randoa variations of A, P, and W,
and thair dacoaposltion, raspactivaly. Tha analysis vas 
parforsad undar tha assuaptlon of a fixad affacta aodal dua to 
tha aqual call fraquanelas, using SPSS (Nla at al, 197S).

Within tha contaxt of this spaclfic statistical tasting 
application, tbs diffarancas in A, P, and W, vara assasaad for 
thair signifieanca. lntaraction affacta vara found to ba 
insignificant, thus, only tha signifieanca of sain offsets is 
raportsd. A sat of thraa hypothaaas vas foraulatsd and tastad 
(Tabla XIV), at four diffarant lavals of aigniflcanca. Hora
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apaciflcally, Hj3 poatulatad that E(AIRD*l)s...>E(AIRD*3>, or 

ata>0. Tha Fgoaputad indicataa that tha null hypothaaia of 
aqual aaana ahould not ba rajactad. Tha daacrlptiva ata for tha 
trlchotoaoua non-aatric variabla rapair diatribution (RD>, vaa 
iaprovad only up to 0.0936. Thia aigniflaa that tha 
axpariaantal factor R0 alona cannot avan axplain a 10X of tha 
variability in tha ayataa parforaanca aaaaura of oparationa 
availability (A>.

Similarly, Hj poatulatad that E(PIRDal>*...«E(PIRD»3), or 

ataa0; that E(VIRDal)«...aE(KIRDa3), or ata*0. Tha

corraaponding ^Coaputad valuaa in Tabla XIV, indlcata that in 
both caaaa, tha hypothaalzad aodal of aqual aaana fita tha data 
vary vail. Naithar of tha tvo hypothaaaa ahould ba rajactad. 
Tha daacrlptiva ataa for Hj4 and Hjg iaprovad up to 0.1688 
and 0.0846, raapactivaly. Thaaa valuaa aignlfy that tha rapair 
diatribution alona can axplain laaa than 17X of tha variability 
in tha aarvica channal utilization (P), and not avan a 9X of tha 
variability in tha avaraga valting tiaa for rapair (V).

Trua Signifieanca of tha Rapair Diatribution (Expariaantal Data)

Tha raaaarch goal of thia aaction vaa to varify that tha 
ataady atata raallzationa on tha ayataa parforaanca
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charactaristics A, P, and V, obtainad undar tha Exponantial 
rapair diatribution (RD*1>, vara not aignificantly diffarant 
froa tha valuaa obtainad vlth tha Erlang-2 rapair diatribution 

(RD*2>. Tha lack of any trua diffaranca vaa aatabllahad vlth 
tha aid of an ona-tallad t-taat aarlaa Iaplaaantatlon 
(Tabla XV), ualng SPSS (Nla at al, 1973).

A prallalnary aat of P-taata parforaad on tha aaapla 
varlancaa, lndlcatad that tha t-taata In Tabla XV ahould ba 
baaad on tha poolad varlanca aatlaata, vlth tan dagraaa of 
fraadoa. Tha raaulta of thaaa atatlatlcal taata lndlcata that 
tha dlffarancaa In oparatlona availability (A), sarvlca channal 
utilization <P), and avaraga vaiting tiaa to rapair (M), dua to 
tha changa froa tha Exponantial (RDal), to tha Erlang-2 <RD*2), 
rapair diatribution, ara insignificant.

Tha statistical tasts conductad in Tabla XIV (ANOVA-tasts), 
and in Tabla VI (t-tasts), vhich ara basad on tha staady stata 
axpariaantal raalization data racordad in Tabla XI, do support 
tha initial conclusions by Lavlna (1963), and Hadu (1983: 
Corollary 1, p. 49). Thus, both tha systas raliability basad 
Lavina-Lova & Lavis-Hadu, and tha triangular HFP astiaation 
aodala, can ba usad vlth any arbitrary rapair distribution. Tha 
axparlaantally varlfiad fact that tha final affactlvanaos of a
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aaintananca float policy dapenda only on tha aquipaant failura 
and not tha rapair diatribution, ia a vary iaportant piaca of 
inforaation. Tha rationala ia that only aix caaaa naad to ba 
daalt with, froa tha Initial thirty-aix poaaibla coabinationa of 
Exponantial, Waibull, Gaaaa, Lognoraal, Noraal, and Unifora 

diatributiona, for HTBF and HTTR.
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CHAFTER IV

SURFACE ANALYSIS OF HFP ECONOMICS

Motivation

Tha work in thia chaptar vaa aotlvatad, in part, by tha
aarioua gap vhich vaa ldantiflad batvaan thaory and practica in
aaintananca aanagaaant <Bullock, 1979; Channin & Sphicaa, 1960; 
Gilbart 1 Finch, 1963). In connaction vith aaintananca float 
ayataaa, atandby aquipaant can ba coaparad to buffar lnvantory. 
Both axlat to aalntain a aaooth flov of oparationa in tha avant 

of undaalrabla randoa daparturaa froa noraal condltlona. On tha 
baaia of thia coapariaon aavaral raaaona for tha axiating gap 
batvaan thaory and practica can ba ldantiflad.

Ona raaaon ia that tha aarginal dovntiaa, holding, and
aarvica channal coat oatagoriaa typically aaauaad knovn in tha
thaory of aaintananca float ayataaa (a.g., Hilliard, 1976;
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Horriaon, 1961) Vahl, 1966; ate.), ara difficult if not 
lapoaibla to aanaura in practioa. Tbaoa typaa of ooot poaa
alallar aaaauraaant problaao vlth tha aarginal ahortaga, 
holding, and ordarlng coat lavala aasuaad In tha thaory of
invantory aanagaaant, vhlch Brovn (1967), Churchaan (1961), 

Bardnar i Dannanbrlng (1979), Starr & Hillar (1962), and Ziaglar 
(1973), hava ldantiflad. Tha coat of a aarvlea channal, for
axaapla, and tha ooat of down tiaa - for vhlch no accounting
aathodology axlata, ara both axpraaaad in taraa of unit tiaa 
ainca axiatlng ooat analyaas typically apply to ataady atata 
conditlona. Tha holding coat la avan aora difficult to handla 

ainca it raquiraa tha dapraeiation of a backup unit ovar vhat 
nay ba a rathar arbitrary horizon.

Tha plaualbllity of anothar raaaon raata on tha arguaant of
Gardnar & Dannanbrlng (1979), vho pointad out that aoat 
practitionara ara priaarily concarnad vlth apaciflc aggragata 
objactivaa for cuatoaar aarvlea, vork-load, and invaataant, 
rathar than vlth aingla-ltaa aodala that invantory thaory haa 
traditionally aaphaaizad. Dua to difflcultlaa in taraa of 

aathaaatical tractabillty, aaintananca float ayataaa hava alao 
baan foraally aodalad on a unit-by-unit baaia. Aa pointad out
by tha litaratura aurvay in Captar I, axiatlng coat optlaal HFP

aodala can only ba appllad to vary aaall ayataaa.

Finally, tha initial aaaignaant of coat paraaatara aaka



exlating aaintananca float policy aodola too aanaltlva to tba 
underlying coat atructura of any particular fira. Although thia 
appaara to ba tha aingla point of coharanca in tha HFP
literature, nona of tha authora axplainad *hy.

Thia papar praaanta an approach to dacialon aaking in 
aaintananca float ayataaa that bypaaaaa tha initial coot 
aaaauraaant problaaa. Tha approach lneorporataa objactivao and 
conatrainta aat by aanagaaant within an axpariaantal analyaio 
aodula. While traditional theory la baaed on tha coat 
alnlaization, thia eection poaaa that aaintananca float 
daciaiona ba conceived ao policy tradaoffa on a three

diaanaional topology, created by the reaponae aurfacaa of a
ayataa'a parforaanca aaaauraa. Tha flrat two axao of each 
aurfaca correepond to HFP raquiraaanta in taraa of atandby float 
unita and open aarvica channala. Tha third axla aaaauraa tha
ayataa'a parforaanca characteriatieo which aay ba further uoed 
in recognizing aaintananca float policy exlatlng tradaoffa.

Tha axpariaantal analyala that followa ia cloaa in apirlt 

with tha conatruala of Starr A Millar (1962), and Gardner t 
Dannanbrlng (1979), who atudiad aggregate inventory tradaoffa 
and developed tha 'optiaal policy curve,* and tha "optiaal 
policy aurfaca,* reepectlvely. Tha Levine-Love A Lavla-Nadu, 

and tha reliability baaed triangular eetlaation aodela that vara 
foraally developed and taatad in tha preceding chaptara, are



-88-
u n d  to guide decision asking In HFP estlaatlon, and indlcata 
where a aora datallad operational investigation is Justified.

