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ABSTRACT

ANALYSIS, DESIGN, AND RELIABILITY BASED TRIANGULAR
ESTINATION MAINTENANCE FLOAT POLICY FOR LARGE SYSTENS
WITH HIGH OPERATIONS AVAILABILITY REQUIREMENTS
by

Nicholas C. Georgsntzas

Adviser: Dr. Michael N. Chanin

The equipment failure distributions commonly identified in
practice pose great difficulties in the establishment of sound
maintenance float policy (NFP), What wmotivated the present
study, hovever, is a set of analyticsl reliasbility based
estimation constructs, vhich have wmanaged to bypass the
obstacles of efficient NFP determination. Folloving their
methodology, the MNFP estimation 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 estimation wmodels is formally derived and tested.
Guided by these promising constructs, the conceptual schema of
the NFP framevork is enlarged in order to integrate econoaic,
social, and technological implications of wmaintenance float

systems vhich had been overlooked in the past.
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CHAPTER I

INTRODUCTION AND REVIEW OF THE LITERATURE

Purpose of the Study

The purpose of this study is to investigate vhat is
appropriate for the establishment of maintensnce f{lost policy
(MFP), during the initial setup and debugging of a nevly planned
manufacturing technology, a nev factory, or any nev production/
operations (P/0) facility wvith a high level of operations
availability requiremsents. The decision makers’ knovledge on
the equipsent failure and repair continuous timse distributions,
on the capacity requirements in terms of the initisl number of
units in operations, as vell as on the overall systes

effectiveness snd reliability, are st the core of the snalysis.

Vithin the first research wodule sose NFP guidelines for

systesg planning and design vill be asnalytically derived. That
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part of the paper vill further extend the current model base on
NFP to include the case of the relisbility based triangular
estimation technique. ¥ithin a second, but of equal importance
experimental wmodule, the theoretical constructs vill be tested
in terams of their underlying assumptions and factors. The third
and final wmodule will explore s set of alternative
cost/effectiveness criteria vithin the context of management

planning for saintenance flost systese.

Prior to discussing the conceptual framevork of the
maintenance float policy resesrch at both the single- and
sulti-facility levels, a brief overviev of the developments and
applications in the wmsaintenance sanagement literature vill be

given.

Statesent of the Problems

In the spirit of Barlov, Proschan, & Hunter (1963), the
purpose of an HNFP is to determine the total number of open
service channels, as vell as the number of support units vhich
sust be held aside in order to maintain a close to continuous

flov of operations. The isplied management objective is to
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wminimize the total cost of lost production attributable to
equipment downtime, maintenance personnel, and standby units,

vhile saintaining operations highly available.

The pursuit of sn analytical solution to the NFP probles is
not easy. Haintenance <float systems pose great msodeling
difficulties prisarily due to the complex equipsent feilure
distributions wvhich occur in practice. Further comsplications
arise from the interdependence betveen operations snd repair
facilities, vhich render the establishment of an effective NFP

even more difficult (Gertsbakh & Kordonskiy, 1969).

-Boaod on the above obstacles, the detersinstion of the
g?t1n0l NFP for a given maintenance flost system is considered a
classic smong production/cperations managesent (P/0OM) probleas.
It has attracted considerable asttention and hess been solved
under specific assusptions regarding both the failure snd repair

distributions as vell as the reliability of equipment.

Levine (196S), for example, theoretically derived an NFP
wodel by wutilizing the notion of the repair to failure ratio
(r), defined as the ratio of wean time to repair (NTTR) over the
sesn time bDetveen failure (NTBF). His wnodel provides an
approximation to the NFP for a saintenance float systes with
equipsent vhich break down sccording to an Exponentiasl

distribution and their repair times being eslso Exponentially
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distributed. Levine’s 1965 paper weotivated e nev resesrch
streaa. His vork vas extended by Love &L Levis (1983), vho
developed an NFP wmodel for the cosbination of Weibull feilure
snd Lognormal repsir distributions. Their snalysis vas carried
further by HNadu (198S), to include the cases of Gamma,

Lognormal, Normal, and Uniform failure distributions.

These recent studies have esployed a nusber of snalyticel
and experimental simulation techniques, in order to support
sanagement decisions on HNFP detersination. Some of ¢the
formulations have reached quite efficient and ready to implesent
solutions. In addition, they have provided evidence that
certain assumptions end factors, deemed important in the
maintenance float policy wmodeling process, should be further

studied.

Apart from its purely academic origin the need for further
investigation on the wmssintenance float systems problem sleo
stess from the resl vorld of business. As nev technologicsl
advances result in the replacement of wsen-machine systeas,
organizations rely on wmore complex and costly automata (e.g.:
computers, robotics, <flexible manufacturing systems, etc.), in
order to compete. Vithin this process of change they realize
higher quasi and/or actusl rents for their human and physical
assets. This higher cost, coupled vith the incressed complexity

that aeutomation poses on P/0ON systems, creste the attention
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that industrial and service, for- sand non-profit organizations
pay to maintenance management theory and spplications (Gilbert &

Finch, 1985).

Some real life NFP applications include emergency vehicles,
air-force and navy fleet maintenance, life and safety sustaining
systess, information systems, and flov- and job- production
shops. According to Fersko-VWeiss (1%86), Fox (1977), Gotwals,
Smith, Kruse, & Fortune (1977), Van Eseltine (1974), and Claire
(1986), a very high level of operations availability is required
for such systems to achieve their purpose. Their performance is
deternined by managesent decisions on the number of standby
units as vell as on the size of their repeir crev. In addition,
the videly implemented just-in-time (JIT) systews, also depend
upon the availability of the production equipment vhen needed,
and on 8 high level of system reliability during a P/0 planning
horizon. According to Claire (1986), tod iany managers regard
the waintenance function as s necessary evil, and this is
probably the most costly wmistake s msnager can make. One of the
major maintenance resocurces, plant and production equipsent,
requires saximum operations availability as vell as relisbility
for 8 JIT system to be successful. Thus, it becomes imperative
to complement wmanagesent planning for JIT implementation vith s
sound NFP, Providing decision support to managers of systems
vith high availability and relisbility requirements is precisely

the task of the analytically derived and experimentally tested
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and investigated wsaintenance float policy construals of this

study.

Contribution of the Study

Within the process of investigation on the above expoaecd
real orgenizational 1life problem, this research provides a
contribution 4in a number of vays. First, it adds to the recent
norsative NFP research by developing a set of flexible,
reliability based trisngular estimsation models. The statistical
techniques employed vithin a set of experisental analysis
modules, show that these nev models can significantly improve
the process of maintenance float policy determination. Second,
it enlarges the conceptusl schema of the NFP framevork, alloving
to integrate, study, and increase understanding of the social,
economic, and technological implicetions of maintenance float
systeas. Sope of these implications have been totally
overlooked in the past. Naintenance float systems have been
considered as the wmathematical equivalent to (finite queues,
limited resource queues, or mixtures of the tvo, and to dynamic
inventory control. This study breaks avay from this established

plausible but narrov engineering perspective by considering
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maintenance float systems vithin their larger P/0N context.
Third, by doing so, it evalustes NFP vith an enhanced set of
physical perforsance mneasures vhose surfaces allov to recognize
and subsequently anslyze waintenance float systes tradeoffs.
Fourth, this study resolves a8 "systery® in theoretically
explaining vwhy cost optisal wmaintenance float policies are so

sensitive to a firm’s underlying cost structure.

Outline of the Dissertation and Nethodology

The remainder of this chapter vill present a brief overviev
of the waintenance and systea reliability concepts. A
literature reviev related to the specific ares of inquiry will
follov, 4in vhich the established <framevork as vell as the
}ocontly developed NFP models vill be presented. Chapter I will
conclude vwith the level of analysis and limitations of the

study.

Chapter II Dbegins vith the w=aintenance (float policy
determinastion wethodology, sdopted to provide theoretical
consistency vith <existing NFP wsodels. It explains the

underlying structure of the nev models thst follov and continues
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vith a discussion on the specific argusents that motivated the
relisbility based triangular estisation sodels vhich are built
snd tested as part of this study. Chapter II also includes the
theoretical proofs of the nev constructs, and concludes vith a

sussary of results given in a table forsat.

In Chapter II1I certain assumsptions underlying the employed
methodology are revisited for testing on the basis of
experimentally generated data. Issues of descriptive and
predictive validity sre considered as the explanatory pover of
certain major NFP factors is assessed. A pilot study and a
total of three experimental asnalyses are reported in the
chaﬁtor. The wotivation, the underlying assusptions, the
employed wmethodology, and the significant results sre provided
for each study under the headings of “experisental design® snd
‘analysis of results."® ¥ith s separate statistical treatment
for theoretical and experimentsl dats, the relisbility based
trisnguler estimation wmodels are shovn to aignificently imsprove

the process of NFP determination.

Chapter IV is primarily concerned vith the study of physical
perforsmance characteristics of saintenance float systems. Within
san integrative effort, a <fourth experimental analysis 1is
reported vhere measures of physical perforsance sre alloved to
influence the final determination of maintenance float policy.