Experiaental Analysis #4

Operationally eustoaer servloe is the tera used to describe 
the availability of iteas when needed by the eustoaer. The 
eustoaer aay be that of a finished product, a distributor, a 
plant in the organization, or a department in which the next 
operation is perforaed. Seldoa if ever can an organization plan 

or act so that all iteas are always available in the proper 
quantity when desired. According to Artes <1977), and Fogarty t 
Hoffaan (1983s p. 139), however, an organization should ala for 
a target level of eustoaer service and attain a probabilistic 
result aeasured in the saae teras. Idle tlae or unavailability 
of operationa la a very useful absolute value type of aeasure 

for production activity control.

With respect to the operations/aaintenance float syateas the 

present study is concerned with (e.g., life support syateas), a 
high level of availability is required. An obvious cause of the 
unavailability of operationa is aachine failure. In order to
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study ho* operations sanagsrs say design highly available 
saintenance float syateas with the aid of the Levine-Love 1 

Levls-Hadu, and the reliability based triangular estlaatlon 
aodels, the 'repalraan's probles* context of analysis oust be 
enlarged to the 'production aanager's probles.* Production 

theory is prlaarlly concerned vlth the vay in vhich Inputs are 
eaployed to produce outputs. The concept of production is quite 
broad and encoapasses both the sanufacture of physical goods and 
the provision of services. Zt exaalnes both the technical and 
econoalc characteristics of systess used to produce output, vlth 
the als of deteralnlng the optiaal aanner of coabining Inputs as 

to ainlaize cost.

Under thia enlarged analytical node it becoaes possible to 
specify the aaxlaua output that can be produced for a given 
aaount of inputs} alternatively, the alniaun quantity of Inputs 
necessary to produce a required level of output. The basic 

perforsance characteristics of a saintenance float systes can be 
illustrated by exaaining a rather slaple tvo-input, single- 
output systea. In the experlaental analysis that follovs, 
repalraen becoae part of a larger systea as they assuae the role 

of service channels.
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Experlsental Design

A aalntsnsncs float syataa is considered in which various 
quantities of two Inputs, service channels <S), and standby 

float units (P), are used to produce a required level of 
operations availability (A). The production function of such a 
systea can be written as the following unspecified relationshipi

A ■ f(F, S), 0 < f < 1. (43)

The systes was aodeled with the aid of the following 
assumptionst

1. A high target level of operations availability is aiaed for 
by the sanageaent of a hypothesized fira. It is assumed 
that they need to attain a probabilistic A > 0.93.

2. A aedlua size systea was selected vlth N>80 units initially 
in operations, which function Independently, and their 
failures are identically distributed, following an Erlang-2 
distribution.

3. Repair tines were also assuaed to be Independent and 
identically distributed, following an Erlang-2 distribution, 
with the repair to failure ratio set equal to the fairly 
large, yet still Reasonable* fixed value of r * 0.60.
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4. A unit la coapletely rejuvenated aftar repair, asauaad to ba
aa good aa new, functioning within a cloaad ayatea of
oparationa and aaintananca.

A aat of two float factor (ft aatlaataa waa obtained froa 
Nadu'a (Tabla XI, foraulae XI-3), and tha reliability baaed 
triangular aatlaation (Tabla XV, foraulae XV-1), aodele. Tha 
node of tha underlying Triangular waa aat equal to tha 
theoretical aode of tha Erlang-2 diatributlon. Ita range waa
dataralnad by tha proceea deecrlbed in Experiaental Analyele <2.
Tha aaintananca float initial raquiraaanta ware aatlaatad with 
aquation (5), for both tha atandby unita <F), and tha eervice 

channala (S>. Thaaa valuee ware aubaaquently uaad with tha
iapiaaantatlon of tha aiaulation aodel in Figure 9, ualng GPSS-V 
Gordon, 197S). In addition to tha theoretical aatlaataa, tha
valuaa of F and S ware incraaaad in lncraaanta of tan, until tha
atochaatlc reallzatione of tha oparationa availability reached 
their upper bound which ia equal to 1 (one).

In order to enaure atablllty for tha aodel, tan replleatlona 
ware uaad for each aiaulation run. Tha tiaar waa aat equal to 
43,200 SPSS tlaa unita, with tha tranaiant atatiatica cancelled 
in order to avoid contaaination of ataady atata raaulta. Tha 
avaragaa of tha atochaatlc realizationa vara recorded in order 

to obtain tha output valuaa of tha ayataa'a parforaanca 

charactarlatlca. Thaaa valuaa vara aubaaquently plotted to 
create a aat of three dlaeneional aurfacaa that can contribute a
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profound m r m M i  of HFR aconoaic forcaa. Thw ahapa for aach 
of thaaa grid aurfacaa vaa aatiaatad on tha baaia of thirty-aix 
(6*6), phyaical ayataa parforaanca ataady atata raalizationa, 
ovar tha boundad (F, S) input aurfaca (Figura 9).

Anaiyaia of Raaulta

Tha thraa diaanalonal diagraa in Figura 9 ia a graphic 
illuatration of tha oparationa availability grid aurfaca, aa a 
function of a two-input, aingla-output ayataa. Following tha F 
axia outwarda indlcataa that an incraaalng amount of atandby 
float unita la balng uaad; going out tha S axia rapraaanta an 
incraaalng uaaga of aarvica channala; and aoving up tha A axia 

aaana that a highar laval of oparationa availability ia 
achiavad. Tha aaxlaua A that can ba raalizad ia that of unity, 
vlth aaintananca float raquiraaanta aatiaatad cloaa to 100X of 
tha axlatlng population (N).

Thia vary flrat axpariaantal raault aupporta tha original 
arguaant by Lavina who poaad that thara ia ■...aurpriaingly, a 
aaxlaua alza of float... •.(Lavina, 19691 p. 403). Tha aaxlaua
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aaount of A that can ba producad with aach coablnation of input* 
F and S ia rapraaantad by tha haight of tha oparationa

availability grid aurfaca aractad abova tha input plana.

Tha thraa diaanaional aurfaca in Figura 9 alao daaonetrataa 

tha proparty knovn aa tha la* of dlainiahlng raturna. Thia lav 

atataa that aa tha quantity of a varlabla input la lncraaaad, 
vlth tha quantltlaa of all othar factor* being hald conatant, 
tha incraaaaa in output avantually dlainlah. Alternatively
etated, tha lav of dlainiahlng raturna hold* that the aarginal 
product of a variable input auat avantually decline if enough of 

it la coablnad vlth aoaa fixed quantity of one or aore othar 
factor* in a production ayataa.

According to Dougla* (1948), tha lav of dlainiahlng raturna 
ia not a lav that can ba derived deductively froa tha lava of
phyalca. Rather, it ia a generalization of an aapirical
ralationahip that haa been obaarvad to ba true in every knovn 
production ayataa. Tha baeie for thia ralationahip la anally 
daaonatratad for the labor input in a production procaaa vhere a 

fixed aaount of capital ia aaployed.

Froa the oparationa availability aurfaca in Figura 9 it can 
alao be inferred that tha factor productivity of tha aarvica 
channel* (S), la auch higher than tha return* to the input 
factor of atandby float unita (F). Factor productivity ia the
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key to determining the optiaal combination of tha aaintananca 
float ayataa lnputa that ahould ba uaad to achiava a raquirad 

laval of oparationa availability (A). That la, factor 
productivity could provide tha baaia for efficient raaourca 
aaployaant in HFP datarainatlon.

Tha plaualblllty of a fourth aignlficant finding froa Figura 
9 raata on tha notion of an oparationa availability iaoquant. 
According to Pappaa i Brlghaa (1979s p. 213), tha tara iaoquant 

(derived froa laos aaaning equal) and quants aeanlng quantity), 
danotaa a curve that praaanta all tha different coablnationa cf 
lnputa which, whan coablnad efficiently, produce a epecific 
quantity of output. Efficiency in thia caaa rafara to 
technological efficiency, under tha aaauaption that tha aoet 
productive tachnlquaa are uaad in converting lnputa to outputa.

An iaoquant for tha oparationa availability function 
diaplayad in Figura 9 can ba located by paaaing a plana through 
ita grid aurfaca, horizontal to tha FS aurfaca. Thia plana 
repraaanta a apeclflc availability laval and tha iaoquant can ba 
thought of aa a contour or laoelevation line, connecting all 

pointa of equal altitude. Such a plana haa bean paaaad through 
tha oparationa availability aurfaca ahovn in Figura 9 at height 
A«0.93. Every point on tha aurfaca vlth a height of 0 above tha 
input plana, that la, all pointa along curve 0, rapraaant an 
equal quantity, or iaoquant, that nape out tha locue of all
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lnput coabinatlona of F and S that raault in a 0.93 laval of 

oparationa availability (A).

Thia availability iaoquant can ba tranafarrad to tha input 
aurfaca, aa indlcatad by tha daahad curva 0' in Figura 9, and 
than furthar tranafarrad to tha tvo diaanaional graph ahovn in 
Figura 10. Thia lattar curva rapraaanta tha atandard fora of an 
iaoquant. Sinca tha ahapaa of tha laoquanta ganarally ravaal a 
graat daal about tha aubatltutabillty of input factora, a local 

aaarch vaa parforaad in tha nalghborhood of 0.

Tha ayabola in Figura 10 algnify aoaa of tha actual
atandby float unit and aarvica channal (F, S> coabinatlona 
(Tabla XVI), which ara raquirad to attain an oparationa 
availability A>0.93 for tha aaintananca float ayataa undar 
conaldaration. Tha inputa F and S can ba aubatltutad for aach 
othar, but tha ovarall aubatltutabillty la not parfact.

Tha axpariaantal aiaulation raaulta in Figura 10 indicato 
that balov F»42 atandby float unita, and balov S M S  aarvica
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channals, tha tvo inputs ars psrfsct coapiaaanta for aach othar. 
Outsida tha abova dafinad ragion tha isoquant Q takas tha shapa 

of right anglas which lndlcata that in no way can standby float 

units ba substitutad for sarvica channals, nor vica varsa. Tha 
slopa of thasa right anglas, which is also known as tha sarginal 
rata of tachnical substitution (HRTS) of factor inputs, can 
varify tha nonsubstitutability batwaan tha inputs F and S, 
outaida tha CF«42, S*43) ragion. Statad algabralcallyt

HRTS ■ AS/AF > AF/AS ■ 0, for A > 0.93. (46)

At tha othar axtraaa, tha allgnaant of tha syabols in 

Figura 10, signifias that within tha abova apaclfiad ragion, 
standby float units and sarvica channals sra parfactly 
substitutabla inputs. Insida tha bounds ona unit of F can ba 
subatltutad for ona unit of S, and vica varsa. Algabralcallys

HRTS ■ AS/AF > AF/AS > -1. (47)
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Coat Optiaal HFP

Baaad on tha aapirical lav of dlainiahlng raturna and tha
axpariaantal findinga in tha abova section, it would ba
Irrational for tha hypothetical fira undar invaatigatlon to 
continue tha aubatitutlon of aarvica channala vith atandby float 
unita, or vice varaa, balov tha bounda of tha IFM2, Sb43J 
range. Such an attaapt will not allow tha fiia to attain an
operation availability laval on or abova tha 0.93 aark. On tha 
othar hand, any incraaaa in tha total float raquiraaanta abova 
tha CFb51, S«531 range, aay iaprove operations availability, but 
it coata aore. Once tha ragion(a) of perfect aubatltutabillty 
between F and S is (are) identified, tha cost optiaal aaong tha 
available coabinatlona can ba easily dataralnad.

Tha three axaaplaa in Tabla XVI show how tha optiaua (F, S) 

coabination can ba identified. In addition thaaa axaaplaa
verify how sensitive tha final solution is to a fira*a
underlying coat structure. Undar cost structure (i), for
axaapla, it costs *130 par day to have a standby float unit 
available (Cp>tl30/day), and tha cost of keeping a sarvica 
channel open for repairs is 973 par day <CgBt75/day). Tha
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optlaua (F*, S O  combination la (42, S3), vhlch ylelda a dally
aaintananca float policy coat of 410,273. Undar coat atructura

(11), It la aaauaad that tha dally coat of retaining a atandby 
float unit and tha coat of kaaplng a aarvica channal opan for 
rapalra ara aqual (CpaCga4112.50/day). Tha optlaua aaong 
tha altarnatlva (F, S> coabinatlona la (46, 48), for tha alniaua 
HFP coat balng 410,375.00. Finally, undar coat atructura (111), 
It coata 73 par day to hava a atandby float unit available
(Cpa475/day>, and tha coat of kaaplng a aarvica channal opan
to parfora rapalra ia 4130 par day (Cga41S0/day). Tha optlaua 
(F», S O  combination la (31, 43), vhlch again yialda a dally HFP 

coat of 410,373.

In all thraa caaaa, and for all othar factora balng hald 
conatant, tha optlaua aaong tha altarnatlva (F, S> coabinatlona, 
la tha ona for which tha coabinad coat of backup aachinaa and 
tha coat of aaintaining a particular craw aiza ia alniaua. For 
all tha thraa hypotheaized underlying coat atructurea, tha aat 
of alternative (F, S) coabinatlona la Halted. Ita 
dataraination ia conatrainad by tha aanagarial choice on tha 

cuatoaar aarvica or oparationa availability objective. 

Alternatively, thia aay ba conaidarad tha caaa where tha coat of 
dovntiaa or oparationa unavailability la too high to ba included 

in tha coat alnialzation proceaa.
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Cost Sensitive HFP

Based on the above Motion's exaaples in Table XVI, tha 
dataraination of tha coat optiaal input proportions (F*, SO, 

could ba viewed as a problaa of alnialzing tha cost of producing 
a specific laval of oparationa availability (A). This section 
presents how tha Langrangian technique for constrained 

optiaization can ba used to develop the optiaal (F*, S O  

coabination rule.

The grid surface of operations availability in Figure 9, and 
the discrete data pointa in Figure 10, can be generalized by 
assuaing that the underlying production function, foraulae (43), 

is continuous in nature. This generalization aids the 
constrained optiaization probles which is developed as follows. 
The constraint states that son specific level of operations 
availability A* aust be realized for the systea described by the 
function A*f(F, S). Written in the standard Langrangian foraat, 
the constraint is 0»A*-f(F, S). The coabined coat function is 

given as TC«Cp* F+C5* S. The Langrangian function for the 

coabined cost ainiaization problea, then, is:
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Ltc * Cp*F ♦ CS-S ♦ ^IA»-f(F, S)l. (48)

The condition* for constrained cost ainiaization srs 
provided by the partial derivatives of equation (48):

dLTC/dF » Cp - >Cdf(F, S)/dF) « 0, (49)

dLTC/dS - Cs - >Cdf(F, S)/dSl ■ 0, (SO)

and

dLTC/d} ■ A* - f(F, S) > 0. (51)

Since the last teras on the left hand side in foraull (49) and 
(SO) represent the aarginal availability (HA) due to the standby 

float units (F), and service channels (S>, respectively, those 

expressions can be rewritten as:
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Cp * iNAp, (32)

and Cg * AlMg. (33)

Taking tha ratio of foraulaa (32) to formula# (33) and 
cancelling tha laabdaa producaa tha baalc (F, S) Input 
optlaallty ralationahip:

Cp/Cg • HAp/HAg. (34)

Thus, for a alniaua coat (F, S) coablnation, glvan tha required 
laval of operations availability (AO, tha input factors of 
standby float units and aarvica channals aust ba combined in 
such a way that tha ratio of their aarginal products, in taras 

of A, is equal to their coat ratio. Alternatively, transposing 
foraulaa (34) to derive tha expression:

HAp/Cp « HAg/Cg, (33)
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tha optiaal <F», S O  Input coabinatlona raquira that thair ratio 
of marginal oparationa availability to coat of both input 

factora auat ba aqual.

Fornull (94) and (59) algabralcally apaclfy tha nacaaaary 

condition* for optiaallty in a aaintananca float ayataa input 
coabination. Tha laaat coat (F», S O  combination raquiraa input 
proportiona auch that an additional dollar'a vorth of atandby 

float unita (F>, adda aa auch to tha oparationa availability 
(A), aa doaa a dollar'a vorth of aarvica channala <S), and vica 
varaa. Thia thaoratlcally darlvad ralationahip claarly axplaina 
why coat optiaal aaintananca float pollclaa ara ao aanaitlva to 
a flra'a undarlying coat atructura.

HFP Parforaanca and Tradaoffa

Tha foragoing analyaia undoubtadly did not axhauat all tha 

poaalbla ayataa parforaanca aaaauraa, but it ahould indicata tha 
ayrlad of poaaibilltlaa. Tha contaxt of analyaia vaa anlargad 
froa tha rapairaan'a to tha production aanagar'a problaa in 
ordar to atudy hov tha lattar can daaign a highly rallabla 
aaintananca float ayataa utilizing ayataa raliabillty baaad HFP
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aodela. Following Buff* (19B4), however, • aingla aaaaura of
parforaanca uaad acroaa all tha parta of a ayataa aay ba 
dacaptlva and aay alao laad to an advaraa bargaining procaaa 
batwaan tha production and aaintananca aanagara. In auch an 
avant an 'optiaal* aaintananca float policy will ba datarainad 

by tha baaic povar atructura within which auch nagotiationa taka 
placa.

In addition, to aatabliah an HFP baaad on tha probablliatlc 
attalnaant of a praaat laval of oparationa availability (A), 
without aaaauring tha parforaanca of tha aaployad aarvica 

channala and aquipaant, in taraa of thair utilization <P), ia to 
poaaaaa only half a picture. Confucloua auat hava aald
aoaathing about having half a picture.