Three cost optimal NFP examples are provided as an illustration
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of their sesensitivity to a hypothesized fira’s underlying coet
structure. On the basis of the employed analytical/experimental
framevork, the sensitivity issue is theoretically explained with

the aid of 8 constrained cost minimizstion approsch.

Chapter V contains - a sumsary of this study’s major
experimental and theoretical findings, and concludes vith s set
of propositions for future resesarch. Throughout this paper a
total of thirteen figures and eixteen tables are utilized in
order to support and better explain s mixture of conservative as
vell as radical extensions to the existing knovledge base on
NFP. It is hoped that the final product stends above the
minimun snalysis, clarity, sethodology, and overall
signification standards required for risky resesrch sdventures

such ss this.

Haintenance and System Relisbility

The purpose of an effective maintenance policy is to keep &
P/ON system in optimsum operating condition so that it can
satinmfy expected demands at a minimum cost (Hardy & Krajevski,

1973). From a practitioner’s point of viev, all components of
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such a system are subject to deterioration and occasional
failure in performing their assigned tasks. Hov fast
deterioration occurs and hov frequently breakdovns impose
idleness on vorkers, equipment, and perhaps on the entire
system, clearly depends on the design of the system, the

ewployed equipwent, and the local stress conditions.

In a wore narrov sense, maintenance is intended to improve
the reliability of esuch physical assets as sachines, material
handling of equipment, or cosputers, and the safety of buildings
and facilities. According to Dervitsiotis (1981), the
deterioration and failure patterns for highly critical systes
components can be observed, recorded, and analyzed rather
objectively. Thus, a considerable amount of study has led to
the development of both practical and theoretical sodels that
cen be used to forlulnio maintenance policies. The result of
their successful implementation, hovever, requires an
improvement of the overall reliability of the P/ON system at

large.

Although the term "reliability® has many different technical
resnings, the folloving definition by Bazovsky (1961), has
become most commonly accepted, according to Nayer (1970).

The reliability of a component (or system) at time t, say

R(t), 1is defined as R(t) = Prob{(T>t}, vhere T is the life
lsagth of the component. R is called the relisbility function.
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The above definition simply says that the reliability of a
component equals the probability that gho component does not
fail during the interval [0, t] (or, equivalently, reliability
equals the probability that the component is still functioning
st time t). For example, if for a particular item R(t;)=0.95,
this weans that approximstely 95% of such items, used under

certain conditions, vill still be functioning at time t;.
In terms of the pdf of T, say {,
R(t) = g‘: £(s) ds. (1
In terms of the cdf of T, say F,
R(t) = 1 - Frob{T<t) = 1 - F(t). (2)

The concepts of relisbility and failure rate are éontrcl to
maintenance wmanagement, and sre considered important tools for a
thorough study of “failure wmodels.® MNayer (1970), poses that
the decision on vhat is s “reasonable® failure lav to sssume, is
equivalent to determining vhat is s reasonsble mathesatical
model for the description of eose observational phenosenon.
From @ strictly mnathematical point of viev, one may assume any
pdf for T and then simply study the consequences of that
assusption. Hovever, 1if there is interest in having the sodel

represent (as accurately ss possible) the actusl failure data
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available, then the choice of the wnodel must take this into

account.

A subsequent and more difficult problem is the evaluation of
the relisbility of a systes vhen the reliability of ell of its
components is known. According to Hillier & Lieberman (1986, p.
762), statistical estimation of component reliability is vell in
hand, but estimation of system reliability from component data
is virtuslly an unsolved problea. One simple (but relatively
important) case is the esystem of N components, connected ir
series, functioning independently, end the ith component has
reliability Ry(t); then, the reliability of the entire systes,
say R(t), is given by

&

i R(t) = Ry(tIRz(t)...Ry(t), (3)
and the reliability of the system is less than the reliebility

of any of its parts.

Another important csse is a persllel system in vhich the
components sre connected in such a vay that the system fails to
function only 41f all the components fsil to function. For a
system of N components operating in parallel, functioning
independently, sand if all the components have equal reliability,
say Ry(t)=r(t), for all i, then the reliability of the systes,

say R(t), is given by
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R(t) = 1 - (1-r(t)IN, (4)

vith the gystem being more reliable than any of the individuasl

components.

Whereas a series operation is often mandatory (that is, s
number of components must function in order for the system to
function), systems are mostly designed for perallel operstion in
order to incresse their reliability. Despite the form and the
doiign, hovever, the wmaintenance system is called upon either in
a predictable manner for preventive maintenance, or at arbitrary
intervals vhen failure is signaled by significant deviations
from accepted standards in the quality of output or the cost
and/or time to produce 1it. A genersl description of a
maintenance system and its operation (Figure 1), should include
a set of decision variables, input, output, constraints, and

seasures of performarce.

Folloving the prerequisite variety of maintenance issues, a
vide spectrus of alternatives has becowe available in order to
keep equipwent in satisfactory wvorking ordcrvlt a minimum cost.

The analyticsl developments 1in saintenance wmodeling - other
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than, and yet related to NFP, can be classified in three major

categories (Table I).

(1) Inspection. It is intended to determine the operating
stetus of a component and may be visual or require some tests
for wsessurement vith special equipsent. If the inspection
reveals defective perforsance, the inspected comsponent may be
repaired or replaced. It is s videly employed alternative for
saintenance at all levels of P/ON systess. Several suthors
(Hayre, 1983; Luss, 1976; Sengupta, 1980), have wmodeled
continuous time maintenance probless, vhere equipment
deteriorate according to a Markov or semi-Markov process. Their
solutions consist of inspection and replacesent schedules that

minimize the long run expected average cost per unit of tiwe.

(11) v cH) . This is the
alternative used after e component breasks dovn and replacement
is not advisable. CH policies tske into consideration hov
critical the component is, and vhether or not there is a standby
unit that takes over to avoid production stoppage. The
literature on CH can be further divided into tvo wmajor

sub-classes.

The first CHM sub-class, includes wmodels built to represent
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sinimal repair (MR) policies, vhich restore a system vithout
affecting its failure rate. The KR concept vas introduced by
Barlov & Hunter (1960), 4n their Policy I model that involves
maintenance of fairly sisple equipwmsent. Brown, MNahoney, &
Sivezlian (1983), define MR as the type of repair or replecement
vhich is sufficient to return_ the equipmsent promptly to
operational status. They combined the MR concept wvith that of
*hysteresis repair® vhich leads to partial recovery of the
systewm, to extend Eppen’s (1963) model, by including a discount
factor. As a result, Brovn et sl. (1983), determined the
optimal service age of equipment, vhich once resached, managesent
must decide vhether to replece or completely overhsul. By
expressing MR as the feilure rate of equipsent, that ia:
MR(t)=1-R(t)sF(t), for t>0, Nakagava & Kovada (1983), derived
the tvo replacement policies that vere originslly developed by

Barlov & Hunter (Policy I, 1960), and Morimura (1970).

The second CH sub-class of wmodels includes constructs
concerned vith repair 1limit (RL) policies. The first RL wmodel
vas developed by Nakagsva & Osaki (1974), and it vas extended to
its wmore general form by Nguyen & Nurthy (1980), vho found it
optimal over both deterministic as vell as stochastic RL
policies. Under the RL formulation, a systems is alloved to
operste until a failure occurs. A repair is immediately
spplied, but if it is not completed after a time limit RLste,

the unit undergoing repair is replaced by a nev one.
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te winiwmizes the expected cost per unit of time over an infinite
horizon, vhile s completed repair is sssumed to sake a component
ss good as nev. Lasbe (1974), extended the RL policy model to
incorporate past repair cost data, vhile Beichelt (1982), found
it wmore cost effective than the economic life time policy models
{Lamson, Hastings, & VWillis, 1983; Lohsan, Foster, & Layman,
1982), vhere replacement decisions sre based solely on the age
of equipment. Age replacesent policies are based on deteraining
the useful age of a unit in operations (Mehrez & Stulman, 1983).
After that age 1is reached, the unit is considered unproductive
and thus, costly to maintain. Similarly, the RL policy is used
to decide vhen to repair or replace s unit on the basis of cost
or equivalently on the basis of the time required for its repair

(Nakagavs & Osaki, 1974).