Aaauaing that data bacoaa available, tha parforaanca of tha 
othar two aajor ayataa coaponenta (aquipaant and aarvica 
channala), can ba aaaaurad for an aatabllahad HFP, in addition 
to tha oparationa availability. Tha OPSS-V aiaulation outputa 
in Expariaantal Analyaia #4, did provide inforaation on tha 
utilization (P) of tha aaployad aarvica channala and aquipaant 
for tha hypothaalzad fira which ia being uaad aa an axaapla 
throughout Chapter IV. By taking into conaideratlon tha overall 

HFP econoaic conaaquancaa (phyaical and coat aapecta), it 
becoaea poaaible to aove away froa half picturaa and advaraa 
bargaining procaaaaa, and to recognize exlatlng HFP tradaoffa.
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Aa Gardnar I Dannanbring (1979), point out, vlth atochaatlc 

parforaanca aaaauraa aanagaaant daciaiona bacoaa rathar

coaplax. In aaintananca float ayataaa, oparationa availability 

(A), and aquipaant and aarvica channal utilization (P), ara
intardapandant. In daaling vlth tha raal Uf a  draaaa and 
coaplaxitlaa of intardapandanca, it vlll ba halpful to turn back 
to tha thraa diaanaional aurfaca analyaia, and aatabliah 
additional parforaanca aaaauraa that an arbitrary HFP aaaka to
ainiaiza. According to Saaty & Alaxandar (1961, p. 97), tha

oparationa availability at ataady atata la glvan by:

A • 1 - U, (56)

vhara U la daflnad aa oparationa unavailability. By coablning 
foraulaa (56) vlth foraulaa (45), oparationa unavailability can 

ba vrittan aa tha follovlng unapaclflad ralationahip:

f(F, S>, 0 < f < 1. (57)

Thua, varioua quantltlaa of tha tvo lnputa, aarvica channala 
(S), and atandby float unita (F), can ba uaad to ainiaiza tha 
unavailability of oparationa (U>, vithin a tvo-input, alngla-
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output ayataa. Additionally, tha aaaa arbitrary HFP aay aaak to 
aaxiaiza tha aquipaant and aarvica channal utilization <P>, or 
altarnativaly, dapanding on praaat aanagaaant objactlvaa, 
ainiaiza tha aarvica channal and aquipaant undarutillzation:

U ■ 1 - P, 0 < P < 1. (58)

Conaidarlng aattara of algnlfication aa aacondary for a 
aoaant, U can ba lntarpratad or act aa a aurrogata aaaaura for 
tha aaintananca float ayataa phyaical parforaanca. Vhat ia of 
priaary lntaraat, hovavar, ia to racogniza that a tradaoff 

axiata bataaan oparationa unavailability and aarvica channal 
undarutillzation, aa tha grid aurfacaa in Figura 11 llluatrata.

Tha thraa diaanaional dlagraa in Figura 11, ia a graphic 
illuatration of tha oparationa unavailability <0U>, and aarvica 
channal undarutillzation <SU>, grid aurfacaa, aa tvo funetiona 
of a two-input, doubla-output ayataa. Following tha F axia 
outvarda indicataa that an incraaalng nuabar of atandby float 
unita la baing uaad} going out tha S axia rapraaanta an 
incraaalng uaaga of aarvica channala} and aowlng up tha li axia 
aaan that hlghar lawala of oparationa unavailability and aarvica 
channal undarutillzation ara raallzad. Tha alniaua U laval that 
can ba achlavad ia zaro. Tha aaount of U that can ba achlavad
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vlth n c h  <F, S) Input coablnatlon la rapraaantad by tha halght 

of tha oparationa unavailability <0U>, and tha halght of tha 
aarvica channal undarutillzation (SU), grid aurfacaa aractad 
abova tha FS Input laval.

Tha tradaoff dlaplayad batvaan tha 0U and SU aurfacaa In 
Figura 11, la rathar stralghtforvard. With a flxad F, lncraaaaa 
In S alaply raduca oparationa unavailability, vhlla at tha aaaa 
tlaa lncraaaa tha aarvica channal undarutillzation. At a flxad 
lov S, lncraaaaa In F do not graatly affact nalthar oparationa 
unavailability nor aarvica channal undarutillzation. At a flxad 
high S, hovavar, lncraaaaa In F raduca oparationa 
unavailability, but vhlla thay raduca aarvica channal 
undarutillzation at lovar lavala, thay add to It at a hlghar F.

Tha lav of dlainiahlng raturna bacoaaa avldant onca aora, aa 

It claarly holda trua for tha aarglnal product of tha aarvica 
channal Input (S>, on tha oparationa unavailability (0U>, for 
tha vhola ranga of atandby float unita (F). Tha lnvaraa of tha 
lav alao holda trua for tha aarglnal product of S on tha aarvica 
channal undarutillzation (SU), for tha antlra dlaplayad ranga of 
F. Tha aaaa ralationahip, bovavar, la not antlraly aupportad by 
tha aarglnal product of F on SU, although It la atlll avldant In 
tha aarglnal product of F on 0U, for tha antlra dlaplayad S.
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Fros both the operations unavailability (0U), and ths 
sarvica channal undarutillzation (SU), surfaces in Figure 11, it 

can be inferred that the factor contribution of the service
channels (S), is such higher than the returns to the input 
factor of standby float units (F). This contribution aay be the 

key to deterainlng the optiaal coablnatlon of a aaintananca 
float syatea inputs that should be used to achieve a balance 
betveen operations unavailability and service channel 
underutilization. It aay also be Inferred froa Figure 11, that 
such balance, if required, is achieved on (or in the 
neighborhood of) the line vhere the 0U and SU grid surfaces

cross each other.

The data used for the construction of the three diaensional 
graph in Figure 11, as veil as the graphs in Figures 9 and 10,
vere provided by the 6PSS-V siaulatlon results in Experiaental 
Analysis #4. Additional inforaation was also provided by the 
saae outputs, on the average waiting tiae to repair as veil as 
on the average waiting tiae of equipaent on standby. According 
to Bhattacharyya (1967), the waiting tiae for a spare unit is 
the tiae elapsed before it is coaaissloned to replace a failure. 
On the basis of these tvo average waiting steady state 
realizations and the experiaental run tiae, one aore physical 

perforaance aeaaure was established. Naaely, the average 
equipaent underutilization (EU), was recorded and plotted as an 
additional grid surface in Figure 12, along with the operations
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unavallablllty (0U>, and tha aarvica channal undarutillzation 

(SU), grid aurfacaa.

Tha thraa diaanaional diagraa in Figura 12 ia a graphic 
llluatration of tha oparationa unavailability (0U), aarvica 
channal undarutillzation (SU), and aquipaant undarutillzation 
(EU), grid aurfacaa, aa functiona of a tvo-input, tripla-output 
ayataa. Tha alniaua U laval that can ba achlavad ia atill zaro. 
Tha aaount of U that can ba producad vlth aach (F, S>, input 

coablnatlon of tha atandby float unita and tha aarvica channala, 
ia rapraaantd by tha halght of tha EU, 0U, and SU aurfacaa, 
aractad abova tha FS input laval.

Aaong tha thraa aurfacaa only tvo raach tha valua of 
abaoluta zaro; 0U for F»S»80; SU for S<32 aarvica channala, and 
for a larga nuabar of atandby float unita (F). Tha aquipaant 
undarutillzation (EU) aurfaca, raaalna floating abova tha FS 
input laval. Indicating that aquipaant cannot ba fully utilizad. 
A tradaoff axlata batvaan tha avaraga waiting tiaa for rapair 

and tha avaraga waiting tiaa on atandby.

Tha aignificant axpariaantal raault which tha nav aquipaant 

undarutillzation (EU), aaaaura and grid aurfaca, contributa to 
tha aaintananca float policy tradaoff analyaia, bacoaaa avldant 
in Figura 13. Thia figura la coaparabla to taking two alicaa
out of Figura 12, aach allca balng parallal to a plana foraad by
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• unique N t  of tvo axea (F and U, and S and U). Tha axact 
shapa of tha EU, 0U* and SU curvaa in Figura 13, dapands on tha 
point at vhlch tha alica ia taken, that ia, tha point at vhich 
ona of tha variablaa F or S ia hald conatant.

Thua, by holding F conatant at 50 atandby float unita, for
axaapla, it ia poaaibla to obaarva that for lov S valuaa, tha EU 
and 0U curvaa croaa aach othar vhila thay ara both intarcaptad 
by SU. Siailarly, by holding S conatant at 50 aarvica channala, 
it bacoaaa claar that vhlla tha 0U curva raaaina balov tha SU 
curva for tha antlra dlaplayad ranga of F, tha EU curva croaaaa 
thaa both at diffarant haighta abova tha FS input laval. Tha 

aaazing raault ia that all of tha abova lina croaaing takaa 
placa vithin a fairly aaall araa of tha FS input plana aa
indicatad by tha ahadad triangla in Figura 13.

If an optiaal HFP involvaa balancing oparationa
availability, and aquipaant and aarvica channal utilization, aa 
it ia lapliad in Figura 12, than, only a aaall aat of 
altarnatlva (F, S) coabinatlona axiata, vhara thia balanca can 
ba achlavad. Thia aat can ba idantiflad by tha axiatlng 
tradaoffa aaong tha ayataa'a phyaical parforaanca aaaauraa. Tha 
alniaua coot <F», S*) coablnatlon can ba furthar datarainad,
dapanding on a particular fira'a underlying cost atructura.
Thia last point vas aada rathar explicit by tha illustrations in 

Tabla XVI, vhara thraa different underlying coat atructuraa
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ylelded three different optiaal solutions.

Again, the foregoing discussion assuaes a balanced 

aalntenance float systea vlth an lnvestaent properly 
proportioned aaong the P/OH systea coaponents: operations,

service channels, and equipaent. If this la not the case, then 
soae of the the systea'a coaponents vlll be under excessive 
strain and stress, and others Inadequately utilized. None of 
the above relationships vlll be valid.
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CHAPTER V

SUMMARY AND FUTURE RESEARCH

The present study represents s piece of exploratory as veil 
as deductive research. It constitutes a first attespt to place 
a cosplex array of econoaic, social, and technological variables 
into a holistic systea for the purpose of analysis. Naaely, the 
classic repairsan's probles is extended into a P/OH probles. 
The present chapter vill begin vlth soae discussion of the 
results reported in the preceding chapters. In analyzing the 
results of this study in light of its intended purposes, it is 
iaportant to suasarize its aajor findings. These are deeaed 
iaportant due to their potential iaplications as they lead to 

suggestions for future research on saintenance float systess.

The fundaaental purpose of this study was to investigate 
what is approprlats in the establishsent of saintenance float 
policy for production systess froa vhich a high level of 
operations availability is deaanded. The need for this 
Investigation eserged froa . the review of the developsenta and
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applicationa in tha aalntananca aanagaaant lltaratura in 
ganaral, and in tha aalntananca float ayataaa lltaratura in 
particular. Tha aarloua gap idantlflad batvaan thaory and 
practica aotivatad tha tvo-fold raaaarch objactiva raflactad in 
tha papar'a atructura.

Firat, guidad by aanagaaant practica a aat of flaxibla, 
raliabillty baaad triangular aatiaatlon nodala vaa davalopad. 
Foraally darivad, thaaa add to tha racantly aatabllahad HFP 
noraativa thaory. Baaad on both thaoratical aa vail aa 
axparlaantal data, a gauntlat of atatlatlcal taata indicatad 
that tha triangular approach can aigniflcantly laprova tha 
procaaa of aalntananca float policy datarainatlon, for navly 
plannad aa vail aa alraady axlating P/OH ayataaa.

Sacond, guidad by thla analytically darivad nav nodal baaa, 
tha concaptual achaaa of tha HFP fraaavork vaa anlargad in ordar 

to intagrata, atudy, and undaratand tha acononic, aocial, and 
tachnologlcal inplicationa of naintananca float ayataaa; 
iapllcatlona vhlch had baan ovarlookad in tha paat. In tha 
proeaaa, tha atudy dapartad froa tha aatabllahad plauaibla but 
narrov anginaaring parapactiva and axaainad naintananca float 
ayatana vithin thair largar and cloaar to raal U f a  P/OH 

contaxt.
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Hajor Findings and Iapllcationa

Tha HFP lltaratura aaapla showed ' how tha landmark 
contribution of Black I Proachan (1999), allows tha uaa of 

inforaation on coaponant failura rathar than inforaation on
coaponant daaand distributions. Evan with this bypaww, hovewr, 
tha astablishaant of HFP for larga systems with high

availability raqulraaants has not baan solved analytically. For 
such systaas rasaarchars and practltionars alike resort to 
digital simulation. Yet, tha vactor grid boundarias ovar which

a saarch auat be conducted raaain vary larga.

Tha Levine-Lowe I Levis-Hadu straaa of aodels can provide 
initial HFP astiaatas which substantially reduce tha vactor grid 
boundarias of tha saarch space. For tha hypothetical fira in
Chapter IV, for axaapla, tha saarch space was reduced froa 6,961 

to 2,401 alternative (F, S) input coablnations, which is a 
63.40X reduction ovar tha trial and error approach. One of
their aajor underlying assuaptions, however, is that tha 
aqulpaant failura distribution has baan coaplataly 
characterized. Thus, these aodels cannot be used with newly 
planned aalntananca float systaas fros which failura data
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collaction la iapossibla.

Tha raliability baaad triangular aatlaatlon aodala davalopad 
in Chaptar II, can axplicitly daal with tha lack of aapirical 
data. Tha pilot atudy in Chaptar III, indicataa that thasa 
conatructa can provida initial HFP aatiaataa which ara vary 
cloaa to thoaa that tha Lavina-Lowa 4 Lawia-Hadu aodala would 
giva, had tha undarlying aquipaant failura distribution baan 
coaplataly charactarizad. That ia, providad that tha aubjactiva 
aatiaataa of axparta ara rallabla.

Tha raaults of Expariaantal Analyaia #1 providad littla 
support for tha hypothasizad nagligibility of W (avaraga waiting 
tiaa to rapair). For larga N (nuabar of units initially in 
oparations), and larga r (rapair to failura ratio), W ia 
substantially incraasad, having a nagativa iapact on tha ovarall 
HFP affactivanasa. Oua to thair flaxibla structura, hovavar, 
tha raliability baaad triangular astiaation constructs, 
according to this study's raaults, can coapansata for tha 
non-incluaion of V in tha Lavina-Lowa 4 Lawis-Hadu aodala.

Indaad, tha raaults of Expariaantal Analysas #2 and #3 
showad that tha raliability baaad triangular astiaation aodala 
can significantly iaprova tha procass of HFP dataralnation. Tha 
raduction of tha vactor grid, alraady boundad by tha Lavina-Lowa 
4 Lawia-Hadu Initial HFP aatiaataa, was shown to ba
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atatiatically aigniflcant. Tha atatlatlcal taats vara baaad on 
both thaoratical HFP initial aatiaataa, and axparlaantal ayataa 
affactlvanasa data. Back to tha hypothaalzad lira in Chaptar 
IV, onca aora, tha raliability baaad triangular aatlaatlon 
aathod raducad tha aaarch apaca down to 1,681 altarnativa (F, S) 
input coabinationa, vhich ia a 29.99X raductlon ovar tha 
Lavina-Lova & Lawia-Hadu aodala, and a 74.38X (I) raductlon ovar 
tha trial and arror approach.

Tha atatlatlcal taota in Expariaantal Analyaia *3 aupport 
tha propoaltiona by Lavlna (1965), and Hadu (1965), that ayataa 
raliability baaad HFP aatlaatlon aodala can ba uaad with any 
arbitrary rapair dlatrlbution. In that aaction it vaa
axpariaantally varlfiad that tha final affactivanaaa of a 
aalntananca float policy priaarily dapanda on tha undarlying 
aquipaant failura, not tha rapair dlatrlbution.

Tha axploratory analyaia baaad raaulta, with raapact to tha 
aiza of tha aalntananca total float raquirad for larga ayataaa, 
aupport tha Lova t Lavla (1983), notion on tha poaitiva raturna
to aeala. Tha thaoratical HFP parcantaga aatiaataa, hovavar,
auat ba eonvartad into backup unita and aarvica channala
raquiraaanta, that ia, into abaoluta taraa. Than, it bacoaaa 
claar that largar P/OH ayataaa raquira aora aarvica channala, 
and aora atandby float unita, in ordar to attain a high laval of 

oparationa availability.



-116-

Some of the strongest affect observed in this study resulted
by shifting Iron an analysis of the physical perforaance of

inputs to an exaalnation of their econonic productivity, or 
operations availability generating capability. The conversion 
froa physical to econonic relationships vas accomplished by 

dividing the narginal product of the input factors F and S by
their narginal cost. Within the process, the nystery of vhy
cost optinal nalntenance float policies are so sensitive to a 
firn's underlying cost structure vas resolved.

Additionally, three nuaerlcal exaaples vere provided in 
Chapter IV, vhlch show hov a restrained cost optlnua HFP can be 
deterained. The constraint vas iapoaed by the hypothetical
flra's aanageaent in order to attain a probabilistic A
(operations availability), at a high level. An A isoquant 
emerged from this physical performance constraint, vhlch vas 
subsequently transferred to the FS input surface. The second 

example in Table XVI (underlying cost structure <ii)l,
illustrates the possibility of underlying isocost as veil tea 
isoquant curves.