(1ii) Preventive HNaintenance (PN). It is generally

considered a wore comprehensive approach ss it relies on both
inspection end repair, according to s predetersined plan of
action. Such action in PN may range from minor or msjor repairs
to replacing perts or even an entire cosponent. PN may be
scheduled at different time intervals, st random or
sequentially. An important condition for PM implementation is
the small varisbility in the failure free run time of equipment,
vhich wmskes an optimal inspection schedule <feasible. VWhite
(1979), defined PN as » periodicslly performed operation that

prevents failure, increases equipment relisbility, and detects
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components vith high failure rates. Policy 1I of Barlov &
Hunter (1960), consists of s PN schedule vhich once epplied,
returns o systes to a state that is equivalent to that following
replacement. Thus, the optisum PN policy maximizes the
*limiting efficiency® of s system, defined as the fractional
amount of feilure-free run time of equipmsent over long intervals
of tiwme. Nguyen & Nurthy (1981), studied the PN problem under
the assumption ‘hat the life distribution of a system changes
after each rerair, as the failure rate function increases vith
the number of repairs. For them, the aim of PN is to upgrade
the reliability of equipment by reducing the chances of machine
breskdown. For Mann &L Costes (1980), PN is a control mechanism
vhich provides corrective action according to feedback on
equipment performance and wsaintenance needs. Several suthors
have utilized optimization techniques to =model PH. The
assumption underlying their mathematical constructs is that
thgro exists 8 cut off point vhere it is more econosical io
apply PN rather than emergency maintenance. Thus, in order to
be wmore effective, P wmust be scheduled just prior to
breakdown. Such an 1intervention may prevent the failure of
equipment, and may reduce both the cost of breakdovn as vell as
the cost of frequent inspectiona. If the equipment breakdown
pattern is knowvn, PN becomes much easier to implement, but still

there is no certainty vith respect to its finsl effectiveness.
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In general, stochastic failure rates necessitate the use of
complex wsathematical techniques and restrictive assumptions in
modeling wmaintenance policies. Unfortunately, this results in a
shift from simple, tractable, and easy to implement models, to
more and wore complex wathemsticsl construals. On the other
hand, as the cost of investing in nev machineg riszs, managers
seek wore efficient seans to predict and control the behavior of

the systems they manage.

Bullock (1979), and Chanin & Sphicas (1980), identified and
reported on this videning gsp betwveen theory and practice in the
maintenance management literature. Ballock’s survey found that
complex mathematical wmodels are confined to large in size and
slack resources orgsnizations, vhile Chenin & Sphicas posed
that, slthough useful for academic purposes, such models sre of
less practical utility. HMNost of their prescribed policies claim
to ainimize the total cost of wsaintenance by determining an
optimum replscement and/or repair schedule. In addition to
their complexity these wmodels establish their cost optimum
policies by studying wmaintenance systems on a unit by unit
basis. No asttespt is made to capture the performance of the

systen they study as a vhole.

In practice, hovever, there are situstions vhere important
equipsent must be kept in operation regardless of cosponent

failures. In such cases, a systeas breakdovn is likely to have
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serious consequences due to disruption, dovntime cost, or
resulting unsafe conditions. That is vhen a maintenance float

system is typically used.

The Maintenance Float Policy (MFP) Framevork

A waintenance float system is typically used vhen it is
important to keep critical operating fscilities st a high level
of availability. It i1is a form of redundancy vhich once
introduced impraoves the reliability of a systes as a vhole.
Thus, the genesis of the literature sampled and classified in

the lover part of Table I.

The research domsin includes a P/0ON system vith three major
sub-components: an operations facility, a repsir station vith
sultiple service channels, and a set of standby float units
(Figure 2). The float is a ready (hot) invontory of spare units
immediately available to replece the units vhich fail. Once

repasired at the central repair station (CRS), the equipment
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return to a standby condition. In Figure 2, let N denote
productive capacity in terms of a given number of independent,
yet identical and simultaneously functioning equipment in their
operations system environment. The length of time during vhich
e unit opersting under stress conditions occupies san "up® state
(viz., the unit is in good vorking order), can be thought of as
the time betveen tvo successive "dovn® states, during vhich the
unit is dinoperative, or ceases to function properly under the
stress applied. Calling this up time "time betveen failure,*
or "life length,” say T, a continuous random variable 1is

realized, vith some pdf.

Existing ewmpirical evidence indicates that the value of T
cannot be predicted from a deterministic wmodel. That is,
*identical® components subjected to "identical® stress fail at
different and unpredictable tiwmes. Some fail quite esrly in
their life and others at later stages. 0Of course, "the manner
of failing® varies vith the type of component being considered.
A fuse, for example, fails rather suddenly in the sense that one
moment is vorking perfectly and the next wmoment is not
functioning at all. A steel beas under s heavy load, hovever,
veakenas over a long period of time. In any event, the use of a
probabilistic wmodel, with T considered as a continuous random

varisble, seems to be the only realistic approach.



-21-
¥hen any of the initial N units in the operations fecility
faile (viz., changes from its up to a dowvn state), it is
released for repair. The time required for its repair - to be
performed at the CRS, is also a continuous random veriable and

88 such it sssumes some probability distribution as vell.

Whenever a failure occurs the number of operating units is
reduced to N-1. If any reserve units are svailable, the down
unit is replesced by an up, the presence of vhich immsediately
restores the nusber of operating units back to N. It is assumed
that any standby units present are not actually in use, and
therefore have no probsbility of feilure. Swvitching in of a
redundent unit occurs vith perfect reliability snd unispaired
perforsance. In such a system, a fixed nusber of units (those
in operations, plus on reserve, and those undergoing and/or
vaiting for repair), are alloved to free-float as they circulate

vithin an enlarged, yet closed P/0OM system.

The rationale behind maintsining standby units is the
folloving: any tiwe the number of equipsent in operastions
becomes less than N, the operations facility is not fully
available for production. As a general msanagement practice,
such a8 reduction in operstions aveilsbility is recorded as
unavailability or ‘*downtime,® vhich can further be translated

into cost of lost production.
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The asbove framework can be further extended to wmodel a
system of J operations facilities vhich employ similsr but not
identical production equipwment, they differ in terms of
capacity, and they are all serviced by a central repair station
(Figure J). Different stress factors may be reslized st each
facility, due to different environmental or locsl conditions,
demand load, handling of equipment, etc. Thus, vastly different
failure rates wmay be experienced at each operations facility.
Although it vould be valuable to wmodel and wsolve this
generalized HMFP problem for the J facility system, the

challenge is reserved for future research.

The wmaintenance float system described asbove has various
other names such as ‘'extra equipment,® ‘revolving fund,"*
‘saintenance exchange stock,® ‘“repairman’s problem,® or "spare
provisioning.* Regardless of the nawme, a unit vhich fails is
replaced by a unit from the float and the old unit is repaired
and returned to the float stock. It is this feature of
replacement and concurrent repsir vhich is unique to maintenance

float systems.




Naintenance Float Policy (NFP) Nodels

Severasl variations of the probles have been discussed in the
literature. The most common version involves the determinstion
of the optimal number of spares for operating components vhich
sare not repsired once they fail. Related models in the pure
replacement spere parts problem had been treated by Geisler &
Karr (1956), and Gourary (1958 & 1956). Those wmodels minimized
tho. expected total of veighted shortages, subject to a linesr
veight or cost restraint, vith the desand probability density

for spares assumed a priori.

On HNay ‘14. 1959, Guy Bleck and Frank Proschan presented ®On
Optimal Redundancy® at the Fifteenth National ORSA Meeting in
Washington, D. C. (Bleck & Proschan, 1939). Their wodel
saximized reliasbility by optimus allocation of redundant units
likevise subject to @ linear constrasint. The demand for
redundant units, hovever, instead of being assumed & priori, it
vas generated by the failures of operating units followving an
Exponential distribution. Thus, in order to obtain the
composition of the optimal number of redundant units, Black and

Prochan vere the £first to use information on component failure
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rather than informetion on component demand distributions.

Proschan (1959), had alreedy shovn that an optimsal
combination of redundant units can be obtained for the case of
nonexponential life distributions as vell. All that is required
for the underlying densities of the cosponent failure timea is
to possess the wmonotone likelihood ratio property. This
property characterizes the Exponentiasl, Gamma, Normal, and many
other distributions. Due to this property a system’'s
relisbility takes the form of a concave function which =&

combination of redundant units seeks to maximize.

Additional wodels on the pure replscement spare parts
problem vere developed by Bhattacharyya (1967), Morrison (1961),
and Schveitzer (1967). Other approsches consider both
provisioning for spares and repair (e.g., Natarajan, 1968;
Srinivasan, 1968), but these have been typically concerned with
the derivation of the first time to fsilure, or the interarrival

tiio betveen failures.

Barlov et al (1965), perceived the maintensnce float system
in Figure 2 es s repairmen’s probles. They, likevise Hilliard
(1975), and Wehi (1966), formulated and solved it vith the aid
of the steady staste birth and death equations. Such s
formulation conveniently allovs for analysis vhich naturally

fits into the basic assumptions of queueing theory. It does
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facilitate the derivation of s cost optimal NFP solution,
although VWhite (19€7), would rather formulate and solve the
problem using dynamic programming. An alternative optimization
approsch vas proposed by Mani & Sarma (1984), wvho identified NFP
determination as @ ‘"closed queueing netvork® probles. Their
formulation seems to eliminate the need for explicit arrivsl and
departure assumptions for units vhich othervise vould be

considered extraneous to the maintenance systes.

Since 8 maintenance float policy is so difficult to
deteraine analytically, researchers have frequently easployed
experimental simulation. Schriber (1974), for exsmple, offered
a general description of a saintenance float systes and proposed
to study the behavior of the expected totsl cost function on the
basis of warginal cost paramseters associated vith the repair
crev size, the number of standby units, and lost production.
Additional trial-and-error extensions to the NFP problea via
simulation have also been considered by Weir & Tiger (1971),
White (1979), VWidavsky (1971), and other colleagues. Such an
extension yielding s specific solution vhile simultaneously
controlling for the effect of routine maintensnce, is the vork

of Johnson & Fernandes (1978).