Finally, by turning back to an analysis of physical
perforaance measures for the maintenance float system under
consideration, it vas shovn hov existing HFP tradeoffs can be
identified. Although it vas not realized vlthin the grid
surface analysis in Chapter IV, experimental and/or real life
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caaaa aay aaarga vhara tha thraa aurfacaa in Figura 12, croaa at
a alngla point. If auch a caaa doaa axiat, than, a parfactly
balanead aalntananca float ayataa will ba idantifiad
indapandantly of tha fira'a undarlying coat atructura. Tha 
parpatual difflcultiaa aaaociatad vlth tha coat optiaal HFP

dataralnatlon will ba bypaaaad.

Tha ovarall findinga of tha vary laat aaction in Chaptar IV, 
ara baaad on an axploratory aaarch ovar a aat of axpariaantal 
ataady atata raalizationa. Tha crudity of thalr foragoing 
analyaia doaa not parait to foraally Hat thaa aa raaulta, lat 

alona aa thaoraaa at thia point In tiaa. Evidantly, hovavar, in 
addition to tha intaraating raaulta, a aat of propoaltiona for 
futura raaaarch aaarga froa tha invaatlgation.

Suggaationa for Futura Raaaarch

Tha findinga and concluaiona raportad in thia atudy indicata 
tha naad for furthar raaaarch in a nuabar of araaa. A fav ara 

liatad hara:

1. Validation and atability of tha atudy'a raaulta on tha baaia
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ol raal Ilf* and/or othar axparlaantal data aata.

2. Extanaiona froa tha Triangular Approach to tha avan aora 
flaxlbla Bata Approach, baaad on tha Batata^, a2> 
aquipaant failura dlatrlbution.

3. A *flna tuning* of tha ralatlonahlpa Involving HFP 
tradaoffa, to avaluata furthar thalr lapact on tha ovarall 
phyalcal and aonatary affactlvanaaa of aalntananca float 
ayataaa.

4. Furthar davalopaant of tha daflnltlon and aaaauraaant of 
vhat la collactlvaly rafarrad to aa aquipaant utilization 
vlthln tha HFP contaxt.

3. Raaaarch tovarda tha aaplrical and/or axparlaantal
aatlaatlon of oparatlona availability (A) functiona. With 

tha aid of tha atatlatlcal aathoda of ragraaalon analyaia It 
aay ba poaalbla to ldantify ganaral A concava foraa. 
Ganaral In tha aanaa that thay aay hold for larga claaaaa of 
aalntananca float ayataaa, providad that tha undarlylng 
aquipaant failura dlatrlbutlona (contlnuoua or dlacrata), 
poaaaaa tha aonotona llkallhood ratio proparty.

6. Tha tradaoff analyaia In Chaptar IV can ba axtandad to
ldantify and aatabllah an 'optlaal HFP aurfaca.* Onca auch
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• aurface ia constructed, it can ba uaad to aaka 
iaprovaaanta in any aaintananca float ayataa undar 

conaidaration.

7. Such an 'optical HFP aurfaca,* onca conatructad, can ba uaad
to aodal tha aora generalized aalntananca float ayataa in 

Flgura 3 (p. 22).

Tha atudy of aaintananca float policy ia bv definition, 
dapandant upon tha undaratandlng of an eclectic array cl 

lnfluancaa. Econonic, phyalcal, and even aocial iaauaa ara 
involved. Tha integration of tha deductive vith an exploratory 
tradeoff analyaia rapraaanta a aaana of capturing aoaa of tha 
coaplax ayataaa of relationahlpa involved in HFP datarainatlon.

It la hoped that thia atudy will at laaat aerve aa a baaia 
of reflection, and aa a atiaulua to raaaarch daaignad to furthar
enhance knovledge on tha daaign and aanagaaant of aaintananca 

float ayataaa._
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F X CURES
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Figure 1
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(1981).



-122-

CD PRODUCTION/OPERATIONS 
FACILITY

CD

/

Operat ing 
Units

©
▼0

^Standby

t/T) Units FLOW OF EQUIPMENT

0
REPAIR 

<7. FACILITY
Down" Unit

Figure 2. A Maintenance Float Augmented Systea



-123-

1
PRODUCTION/OPERATIONS

FACILITIES

CENTRAL
REPAIR
STATIONFLOW OF EQUIPMENT

Figure 3. The M F P Problea Generalized



-124-

Figuro 4. Donsity Functions and Relationships among Continuous Distributions 
ussd in HFP; ---> Uniting distribution; — ►transformation; <  ►  ona-to-ons
transformation. Adaptad from Loomis (1966).
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Figura 6. Linear Relationship between: (a) N and W. and (b) r and W.
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T A B L E S
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TABLE I

Claaalflcatlon Scheae of Halntanance Nodela

(1) <li) (ill)

Corrective Halntenanee 
or Repair

(CH)

Inspection 
and Tooting
Hayro (1983)
Luao (1976)
Songupta (1960)
Wallace <1963) 
<Roliablllty Tootlng>

A

Preventive Halntonanco 
(PN>

Barlow 4 Huntar (1960) 
•<Policy II>
Bullock (1979)
Chanin 4 Sphlcao (1980) 
Hann 4 Coatoo (1980) 
Nguyon 4 Murthy (1981)

Hlnlaal Repair (NR)
Barlow 4 Hunter (1960) 
•<Pollcy I>
Brown, Nahonay,
4 Slvazllan (1983)
Eppen (196S)
<Hyatereele>
Horiaura (1970)
Hakagawa 4 Kowada (1983)

Repair Liait (RL>
Baichalt (1982)
La aba (1974)
•Hakagawa 4 Oaaki (1974) 
Nguyen 4 Nurthy (1980)
Eouinaent Life Tine (ELT)
Laaeon,Haatinga, 4Wlllls(1963 
Lohaan,Poater, 4Layaan (1982) 
Hehrez 4 Stulaan (1983)

Reliability Baeed HFP
Levine (1963)
Lowe 4 Lewla (1983) 
Nadu (1983)

Purely Theoretical NFP Search 4 Sinulation NFP
Barlow, Proechan, Johnaon4Fernandea (1976)
4 Hunter (1963) Hilliard (1973)
•<Repairaan'a Problea Schrlber (1974)
Nani 4 Saraa (1984) Wahl (1966)
<Cloeed Queueing Network> Weir 4 Tiger (1971)

Kuaagl (1973) White (1979)
Raaanarayanan 4 Uaha (1979) 1980) Wldaweky (1971)
Sabraaanian 4 Venkatakrlahnan (1973)
White (1967) |
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TABLE II

n F P______Determination Formull

f Equation________________________________ Number

f.(j)^ I n [ e x p ( Z a o %  u ) * M T T R j  -gj

11 -1

11-2

11-3

11 -4

' • ( j ^ Z a *  E l H B j .  11-5

( ^ i r )  * m ttr . y  |sj i
f-  -L -N -J —  --------- , 0  < M T T R < ^ ( b - a )  n-6

N > N
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TABLE III

Aavotot lc n r p______Dattralnation

Failure f Equation

Exponential f • 1 - exp - MTIRj.

Waibull

Lofnoratl

Normal

f. i .  exp - { * n a } a

. f M T T R - li 
1 . e x p  Y  L _ 6 - J

1  b 5  F o  '•

(J, ■ T l n r e x D ( - 3 . 0 9 j < u ) « M T T R ]  - uj

f* Q ( - 3 . 0 9 ♦

Uni fora M T T R
b - a

, 0 < M T T R < b - a  

, b - a < M T T R

Nvmbor

111 - 1

111 - 2

X XI - 3

1II-4

III-5

III-6
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TABLE IV

Trlsnoulsr n r P_____ D«Ur«in»tlwi

Triangular Distribution  ̂ (IV-1)

/^E E S T o M T tr) r fT\ r-------
'  -W  (b -a )(c -d ) ' 0

  2
- MTTR)  r  r 3  /------------ GT71------------

•1~ (b-rxb-d ■

.1 . ^^(b-aXb-dZMTTR

Lsft Triangular Distribution (IV-2)

. 0  iM T T R «b -a )^ E i

• 1 • ( b - a ) ^ l M T T R
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TABLE V 

Aavatotic Triangular ft T P 

Triangular Distribution (V'

f . M̂ T T ? I2- . 0  ZM TTFU ~\](b-a)(c-a)
(b -a X c -a )

( \ / ( b - a ) ( b - c )  -M T T r } 2 / ------------------/---------------
’1 (b-a)(£5   * V (b^ Xc-*) £ M T T R W (b"a,ft>-c)

*1 » X ^ b -a ) to -c ) iM T T R

Laft Triangular Distribution (V

f • 1 - |l - M J J P  , 0  /LMTTR^b-a

b-a£MTTR
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TABLE VI

A SET OF EXPERIMENTAL REALIZATIONS 
ON THE AVERAGE WAITING TIME FOR REPAIR

Units Initially Rspair to Avaraga Waiting 
in Oparatlons Failura Ratio for Rapair 

N_______________£______________W (hra)
s 0.25 0.069

0.50 0.191
0.75 0.689
1.00 1.075

20 0. 25 0.766
0.50 2.598
0.75 4.469
1.00 6. 353

50 0.25 2.530
0.50 7.226
0.75 12.006
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TABLE VII

HYPOTHESIS TESTING FOR THE SIGNIFICANCE OF DIFFERENCES IN V, 
DUE TO CHANGES IN THE EXPERIHENTAL FACTORS N AND r

Postulated df 
Hypothesis N1/N2

Coaputed
F

alpha
D<.*«

Tabulated
F

Descriptive
eta

Hi 2/11 10.363 .23 i.s a 0.7343
.10 2.86
.03 3.98

<F test for N> .01 7.21

H2 3/11 3.233 .23 1.38 0. 5161
.10 2.66
.03 3.39

<F test for r> .01 6.22

Rule: at alpha-percent level of significance:
Reject Hf if FcOBnUt»d > ^Tabulated*
Do not reject Hf if Fgosputed - ̂ Tabulated*



TABLE VIII
THEORETICAL FLOAT FACTOK (1) AHD TOTAL FLOAT <F> ESTIMATES

Hi EatlMtion Mvthodi Ds Fnllur* Distributionj 
Mi Units In Operational ri Bspnlr to Fsllurs Bntlo

N a M D  r N f F NOl M D r N f F N o ,___M D  r  N F j.

&

D r F N o , M D r N f . F
i. 11 11 V T TW l _ sr.— ■ 1 i 19 ' 9 2219 1 m . 1 1 21 S S443 2 T if 9 4122 2 211. 2 4 29 111* 2"
2. 11 21 13 2111 i 12. 1 1 21 19 19*4 2 142. 1 9 29 10 2*11 i 192. 2 21 10 2TT2 i 212. 2 4 29 10 1444 2
J • 11 21 24 2441 9 91. 1 1 21 24 1131 2 101. 1 9 21 24 249* 4 191. 2 29 24 1442 4 211. 2 4 29 24 IM* 1

11 21 44 24CT 14 94. 1 1 29 40 422 1 104. 1 9 29 44 ITS* T 19*. 2 29 40 I19T • 204. 2 4 29 40 T*2 4
11 21 44 2141 14 99. 1 1 29 •0 •IT 9 149. 1 9 29 44 1919 12 199. 2 29 04 101T 1 249. 2 4 21 44 92T 9
11 14 9 1144 1 1*. 1 1 SO 1 1121 2 14*. 1 9 94 9 4T2I 2 19*. 2 SO 9 TS21 1 20*. 2 4 10 9 4**4 1
11 14 14 9441 9 ST. I 1 SO 14 2441 2 I4T. 1 1 SO 14 4411 • 1ST. 2 S3 10 942T 1 24T. 2 4 94 10 10 4* 4
11 M 24 4214 4 94. 1 1 14 21 I1T4 4 144. 1 9 94 24 1S9T T 194. 2 SO 20 4144 0 244. 2 4 90 20 2IH 9
11 N 44 4444 1* 91. 1 1 94 44 1*41 T 141. 1 9 94 44 1144 IS 191. 2 so 40 1144 14 201. 2 4 94 44 1911 T

10I 11 M •4 4411 12 44. 1 1 90 44 1414 11 110. 1 9 94 ■4 10 OS 29 1*4. 2 9* 00 2011 21 210. 2 4 90 40 1234 10
II . 11 TS 9 *221 1 *1. 1 1 T9 9 4020 2 111. 1 9 T9 9 9* T9 1 M l. 2 T9 9 41*T 4 211. 2 4 Tl 9 *412 4
II . 11 TS 14 9T41 * *2. 1 1 T9 14 IM* 9 112. 1 9 T9 14 9120 9 1*2. 2 T9 14 41*4 1 212. 2 4 T9 13 444* 9
11. 11 TS 24 9911 11 *1. 1 1 T9 24 244* • 111. 1 9 T9 24 4T*t 14 1*1. 2 Tl 24 T211 19 211. 2 4 T9 24 m i T
i«. 11 TS 44 9114 22 *4. 1 1 Tl 44 294* 14 114. 1 9 T9 44 4922 14 I**. 2 T9 40 *221 21 214. 2 4 T9 44 2*14 II
11. 11 TS 44 1119 *1 •9. 1 1 Tl 44 2149 14 111. 1 9 T9 44 4*0* 19 1*9. 2 T9 M 9911 49 219. 2 4 T9 40 21** 14
I*. 11 144 1 TOST 4 *4. 1 1 149 9 449* 2 11*. 1 9 144 9 MM 1 I**. 2 144 9 129T 9 21*. 2 4 144 9 4*11 4
IT. 11 144 14 *441 T *T. 1 1 104 10 42*4 « 11T* 1 9 103 14 9*44 * I*T. 2 144 10 4112 1 2IT. 2 4 144 13 •20T T
I*. 11 144 24 *911 11 *4. 1 1 104 24 im 4 114. 1 9 144 20 9214 11 1*4. 2 144 20 4 Til 10 214. 2 4 100 24 4414 10
11. 11 144 44 *419 2* *1. 1 1 144 40 S4S4 1* 111. 1 1 144 44 99IT 22 1*1. 2 144 *4 9441 14 211. 2 4 104 *4 11*1 I*
20 • 11 144 44 *14! 91 T4. 1 1 149 44 1221 2* 124. 1 9 144 44 9144 41 IT*. 2 144 44 42T4 *T 220. 2 4 144 40 1401 24
21. 11 114 9 4219 4 Tl. 1 1 ISO 9 *244 1 121. 1 9 194 9 T4S4 « i n . 2 194 9 m i 9 221. 2 « 194 9 1*41 9
22. 11 194 14 TH2 4 T2« 1 1 194 14 im • 122. 1 9 194 14 TUT T IT2. 2 194 14 WT I* 222. 2 * 194 14 141* 10
21. 11 IM 24 T444 I* Tl. 1 1 194 24 9421 11 121. 1 9 194 24 Till 14 ITS. 2 190 24 MM 20 221. 2 4 194 24 4**2 14
21. 11 194 44 T424 11 14. 1 1 194 44 9141 21 124. 1 9 194 44 •119 24 IT*. 2 194 44 11  T9 44 224. 2 « 194 *1 T44* 10
21. 11 194 44 TT1T *2 T9. 1 1 194 44 411* » 129. 1 9 194 40 4*00 94 ITS. 2 194 M ♦4*1 44 229. 2 4 194 43 •TO* 94
24. 1 2 29 9 4*4* 2 T*. 1 4 29 9 2T41 1 12*. 2 1 29 9 4440 2 IT*. 1 29 9 1414 2 22*. 2 9 29 9 949* 2
2T. 1 2 29 14 2412 1 TT. 1 4 29 14 1412 1 12T. 2 1 29 14 1219 4 ITT. 1 29 14 2411 1 22T. 2 9 29 14 1*12 4
24. 1 2 29 24 2411 4 T4. 1 4 29 24 444 2 124. 2 1 29 24 2T44 • 1T4. 1 29 24 1*01 4 224. 2 9 29 24 2*92 •
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14. 1 2 T9 1 TTS* 4 4*. 1 4 T9 9 4*42 2 IM. 2 1 T9 9 TM2 4 14*. 1 T9 9 4112 4 21*. 2 9 T9 9 TTOS 4
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14. 1 2 TS 21 *14* 12 44. 1 4 T9 20 1441 4 114. 2 1 T9 24 *404 13 144. 1 T9 24 S**4 12 214. 2 9 T9 24 •4*1 14
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TABLE XX

HYPOTHESIS TESTIMG FOR THE SIGMIFICAHCE OF DIFFERENCES 
IN f AND F DUE TO THE ESTIHATION METHOD (H>1 AND H»2> 

THEORETICAL DATAi ANOVA-TESTS

Poatulatad df Coaputad alpha Tabulatad Daacrlptiva
Hyoothaaia N1/N2 F D<. •• F ata

H3 1/283 23.073 .23 1.32 0.2917
.10 2.71
.03 3.84

<F taat for f> .01 6.63

H4 1/238 6.033 .23 1.32 0.1344
.10 2.71
.03 3.84

<F taat for F> .01 6.63

Rula: at alpha-parcant laval of algnificancai
Rajact Hf If FcoapUt»d > ^Tabulatad>
Do not rajact Hf If FcoapUta(j < Flabulatad'

i
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TABLE X

HYPOTHESIS TESTIH6 FOR THE TRUE SIGHIFICAHCE OF DIFFERENCES 
IN 1 AND F DUE TO THE ESTIHATION METHOD (H-l AND H>2) 

THEORETICAL DATA: T-TESTS

Poatulatad
Hyoothaala

df
N1-N2-2

Coaputad
t

alpha 
D<. ••

Tabulatad
t

248 -4.80 .23 -1.136
.10 -1.643
.03 -1.960

<Lo«ar Tall Taat< .01 -2.378

H6 248 -2.46 .23 -1.136
.10 -1.645
.03 -1.960

<Lovar Tall Taat> .01 -2.378

Lovar Tall Rula: at alpha-parcant laval of aigniflcanca:
Rajact Hj if t£oanUt»d — ̂ Tabulatad'
Do not rajact H# If tCoaputad > tTabulat#d
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TABLE XI

CODED EXPERIMENTAL REALIZATIONS ON SYSTEM EFFECTIVENESS 
BASED ON THE THEORETICAL TOTAL FLOAT (F) IMPLEMENTATION

Eatiaation
Method

n

Diatribution of: 
Failure Repair 

F R

Operation*
Availabil.