The sbove stream of theoreticsl and experimental
sathesatical analyses on maintensnce float systemss vith both

replacement and concurrent repair has not explicitly considered
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the important issue of system reliability. Some of the authors
vho did incorporate systes reliability in their optimization
constructs, provided wmsinimum cost solutions to the NFP problems
vithin a spectrum of rather restrictive assumptions, deemed
necessary in the development of their mathematical wmodels.
Kumagi (1975), Rsmanarsyanan & Usha (1979), Sabrssanian ¢
Venkatakrishnan (1975), Stevenson (1972), and Ushs &
Ramanarayanan (1980), for exawple, vere forced to confine their
formulations to systems vith a very small number of units in

operations.

Similar difficulties are Treported by researchers vho
developed cost optimal direct search algorithas. The level of
complexity increases as a large number of identical equipment
vhich operate simultaneously require a considerable number of
service channels and standby units in order to maintain a high
level of  operations availability and system reliability.
Hilliard (1973), and VWahi (1966), for example, pose that for
large maintenance float systems the vector g:id boundaries get
very large. Additionally, likevise other authors on NFP, they
both conclude that cost optimal maintenance float policies vhich
are based on the assignment of marginal cost psrameters vill
alvays be  highly sensitive to s (fira’s underlying cost
structure. This last conclusion vas also reached by Nadu
(1985), vho folloved a cost ratio approsch, and Natasrajen

(1966). None of these authors ever explained why.
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Boris Levine (1965), vas the first to bypass the
difficulties in developing a reliability based, theoretical
estimation wodel vithout restrictions on the size of the systes.
He did so by wutilizing the notion of a maintenance system’s
repair to failure ratio (r), defined as the ratio of mean time
to repair (NTTR), over the wmean time betveen fmilure (MTBF). By
treating r as a varisble, Levine analytically developed an
estimation approach to the WNFP problem for the case vhere both
the equipwent fsilures end repairs follov an Exponentiasl
distribution. V¥allace (1985), reports that both the NTBF and
the HTTR are vell established notions snd they are still used
today vith the MNIL-STD-781, under the assumption of constant

rates.

Folloving Levine’'s wethodology, Love & Levis (1983),
developed a maintenance float policy for s public transportation
system vith Weibull failures and Lognorsal repairs. The
research domain vas further extended by Nadu (1985; see also
Nadu & Chanin, 1986), vho shoved (in Madu 1985: Corollary 1,
p. 49), that the structure of these relisbility based models
for the estimation of the maintenance <float factor (f), are
independent of and can be used vith any arbitrary repair
distribution. Consequently, Nadu derived s set of reliasbility
based NFP estimation formuli for the cases of Gamma, Lognorsal,

Normal, snd Uniform equipment failure distributions.
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The presentation of the Levine-Love L Levis-Nadu research
stream developments is simplified in this paper, by presenting
essential results in a tabular form, and by referring back to
Levine (1965), Love & Levis (1983), and Nadu (1985), for a more
detailed formal treatment vith proofs. Table II contains a
suamary of the relevant equations for the estimation of the
maintenance float factor £, for a given class of equipmsent

failure distributions.

Subsequently, the wsinimua wmaintenance total float (F), in
terns of both spares and service channels required to achieve a
relatively high level of operations availability, say A, can be
estimated as 8 function of the the float factor and the number

of units initially in operations. That is

F = £ N (35)

Unlike the cases of the Exponentiel and Weibull equipwment
failure distributions vhere the anslytical results are
relatively easy to isplewment, the ronlizltionl, for example, of
a Gasma failure distribution may require the use of a rather
unvieldy equation. To deal with the problem, Madu reduced the

complexity of his forsuli by offering the asymptotic property
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based alternatives (Table III). From the Gasma distribution the
Exponential failure case vas obtasined and shovn to be equivalent
to Levine’'s original formulation. The special cases of Gamma
vere also obtained, and the f vas shovn to approach zero at the

limit for the Degenerate or Constant fatlure distribution.

Level of Analysis and Limitations

The literature sample on maintenance float systems indicates
the need for models that decrease the vector grid direct search
bound.r}ol for lsrge systems vith high availability
requiresents. This is precisely the need that the relisbility
b‘.od Levine-Love & Levis-Nadu estimation constructs ro.pon&id
to. The experimental anslyses reported by Love & Levis (1983),
end MNadu (1985), hovever, indicated that in both the cases of
large maintenance float systems and large repair to failure
ratio r values, their snalyticslly derived estimates fall short
from achieving high levels of operstions availability. For such

cases, the vector grid boundaries still remain large resulting
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in inefficient MNFP searches. The reliability based trianguler
estimation wmodels vhich are built and tested in the chapters to
follov, oare shovn to provide initial flost factor estimates that
significantly improve the optimal wasintenance float policy

determination effort, for both large systems and large r values.

Host of the formulations in the MFP literature depend on the
a priori assignment of cost parsmseters. Consequently, the
optimal maintenance float policies derived are very sensitive to
small changes 1in the marginal cost paremeters of the objective
functions they depend on. This study deviates from this
explicit a priori wmsarginal cost assigneent method. Throughout
the theoretical, experimental and statistical analyses vhich
follov in Chapters II, III, and IV, the primary focus is on the
physical performance characteristics of wmaintenance floast
systems. The iwprovement of the overall system effectiveness is
pursued in this study as nev facilities are planned, designed,

and built.

The behsvior of s NFP total cost function is considered s
posteriori in Chapter 1V. A steady state cost minimization
approach is the final determinant of the optimum maintenance
float policy, yet it is restrained by the decision makers’

choice on the physical performance of the systeam they manage.
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There sre certain limitations inherent in the wodeling
process of systeas. Unfortunately, certain relationships must
be excluded from considerstion. Little useful information would
be generated by a wodel in vhich ‘everything is related to
everything else,* even if the model vere mathemsticeslly
tractable. For this reason, a set of paths of primary interest
vas selected for analysis, under the assumption that such
selection does not deny the existence of possible relevant

others.

Furthermore, additional arguments wmight be wnsade for the
potentially interesting effects of the numserous wmaintensnce
issues and attributes not addressed in the present study.
Again, the selection process reflects the dimensions of grestest
immediate interest, and in no vay denies the existence or

influence of others.
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CHAPTER II

RELIABILITY BASED TRIANGULAR ESTIMATION MODELS

Maintenance Float Policy (NFP)

Estimstion Methodology

The approach esployed in this chespter vas adopted to provide
theoretical consistency vith the reliability based NFP
estimation wmodel base as s vhole. Each nev construct vill be
defined, developed, and its place in the schemse of relstionships
vill be wmade explicit. The nevly constructed model base vill
then be ready for the process of experimentation snd testing,
vhich involves sinmulation folloved by the asppropriste

statistical snalysis.

Levine (1963), once wmore, defined the wmaintenance float
factor £ as the proportion of units vhich have failed up to time

ta. Central to his msodel -vas the notion of system reliability
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as vell as the expected tiwe of the nth reneval of a unit, which
at steady state is defined ss n times the sum of NTBF plus ATTR.
That 1ie T(n)sn(NTBF+NTTR). To fix 4ideas, the <followving

notation and definitions are introduced.

N s number of units initielly in operations.

Ng 3 number of functioning units at time t (at time
ty: Ny = N-1).

R(t) : system reliability at ¢time t; defined as the
fraction of functioning units at tiwme t. Thus,
R(t) = N¢/N, with R(tg) = (N-1)/N.

NTBF : sean tise betveen failure.

KTTR 3 mean time to repair.

r ] repair to failure ratig; defined as r = NTTR/MTBF.

th, the time of the nth failure. It is required that
thn 2 ty+NTTR, so by the time the nth failure
occurs, the unit vhich caused the first failure
has already been repaired. ¥With this condition
the operations facility is never completely
unavaileble and en average of N units in
operations is achieved.

4 s saintenance float factor; defined as the

of units that have failed up to tiwme t.

Thus, £ = 1-(N¢/N) or slternstively, £ = 1-R(t).

F : maintenance total float; backup end service

channel requirements in support of sn average of N
units in operations. From (S) defined as F = 2N\.

In order to illustrate the methodology developed and applied
by the Levine-Love & Levis-Madu research streas, the equstions
yielding £ for the VWeibull feilure distribution (Table II,

formulee I1I-2, end Teble III, formulae III-2), are asnslytically

derived. These formuli represent s generslizstion of the Love &
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Levis (1983) wodel, and they have not appeared elsevhere in the
BFP literature. Hadu (1983, Theorem 3, p. 49), presented the

original Love & Levis result vithout proof nor any modification.

Weibull Distribution. According to Gredenko, Belyayev, &

Solovyev (1969), the distribution function

F(t) = 0, for t < O,
(6)

s 1 - exp{-(t/b)8), for t 2 0, J

vith shape parasseter 2>0, and scale parameter b>0, has been
given the newe ¥Weibull distribution. This distribution vas used
by Weibull in order to describe experimentally observed
variations in the fatigue resistance of steel, its elastic
limits, the dimensions of particles of soot, etc. It has
recently been used to study the variations in the length of
service of electronic equipment. Weibull’s distribution vas
knowvn earlier in probability theory as the limiting or Type III
extreme value distribution (Type I: Gumbel; Type II: Cauchy-
Frechet; Type III: Weibull; see Ledevmann, 1980). Today it is
videly used in reliability models for lifetimes of devices and

in order to model time requirements to task completion.




Theores }.
For a P/ON systes vith N units initially in operstions which
fail aeccording to s Veibull(a, b) distribution, the maintenance

floast factor is given by

£ =21 - exp(-[(1ntN/(N-1)1)1/8NTTR/D]®),

Proof:
assusing tise incremsents small enough so that only one unit

can fail ot a time, from equation (2),

R(ty) = expl-(t;/b)8), 7)

Since tj, hovever, signifies the {first failure of a unit in

operations, the system’s relisbility becowes

R(ty) = (N-1)/NM. (8)

Due to the equal left hand side of (7) and (8),




exp(-(t;/b)®) = (N-1)/N, (9)
or (ty/b)® = -1n((N-1)/N], (10)
or ty = b{-1lnl(N-1)/K})1/8, (11)

Due to the required condition given in the notstion and
definitions above: t, 2 ty*NTTR, vhere NTTR is the mean time

to repsir of an arbitrary repair distribution, and from (11),

tn 2 bi-1nC(N-1)/N1}1/8<nTTR. (12)

Thus, in order to maintain a minisum system relisbility, from

the equality in (12)

R(ty) = expi-{(b{-1nl(N-1)/N1}1/8+NTTRI/D}®), (13)




or R(i,) = expl{-[{-1n[(N-1)/K))1/8nTTR/D]}®),

Since £ = 1-R(t),

£ = l-exp{~[{-1nl(N-1)/N)}1/8+NTTR/D]®),

and due to the relationship

~lnC(N-1)/N] = Lln{N/(N-1)],

formulae (15) transforms to

£ = 1-exp{~[{1nIN/(N-1)1)1/8.NTTR/D]S).

(14)

(15)

(16)

(17)



Theorew 2.
For a P/ONM eystes vith a very large number of units

initislly in operations (N —>» @), vhich fail sccording to a

V¥eibull(s, b) distribution, the s=saintenance float factor is

given by

£ = 1-exp-{(NTTR/D)8),

Proof:
in (17), let N—»c. Then,

limy oo (N/(N-1)} = limypo0(1/01-(1/N)]) = 1, (18)

and since ln{(}l) = 0, (17) becomes

£ = l-exp-{(NTTR/b)%), (19

Q. E. D. a



Preliminary Arguments and Discussion

Turning back to Table II, in the case of an Exponentisl
distribution (formulae 1I-1), the value of £ depends on tvo
major factors: N and r. In the tvo parameter failure
distribution cases, the number of factors on vhich f depends is
increased. Namely, in the Gemma case (formulae II-3), £ is a
function of N, r, and s (s signifying the number of phases to
finsl failure). With Lognormal (formulae 1II-4), and Normal
(formulae 11-5), failures, the standard deviation becomes an

additional factor in the estimastion of maintenance float policy.

Table I1II, wvhich is s sumsmary of the equivalent NFP models
in their asymptotic form, shovs hov the complexity in the
equations yielding f is iwsediately reduced as N is assumed to
approach infinity. In all cases, the number of factors which
influence the estimstion of f is reduced. For example, the
saintenance float fasctor depends only on the repair to failure
ratio value in the Exponential case (formulae III-1). It is
expressed es a function of r and s in the case of a Gamma

failure distribution (formulae III-3).
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If equipmsent fail according to a Gamma distribution, as s
becomes large (viz., it approaches infinity), f becomes zero snd
the Degenerate result is obtained. Othervise, ss the flov of
operstions reaches a steady state, f becomes Constant and for
large values of N, from formulae (3), the maintenance total
flost F is directly proportional to the initiel number of units
in operations. The asysptotic results of Table 1II, have been
shovn to provide good approximations to the f estimates from

Teble II, even for N small (Madu & Chanin, 1986).

In spite the paradigmatic elegance, from the inception cof
the NFP wmodels, several asssumptions vere postulated. These,
slthough convenient for anslytical purposes, can be hardly
tenable in practice. The three major ones, vhich vere carried
through by the Levine-Love & Levis-Nadu stream, are listed

belov.

1. A unit is completely rejuvenated after repsir, assumed to be
as good as nev.

2. Vaiting time to repair is nonexistent or negligible.

3. The equipment failure distribution has been completely
characterized from empirical data.

Due to the wmodularity concept in wmanufacturing and
saintenance management, the first assumption stands rather close

to reslity. For the second assusption, hovever, reality
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dictates that one should retain a healthy skepticisa. The very
first experimentsl analysis vhich is reported in Chepter III,
asllove to explicitly test both for the statistical significence
of the NFP determinstion factors N and r, and for the

negligibility of the average vaiting time to repair, say V.

With respect to the third assumption, vhen actual
observations of times to feilure are recorded, it is difficult
to distinguish emong the various possible underlying probability
functions. The differences betveen certsin asyemetrical
distributions, such as Gamms, VWeibull, and Lognormssl (Figure 4),
are significant only at the tails. Actusl observations,
hovever, can be and in most cases are sparse at the tail even
for <fairly lerge samples. Barlov et al (1963), vere rather
concerned vith this i{isportent issue of <fasilure distribution
characterizstion. In order to wmake the probles tractable,
Bazoveky (1961), proposed the use of the instantaneous failure
rate or ‘hazard® function, vhich is associsted vith the randos

varisble T, and is given by

Z(t) = g(t)/{1-G(t)] = g(t)/R(L), (20)



-42-
defined for G(t)<l. While g, the pdf of T, uniquely detersines
the hazard function, the converse also holds: Z uniquely

detersines the pdf g.

In sowe cases, hovever, it may not be possible to collect
data on equipment failure nor repair times, so the techniques
propaosed by Barlow et al (1965), and Bazovsky (1961), are not
applicable to the maintensnce flost policy estimastion problen.
For example, if a nevly planned maintenance float system does
not currently exist in eny physicsl form other than the

blueprint, collecting data from the system is not possible.

The Trisnguler Approach

" Collecting resl life data from a nevly planned P/ON facility
may indeed be impossible. All that the planner of such a system
knovs is that the random quantity of interest, time, is s
continuous randos variable T. The planner way think of T as
being the time to perform somse task, e.g., the time required to
repair a piece of equipment, or as being the duration of an
activity, e.g., the time to feilure of s nev machine, or s nev

computer component. The first reaction in such cases is to
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identify a time interval (s, b} (s and b resl numbers such that
a<d), in vhich it is °felt®” that T vill lie vith probability
close to one; that is, Prob(T<a V T>b}) = 0. In order to obtain
*subjective* estisates on b (the longest likely time to
failure), and a (the shortest likely time to failure), the
planner vill ask sowe ‘experts" for their most optimistic and
pessinistic estimates of T, respectively. Once such an interval
has been identified, the next step is to place s pdf on (a, b],

vhich is thought to be representative of T.

Inferences for large systems are inevitably based to a great
extent on theoretical considerations. Vhenever dats are
available or cen be collected, the NFP investigstor can affect a
considerable improvement in the quality of the input and hence
the meaningfulness of the analytical and/or experiwmental
results, by using statistical wmethods to complement the
theoretical considerations and the specification of paraseter

values.

Data collection and analysis are costly hovever. In
sddition, they take time, @ rare commodity vhen ansvers are
needed in a hurry. Yet, the sanager and/or planner sust give ean
NFP estimate for a system of operations vhich might be vital to
the organization, Since none of the state-of-the-art
saintenance float policy wodels can explicitly handle the lack

of desta, this could be a risky decision under uncertainty.
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Fortunately, heusrislic prucedures for choosing e distribution in
the sebsence of data do exist, and practitioners use them. They
are based on the Betalsj, #32]), and Triangular(s, b, €],
distributions (Britney, 1976; Chase & Aquileno, 1985; Dane,

Gray, & V¥Woodworth, 1979; Fishman, 1973; Lav & Kelton, 1982).

In the Trisngular approach, once an interval (s, b) has been
subjectively identified, the next step is to plece a pdf on it,
vhich is thought to be representative of the continuous random
verisble time to feilure T. Additionslly, the experts are also
asked for their subjective estimate on the most likely time to
fsilure. This wost likely value, say =, is the mode of the
distribution of T. Given s, b, and m, the randos variable T is
then assumed to follov a Trisnguler distribution on the interval

[s, D) vith mode m; that is, Triangularla, b, c=m].

The practitioners’ reliance on the above described approach
of “"trisngulation,® wmay be treced back to the “principle of
minimum prejudice,* vhich states that one should be as
noncommittal as possible regarding the things that are not
known. Jaynes (1937), developed the "minimax entropy estimstor®
on the basis of this principle. Even if it is not true that one
should alvays ¢try to wminimize the wmaximum entropy vithin a
system, hovever, another plausible justificetion for the
Trisngular heuristic may ewerge from the resls of saxisum

likelihood estimation, vhich relies upon 8 particular
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probabilistic description of data. Goodvin & Payne (1977, p 16-

17), for examsple, formally provide the folloving:

A wmaximum a posteriori (MAP) estimate is the mode of the
posterior distribution p(hly), vhere the function plyl*) 18

called the likelihood function.