A

Channel
Utiliz.

P

Waiting 
For Rep. 

W
1. 1 1 1 776 999 1447
2. 2 1 1 886 994 642
3. 1 2 1 581 1000 3557
4. 2 2 1 862 994 792
5. 1 3 1 668 1000 2461
S. 2 3 1 840 998 952
7. 1 1 2 777 999 1438
8. 2 1 2 886 987 645
9. 1 2 2 582 1000 3546
10. 2 2 2 859 994 817
11. 1 3 2 669 1000 2454
12. 2 3 2 844 998 929
13. 1 1 3 749 999 1670
14. 2 1 3 874 989 722
15. 1 2 3 568 1000 3741
16. 2 2 3 830 994 1014
17. 1 3 3 645 1000 2725
18. 2 3 3 818 997 1107

Kay to the noalnal value* of the polytoaoua variable*.
H: (1) Levin*-Low & Levia-Hadu eatiaat* iapl*a*ntation;

(2) Reliability Baaed Triangular aatlaat* iaplaa*ntation.

F: (1) Exponential, (2) Weibull, and (3) Erlang-2 failure*.
R: (1) Exponential, (2) Erlang-2, and (3) Lognoraal repair*.
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TABLE XII

HYPOTHESIS TESTING FOR THE SIGNIFICANCE OF DIFFERENCES 
IN A, P, & V, DUE TO THE ESTIHATION HETHOD (H>1 AND N>2) 

EXPERIHENTAL DATAs ANOVA-TESTS

Poatulatad
Hvoothaala

df
N1/N2

Coaputad
F

alpha
D<. • •

Tabulatad
F

Daacriptlva
ata

H? 1/16 41.814 .23 1.31 0.8304
.10 2.67
.05 3.63

<F taat for A> .01 6.23

Ha 1/16 

<F taat for P>

20.363 .23
.10
.03
.01

1.31 
2.67 
3.63 
6.23

0.7499

Hg 1/16 30.363 .23 1.31 0.8101
.10 2.67
.03 3.63

<F taat for W> .01 6.23 a

Rulat at alpha-parcant laval of aigniflcancat 
Rajact Hf if F ^ p y ^  >
Do not rajact Hf if Fcoaputad - ̂ Tabulated*
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TABLE XIII

HYPOTHESIS TESTING FOR THE TRUE SIGNIFICANCE OF DIFFERENCES 
IN A, P, 1 V, DUE TO THE ESTIMATION METHOD <H»1 AND H>2> 

EXPERIMENTAL DATAt T-TESTS

Poatulatad df Coaputad alpha Tabulatad
Hyoothaaia Nl*N2-2 t o<. •• t

H10 (9.34): 9 -6. 47 .23 -0. 7027
.10 -1.3830
.03 -1.6331

<Lovar VMaai--Hah .01 -2.6214

«11 (8.2B)t 8 4.33 .23 0.7064
.10 1.3967
.03 1.8393

>Uppar Tail Taat> .01 2.8963

h12 (8.51): 9 3.33 .23 0.7027
.10 1.3830
.03 1.8331

>Uppar Tall Taat> .01 2.6214

Lovar Tail Rulat at alpha-parcant laval of aignlficancai
Rajact Hf if tcoanUt»d 1 ̂ Tabulatad*
Do not rajact H# if tCoBput#d > tT,bulatad

Uppar Tail Rulat at alpha-parcant laval of aignificancat
Rajact Hf if tcoaputad - tTabulatad*
Do not rajact Hf if tQ0*putad < ^Tabulatad
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TABLE XIV

HYPOTHESIS TESTIMG FOR THE SIGNIFICANCE OF DIFFERENCES 
IN A, P, & V, DUE TO THE REPAIR DISTRIBUTION 
[(1) EXPONENTIAL) (2) ERLANG-2) (3) LOGNORMAL] 

EXPERIMENTAL DATA: ANOVA-TESTS

Poatulatad df Coaputad alpha Tabulatad Daacrlptiva
Hyoothaais N1/N2 F D<. •• F ata

h13 2/13 0.066 .23 1.32 0.0936
. 10 2.70
.03 3.66

<F taat for A> .01 6.36

«14

<F taat

2/13 

for P»

0.220 .23
.10
.03
.01

1.32 
2.70 
3.66 
6.36

0.1666

H1S 2/13 0.034 .23 1.32 0.0646
.10 2. 70
.03 3.66

<F taat for M> .01 6.36

Rula: at alpha-parcant laval of algnifieaneat
Rajact Hf if Fcoaputad * ^Tabulated*
Do not rajact H# if FColRputffd < FTabulatad.
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TABLE XV

HYPOTHESIS TESTING FOR THE TRUE SIGNIFICANCE OF DIFFERENCES 
IN A, P, & V, DUE TO THE REPAIR DISTRIBUTION 

[(1) EXPONENTIAL) (2) ERLANG-21 
EXPERIMENTAL DATA: T-TESTS

Poatulatad df Coaputad alpha Tabulated
HvDothaaia Nl*N2-2 t D<. •• t

h16 10 -0.01 .23 -0.6996
.10 -1.3722
.03 -1.8123

<Lover Tail Taat< .01 -2.7636

h17 10 0.49 .23 0.6998
.10 1.3722
.03 1.6123

>Uppar Tail Taat> .01 2.7636

Hie 10 0.01 .23 0.6996
.10 1.3722
.03 1.8123

>Uppar Tail Taat> .01 2.7636

Lover Tall Rula: at alpha-parcant laval of elgnlflcance: 
Rajact Hf if tcOBpUted - ̂ Tabulated’
Do not rajact Hf if tcoaputed > ^Tabulated

Uppar Tail Rula: at alpha-parcant laval of significance: 
Rajact Hf if tcoBpUt»d > tabulated?
Do not rajact Hf If tcoapiit^j * ^Tabulated
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TABLE XVI

ALTERNATIVE (F, S) COMBINATIONS ALLOWING A FIRH WITH 
N-80, ERLANG-2 FAILURES AND REPAIRS, AND r>0.60, TO 
ATTAIN AN A>0.99 FOR THREE UNDERLYING COST STRUCTURES

Underlvina Coot Structure
Alternative (i) (11) (ill)
Coabinatlon Cpa*190/d«y Cp-*112.5/day Cp-t 79/day
( F, S) Cs« 79/day Cg- 112.S/day Cg- 190/day

• • •
42,

•

80 6, 300*6,000-12,300
a

4,729.0*9,000.0-
a

13,729.0 3, 190* 12,000-19,190
a

a

•

42,
•

96
a

a

6, 300*4, 200-10, 900
a

a

a

4,729.0*6,300.0-11,029.0
a

3, 190*
a

a

8,400-11,990
a

•

42, 93
a

a

6,300*3,979-10, 279-
a

a

4, 729.0*9, 962.9 10,687.9 3,190*
a

a

7,990-11,100
43, 92 6, 490*3,900-10,390 4,837.9*9, 890.0 10,687.9 3,229* 7,800-11,029
44. 91 6,600*3,829-10, 429 4, 990.0*9,737.9 10,687.9 3,300* 7,690-10,990
49, 90 6,790*3,790-10,900 9,062.9*9,629.0 10,687. 9 3,379* 7,900-10,879
46, 48 6,900*3,600-10,900 9,179.0*9,400.0 10,979.0* 3, 490* 7,200-10,690
48, 48. 7, 200*3,600-10,800 9, 400.0*9,400.0 10,800.0 3, 600* 7,200-10,800
49, 47 7, 390*3,929-10,879 9,912.9*9,287.9 10, 800.0 3,679* 7,090-10, 729
30, 46 7,900*3,490-10,990 9,629.0*9,179.0 10,800.0 3,790* 6,900-10,690
31,

a

49 7,690*3,379-11,029
a

9, 737.9*9,062.9 10,800.0 3,829* 6,790-10, 379
a

a

a

53,
a

49
a

a

8,290*3,379-11,629
a

6,187.9*9,062.9 11,290.0 4,129*
a

a

6,790-10,879
a

a

a

80, 49
a

a

12,000*3,379-19,379 9,000.0*9,062.9 14,062.9 6, 000*
a

a

6,790-12,790

•: ainiaua coabinad coat of atandby float unita <F), and aarvlca channala <S),
yielding the optiaua (F-, S O  coabinatlon.
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