Further, by letting k = p(h)/p(y), vhere k does not depend

upon h, and with

pthiy) = plylh)p(h)/ply) = kp(ylih), (21)

Goodvin & Payne shov hov the above defined MNAP estimator
coincides vwith the wmaximum likelihood estimator (NMLE), for a
Uniformla, b) prior distribution (vhich is often called the

non-informsative prior).

Thus, once a failure time interval (a, bJ] is identified, s
non-informative prior or Uniform(a, b] distribution may be

assumed. Next, based on the above formal definition and result,
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a subjective estimate on the sost likely time to failure, say w,
may serve as an HNLE, vhich coincides vith the MAP. Parsimony

vould pose m as the mode of a posterior Trisngulaer(s, b, c=am].

The <followving set of analytically derived results is
proposed as a class of robust wmsaintenance float policy
estimation wmodels, vhen the only inforsation on the equipment
feilure pattern available to management, consists of the
subjective estimates of experts. In effect, the vork of the
Levine-Love & Levis-Nadu stream is extended, based on all but

their third assumption.

' Since Madu (198S: Corollary 1, p. 49), shoved that the
structure of the NFP estimation formuli depends on the equipsent
failure distribution alone, the distribution of repair times
vill not be of major concern. Besides, msintenance experts can
alvays provide an interval or point estisste for the NTTR as
vell as the Triangular paraseters a, b, and c. These
reliability based constructs are developed for both the
Triangular and Left Triangular <failure distributions. For
saxisua uniforaity vith the Levine-Love L Levis-Nadu research

results, the asymptotic cases are also derived.

Trjengular Distribution. The cdf of T folloving »
Triangular(a, b, cl, is given by
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F(t) = 0, 11 t < a,

= ((t-8)2)/((b-a)(c-a)), 1f 8 <t

1A

C,
> (22)

1-00(b-t)2)/((b-8)(b-c)}] 4fc <t <D,

=], 1f b < ¢,

s, b, & c real (a: location, b-a: scale, c: shape parameters).

Iheorems 3.
For a P/0H system vith N units initially in operations which

fail oeaccording to a Triangular(s, b, c¢] disiribution, the

maintensnce float factor is given by

£ = (((b-8)(c-a)/N1/2:0TTR)2/[ (b-a) (c-a),
fo}

0 < NTTR < {1-(1/M1/2)(((b-8)(c-a)11/2,
= 1-({[C(N-1)/N)(b-a)(b-c))-NTTR}1/2/(b-a) (b-c)),
for

(1-(1/M)1/23 0 (b-8) (c-0) 11/ 2<HTTR<( [ (N-1)/N)(b-a) (b-c))1/2,

: 1, for ([((N-1)/N)(b-a)b-c)}1/2<NTTR.
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Proof:
assuming time incsements small enough so that only one unit

can fail et & time, from the definition of R(t) in (2), and froms

the first part of (22)

R(t) = 1 - [{(t-2)2)/((b-a)(c-a)}]), (23)

defined for a < t < c. At t,,

R(ty) = 1-[{(t;-a)2}/((b-a)(c-a))}] = (N-1)/N, (24)
or N(b-a)(c-a) - N(ty-a)2 = (N-1)(b-a)(c-a), (25)
or t; = a + [(1/N)(b-a)(c-a))1/2 (26)

Due to the condition t, > t; ¢+ NTTR, let

t, 28 ¢ ((1/N)(b-a)(c-a)11/2 + NTTR. (27)
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From (23), and by considering the equality in (27)

R(ty) = 1-({L(1/N)(b-a)(c-a))1/2¢NTTRI2/((b-8) (c-a) )} (28)

and due to £ = 1 - R(t),

£ = (((b-a)(c-a)/N}3/2+NTTR)2/((b-8a)(c-a)],

> (29)

for 0 < NTTR < (1-(1/N)1/2)(t(b-a)(c-)11/2), J

because 0 < f < 1. Similarly,

£ s 1-({[L(N-1)/N)(b-a)(b-c)1-NTTR}1/2/(b-a)(b-C)},

>(30)

for

(1-(1/01/2)0(b-a) (c-2) 13/ 2<HTTR<( L (N-1) /K (b-a) (b-c)}1/2 ]

Q. E. D. (8]




Theores 4.

For a P/0OM system vith a very lsrge number of units
initislly in operations (N —>»®), vhich fail according to s
Trisngular(a, b, ¢c) distribution, the maintenance flost factor

is ginen by

£ = (NTTR)2/(b-a)(c-a),
for
0 < NTTR < [(b-a)(c-a)1}/2,
= 1-([((b-a)(b-c))11/2-NTTR1I2/(b-a) (b-C)),
for
((b-a)(c-2)11/2 < NTTR < ((b-a)(b-c)11/2,
=1, for [(b-a)(b-¢)11/2 < NTTR.

Proof:

In (29), let N—» ., Then,

limy—pf1/N) = 0. Thus, (31)

£ = (ATTR)2/(b-8)(c-a), for O<HTTR<((b-a)(c-a)11/2, (32)
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Similarly, in (30), let N—»®, Then,

lim (N-1)/N] = lim 1-(1/N) = 1-0 = 1.
N N

Thus, (30) becomes

£ s 1 - (({(b-a)(b-c))1/2-NTTRI2/(b-a)(b-C)),
for

((b-a)(c-a)1/2 < NTTR < ((b-a)(b-c)11/2,

Q. E. D.

Left Trianquler Distribution. The limiting cese as c —>a

is called the Left Triangularl(s, bJ) distribution.

b=1, the Left Trisngularias, b] is a special case of the

Betala;, a3} distribution. The cdf of T folloving a Left

Trisngular(a, b), is given by

FL(t) = 0O, i t <a,
s 1 - [(b-t)/(b-a))2, ifeac<tceb,

=1, if b < t.

(33)

(34)

For a=0 and

(35)
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Theorem 3.
For a P/0M system vith N units initially in operations which

fail according to & Left Triengularl(a, b) distribution, the

maintenance float factor is given by

f s 1 - {[(N-1)/N)2/2 - (HTTR/(D-@)])2,

for

0 < NTTR < (b-a)[(N-1)/N11/2,

s}, for (b-a)((N-1)/N11/2 < NTTR.

Proof:
assuming time increments small enough so that only one unit

can fail at a time, from the definition of R(t) in (2), end (3%5)

" R(t) = [(b-t)/(b-a)12, (36)

defined for @ € t < b. At time t;,

R(ty) = [(b-tj)/(b-a)]2 = (N-1)/N, (37)
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or t; = b - (b-a)((N-1)/N11/2, (38)

Since it is required that t, > t; + NTTR, let

t, 2 b - (b-a)[(N-1)/N)J1/2 « NTTR. (39)

From (36), and by taking the equality in (39),

R(tp) = (b-[b-(b-a)[(N-1)/N11/2.nTTRI/(b-a))2, (40)

or R(ty) = {[(N-1)/N)1/2-(NTTR/(b-8)1)2, (41)

Thus, £ = 1 - ([(N-1)/N)I1/2-(NTTR/(b-0)))}2,

for (42)

0 < NTTR < (b-a)[(N~1)/N)1/2,

Q. E. D. o



Theorem 6.

For a P/ON systes vith e very large number of wunits
initiaslly 1in operations (N—» ), vhich fail according to a Left

Triangularia, b] distribution, the maintenance float factor is

given by
£ =1 - (1-(NTTR/(b-8))}2, for 0 < NTTR < b-a,
= 1, for b-s < NTTR.
Proof:

In (42) let N=—»®©, Then, due to (33),

£ =1 - (1-(NTTR/(b-a)1}2, for O < NTTR < b-a, (43)

because 0 < £ < 1.

Q. E. D. Q
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Table IV contains a susmary of the analytically derived
results for the relisbility based triangular estimation NFP
models. Both the Triangular and Left Triangular distribution
cases included 1in the table may be considered as extensions to
the Levine-lLove & Levis-Nadu research streas, since they are

based on all but their third assusption.

Thus, if the underlying equipment failure distribution
cannot be characterized for s nevly planned maintenance floast
system due to the leack of dats, the models in Table IV can be
used to estimate an initial NFP. Once a set of “educated’
subjective estimstes on the wmost likely a, b, c, and NTTR,
parameter values becomes available from experts, it can be used
to estimate the maintenance float factor (f), from vhich the
maintenance total float (F), can be subsequently calculated by
using formulse (3). In the case that N is large (viz., N —> 00),

the asymptotic sodels summarized in Table V may be used.

Agein, the asbove wmodel base is primarily proposed as a set

of robust NFP estimation constructs vhen the only informetion
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available to wanagesent consists of the subjective estimates of
experts. Due to their (flexible structure, hovever, on wvhich
some rather desirable properties identified within the pilot
study of Chapter III wmay be attributed, these models can
significantly improve the estimation process of maintenance
float policy even vhen the underlying failure distribution has

been completely characterized.
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CHAPTER 111

EXPERIMENTAL ANALYSIS AND TESTING

Estimated versus Actual Need

In order to wmeasure the vealidity of his wodel, Levine
(1963), performed a set of comparisons vith tvo resl life
waintenance float systess. In both cases, the theoretically
estimated float requirements vere found lover than the ones
vhich had been estasblished on the basis of actual need. VWhile
Love & Levis (1983), vere smore concerned vith local failure and
repair distribution charscterizations, Madu (1983), also found
his theoreticsl f estisastes to be lov vhen compared to the float
fector requiresents vhich he established through a set of

sisulation experiments.

Despite the similer findings, the interpretations of Levine

and Nedu differ. Levine’s explanation vas that his repair to
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feilure ratio (r) based formulae *... does not determine the
effectiveness of the float, only its size® (Levine, 1965, p.
403). Hadu (19835), hovever, attributed the consistency of his
results to the second masjor sssumption on the negligibility of
the average vaiting time to repair, say W. He further posed
that although the inclusion of ¥ would make the theoretical
estimation of MNFP difficult to derive, the explanatory pover
vhich the tvo msjor maintenance flost factors, N and r, have on

W should be experimentally assessed.

Levine’s theoretical estimation wodel and its extensions,
assume V avay by considering it to be a negligible quantity. In
real as vell as simulated digitsl 1life, hovever, it sppears
rather difficult to eliminate ¥W. Besides, the cost of such an
schievement would be astronomical. In the folloving section,
Levine’s model is revisited, and the effects that N and r have
on the ‘"negligible® W asre statisticelly tested. Thus, the
validity of Levine’s second major assumption is experimentally

assessed.
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Experimental Analysis #1

Experimental Design

The wmaintenance {float system studied in this section vas
modeled vith the aid of the folloving assumptions:
1. The N units initially in operations function independently,
and their failure times are identically distributed
folloving an Exponential(b=1) distribution.

2. N vas set equal to the fixed values of 5, 20, snd S0 units
initially in operations.

3. Repair times vere assumed to be constant, vith the repair to
failure ratio (r), set equal to the fixed values of 0.23,
0.50, 0.75, and 1.00.

4. A unit is completely rejuvenated after repair, assumed to be
as good as nev, functioning vithin a closed system of
operations and maintenance.

A set of float factor (f) estimates vas obtained from
Levine’s wodel (Table II, formulae II-1). By using equation (5)
and rounding off, the masintenance float systems requirements vere
estinmated in terms of standby {float units (F), as vell as

service channels (S), at the central repair station (CRS).

These estimates vere subsequently used in the iwplementstion of
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a simulation wmodel (Figure 3), on an IBN/370+ series mainframe
using GPSS-V (Gordon, 1973). Ten replications vere used for
each simulation run. The timer vas set to 43, 200 GPSS time
units, an assumed equivalent of 720 hours (90 vork days), of
operation. Transient state statistics vere canceled, in order
to avoid contamination of steady state results. Consequently,
ten experimental reslizations vere averaged to obtain the W

values, vhich vere indeed reslized and recorded in Table VI.

Analysis of Results

Yhen wnultiple criterion observations become available and
the research gosl is to assess the impact of various levels of
one or wore experimental varisbles on the criterion values,
multivariate anslysis-of-variance (ANOVA), is the appropriate

data analysis technique. The primary focus in this section vas
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. to test for any significent differences on the vaiting time to
repair ‘profile,* due to changes in the experimentally
controlled factors N end r. The statistical tests conducted

vere based on the variation of W and itas decomposition.

The values that the criterion (dependent) variable ¥ took
on, clesrly constituted an experimental data set for vhich the
random assignment wmethod - rether than random sampling, vas
used. The tvo independent variables vere treated as a pair of
orthogonal metric varistes. Nore specifically, vwith the
provision of & set of fixed values for each of the metric
verisbles N and r, their effect on V¥ vas established. The
.titilticll analysis vas perforsed- - under the assumption of s
fixed effects msodel, using SPSS (Nie, Hill, Jenkins,

Steinbrenner, & Bent, 1975).

Vithin the context of the sbove described spplication, the
differences in W vere assessed for their significence. A set of

tvo hypotheses vas forsulated and tested (Teble VII), at four
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different confidence levels. In particuler, H; postulated
that E(WINs3)=, ., =sE(WIN=30), or etsa=0. The  Fcomputed
indicates that the null hypothesis of equal means (H;), should
be rejected. The descriptive eta value for N vas improved to
0.7543, vhich signifies that the initiel number of units in
operations, alone, can explain more than 73X of the varisbility
in the steady state realizations of V. Ho postulated that
E(Wir=0,25)s,..sE(Wir=1,00), or etaz0. The FCo-putod
indicates that the null hypothesis of equal aseans (Hy), should
not be rejected at any conservative (0.01, nor 0.03) alpha
level. The descriptive eta value for r vas imsproved only up to
0.5161, vhich signifies that the repair to failure ratio, salone,
explains less than 32X of the variability in the steady state

realizations of W.

N wvas found to be highly correlated to ¥ wvith a correlation
coefficient of 0.9140. Figure 6, vhich is based on the
experisental realizations in Table VI, shovs a direct linear
relationship among (a) N end W, and (b) r sand W, respectively.
¥ increases as N and r get large, but the effect of r is not as
significant as that of N. The tvo positive relationshipe shown

in Figure 6, vwere both expected since: (a) the errival
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rate of wunits into the queue is directly proportional to the
number of units (N) in operations - a property of limited source
queueing wmodels; and (b) higher values of the repair to failure

ratio (r), imply slover service.

The significant result obtained here is that different rates
of change in averasge vaiting tiwme to repair sre reslized, as the
initial nusber of units in operations and the repair to failure
ratio esre increased. This result makes it difficult to assume
that ¥ is negligible. Since W co-varies vith poth N and r
respectively, it is expected to have s considerable effect on
the wmaintenance float factor (f), and, thus, on the overall

effectiveness of the maintenance total float (F),

If the rates of change in ¥ vere found to be negligible as N
and r vary, then the assumption of no vaiting time to repair
might have been acceptable. Based on this section’s
experimental data, hovever, statistical results in Table VII,
and pictorial relstionships in Figure 6, vaiting time to repair

cannot be assumed to be negligible for N>S, and r>0.2S.
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Pilot Study

In order to determine hov the relisbility based trisngular
estimation models compare to the Levine-Love & Levis-Nadu
formuli, tvo sets of theoretical float factor (f) estimates vere
generated. Both data sets vere obtained through the
isplementation of the tabulated £ equations from Table II and
Table 1IV. The maintenance float factors vere calculsted for a
fixed range of the initisl number of units in operations
(N = S5, ..., 1000), and and for a fixed range of the repair to
failure ratio (r = 0.25, ..., 1.50). The data set obtained from
the isplementation of the formuli in Table II (for the
Exponential, VWeibull, aeand Gasma distributions), vas plotted
ageinst the set of the f values obtained from the implementation
of the equations in Table IV. Figure 7 contains these plots for

the set of fixed values for N; Figure 8, for the set of fixed
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values for . A cowmparison of these preliminary and rather
arbitrary theoretical £ estimates vas conducted and seasured on

the basis of the absolute percentage error defined as

IXe!=! (fTrigngularfFailure Dist?’!/ITriangular’ (44)

vhich is also included in the plots. For most cases, (Xel took
on values vell belov the 10X mark. In all ceses, the mode of
the Triangular distribution vas set equal to the mode of the

hypothesized actual failure distribution.

From this pilot study, the relisbility based trisngular NFP
formuli, appear rather promising in estimating the maintenance
float factor, vhen the underlying failure distribution has not

-~ yet Dbeen characterized by the planner/decision waker. Thus, the
third major aessumption of the Levine-Love L Levis-Nadu research
stream, wmay be relaxed, st lesst for certain ranges vhich the

current study purports to identify.

Additionally, the behavior of the derived £f equations vas
observed over the preset vide range of N and r values. In the
cases of the Exponential and Gamma failure distributions, and
for a vide renge in the Weibull case, the reliability based

triangular estimation wmodels vere found much more sensitive to
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both large N and large r values than the Levine-Lowe &
Levis-Madu stream results. This demonstrated sensitivity
(Figure 7, eand Figure 8), is quite desirable due to the lack of
queueing effect considerations in the systes reliability based,
theoretical estimation process of an initisl maintenance float

policy (NFP).

Based on the above preliminary observations, and vhile
taking into considerstion both the third and second wmajor
assumptions of the Levine-Love & Levis-Nadu stresm in
combination, tvo wmore experisental analyses vere motivated and

are reported below.
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Experimental Analysis #2

Experimental Design

The results of Experimental Anslysis &1 shoved that the
average vaiting time to repair (W), is expected to have a
significant impact on the maintenance totsl float effectiveness.
As both N (the number of units initielly in operations), and r
(the repair to failure ratio), get large, W is proportionally
incressed. Based on the pilot study, hovever, the observed
behavior of the reliability Dbased triangular estimastion
constructs, indicated that they can comspensate for the

non-inclusion of ¥ in the Levine-Love & Levis-Hadu models.

Consequently, the next step vas to estasblish the ranges over
vhich the desirable compensation wvould be significant. By
letting the forsuli in Table V be larger or equsl to the
equations of Table III, a set of five inequalities vas
forsulated. This set vas solved for the (b-a) scale parameter

of the reliability based triangular estimstion models. In order
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to be consistent vith the theoretical <functions used by the
Levine-Love L Levis-Nadu models, hovever, the location parameter
of the Triangular function vas set equal to zero. In addition,
the shape parameter (c), vas set equal to the theoretical mode

of esch corresponding distribution function.

Finally, the b values obtained from the solution of each
established inequality, completely determined the ranges of the
underlying Triangular densities to be tested. The objective vas
to test if the reliability bssed trisngular estimation models
indeed provide significantly  higher £ values than the
Levine-Love L Levis-Nadu NFP constructs. The theoretical
experiments of this section vere conducted vith the aid of the

folloving assumptions:

1. The N units initially in operations function independently,
and their failure times ere identically distributed,
folloving one of the five theoretical distributions:

(1) Exponential, (2) Weibull, (3) Gamma, (4) Normal, and
(5) Lognormal.

2., N vas set equal to the fixed values of 3, 10, 20, 40, and 80
units initially in operations.

3. Repair times vere amsumed to be constant vith the repair to
failure ratio (r) set equal to the fixed values of 0.25,
0.50, 0.75, 1.00, and 1.30.

4. A unit is completely rejuvenated after repair, and it is
assuned to be as good as nev functioning vithin s closed
system of operstions and maintenance.

Tvo sets of maintenance float factor (f), and maintenance

total float (F), theoretical values vere obtained, coded, and
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listed 4in Table VIII, from the iwmplementation of both the
Levine-Love [ ] Levis-Nadu models (method MN=z1l), sand the
reliability bssed triangular estimation models (method N=2), on
an IBN/370+ wseries wainfrawme, using SINSCRIPT II.3 (Kiviet,

Villanueva, & Narkowitz, 1968).

Analysis of Results

The prisary focus of this section vas to test if the f and F
values obtained fros the reliability based triangular estimation
models, vere significently higher than the theoretical f and F
estimates obtasined from the Levine-love & Levis-Nadu
constructs. Technically speaking, the research goal vas to
sssess the impact of the tvo levels of the non-wmetric
experimental varisble wmethod (M), on the msaintenance float
factor (f), and on the wmaintenance totsl float (F). The
experimental factors N and r had to be considered as vell. The
statistical tests conducted vere based on the variation of f,

the variation of F, and their respective decosposition.
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Again, the values that the criterion (dependent) variables f£
and F took on, clesrly constituted tvo experisental data sets
for wvhich the rsndom assignwent wsethod - rather than random
sampling vas used. In addition to the dichotomous N, the tvo
independent variables N and r, vere treated as & pair of
orthogonal wetric covariates, vith tvo sets of fixed values
(Table VIII). Their effects on f and F vere established (and
intuitively explained), as vell as that of the underlying
estimation wethod H. Finally, the statistical snalyses vere
performed under the verifiable assumption of (fixed effect

sodels, using SPSS (Nie et al, 1973).

Significence of the Trianqular Approgch (Theoretical Data)

The Differences in both the £ and F values in Teble VIII
vere examined for HN=1 and HN=2. Within the context of this
specific aepplicstion, tvo hypotheses vere formulated and tested
(Table IX), et four different levels of significance. HNore
specifically, H4 postulated that E(fIN=1)=E(fIN=2), or eta=0.
The Fcomputed indicstes that the null hypothesis of equal

seans should be rejected. The descriptive eta for the
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estimstion wmethod wvas 0.2917, vhich signifies that the
experimental variable N explains about 30X of the total
varisbility in the theoretical maintenance float factor estisaste
(£). Similarly, Hq postulated that E(FIN=1)=E(FINs2), or
etsx0, but the Fcguputed indicates that the null hypothesis of
equal wmeans should be rejected even at the conservative slpha
level of 0.01 significance. The derivation method, however,
explains only asbout 13¥ of the variability in the estisated

maintenance total float (F).

Within the sbove specific applicstions, san orthogonal
factorial design vith equal cell frequencies vas considered.
Sinte the interaction effects vere found to be insignificant,
only the significence of main effects vas reported sbove. The
tvo vay interaction, for example, betveen estimation wmethod and
equipment failure distribution produced an Foomputed ©f 1.246
vith df(N1)/df(N2)24/238, while the Frgpulated 9ives s higher
value of 1.36, even at the non-conservative alpha level of 0.25

significance.

The tvo vay analysis of covarisnce for (f) gave s multiple
descriptive R of 0.924, vhile the rav regression coefficients
for the ratio (r), and the initial number of units in operations
(N), wvere 48.590, and -24,060. The negative sign in the
coefficient of N can be attributed to the fact that larger

systems require less float - in percentage terms. This is vhat
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Love & Levis (1983), refer to as "positive returns to scale.®
The tvo vay analysis of covarisnce for F gave a sultiple
descriptive R of 0.833, vith the coefficients of r and N being
0.139 and 0.416, respectively. Once the theoretical percentage
estimates are converted into backup unit and service channel
requirements, it becomes clear that larger systems require more

float - in absoclute terms.

True Significance of the Triangular Approach (Theoreticsl Data)

Due to the ssall explanatory pover of the dichotomous
experimental factor wmethod (M), testing for the true
significance in the differences asong f and F values (for Ns},
and for N=2, Table VII1), vas imperative. The research goal vas
to test if the weans of the maintenance float factor (f) and
wmaintenance total float (F) values, obtained vwith the
reliability based triengular estisation wmethod (N=2), stand
significantly above the weans of the f and F values vhich vere

estisated from the Levine-Love & Levis-Nadu method (N=l),

¥ithin this specific application, a true difference in the
results of the tvo wmwethods vas established and signified with
the aid of san one-tailed t-test series implemsentation, using

SPSS (Nie et al, 1979). A preliminary set of F-tests on the
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sample variances indicated that the t-tests in Teble X, should
be based on the pooled variance estimste. Additionally, since
there are wmore than 150 degrees of freedos involved (Berenson &
Levine, 1979: p. 300), the Normal distribution wvas used
interchangeably vith the t distribution in obtaining the exact
tabulated values. Based on the results of the above statistical
tests, the reliability based trisngular estisation sethod indeed
provides significently higher f (vithin a 99X confidence level),
and higher F (vithin a 95X confidence level), values, than the

Levine-Love L Levis-Nadu models.

The above conclusion vas based on a cosparison of the
theoretical £ and F estimates provided by the tvo sets of system
reliability bssed maintenance float policy estimation models.
By design, both spproaches provide estisates on the maintenance
float requiresents in terms of backup units and service
channels, but not on the effectiveness of the total float. It
remains to be seen, therefore, hov the tvo approaches cospare
once implemsented in a real life setting. Such a task, hovever,
vould be vwell beyond the time sand resource limits of this
resesrch project. Thus, the digitel sisulation experimsents

reported in the folloving section.
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Experimental Analysis #3

Experimental Design

The waintenance float systems studied in this section vere

modeled vith the aid of the folloving assumptions:

1.

S.

The N units initially in operations function independently,
and their failure times are identicelly distributed. The
failure distributions used in the experiments are:

(1) Exponential, (2) Weibull, end (3) Erlang-2.

N vas set equal to the fixed value of 80 units initially in
operations.

Repair times vere also assumed to be independent and
identically distributed. The repair distributions used are:
(1) Exponential, (2) Erlang-2, and (3) Lognormsal.

A quite *reasonable” fixed velue vas chosen for the
repair to failure ratio (r=0.23), throughout the
experiments.

A unit is completely rejuvenated once repaired, assumed to

be as good as nev, functioning vithin s closed systems of
operations and maintenance.

A subset of of the theoretical wmaintenance total flost

oltilutoq (F), was extracted from Table VIII, for both methods

of estimation (M=1, and MN=2), for three failure distributions
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(D=}, D=2, end D=3), for r=0.25, and for N=80. This subset of
estimates on the wmsaintenance total float requirewents vas
subsequently used in the implementation of the simulation wmodel

in Figure 3.

Again, ten replicestions vere used for each simulation run,
vith the timser set to 43,200 GPSS time unite. After cancelling
the trensient state results - in order to avoid contamination of
the steady state results, ten replications vere averaged to
obtain the operations availability (A), the service channel
utilization (P), and the vwaiting time to repair (¥). These
systen effectiveness values - provided by the GPSS output, vere

recorded, coded, snd tabulated (Table XI).

Table XI also contains the nominal values on the NFP
estimation wmethod, and the failure and repair distribution
combinations, vhich vere used during the experimental simulation
runs. Nethemstically exact values for the Exponential, Weibull,
Erlang-2, and Lognormal distribution functions, vere genersted
from a Unifors(O, 1), through the "inverse transfora® method

(Fishsan, 1973; Lav & Kelton, 1982).
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Analysis of Results

The primary interest of this section’s ihvestigation vas to
test if the implementation of the reliability based triangular
estimates (method NM=2 4in Table XI), can substantially improve
the performance of s asaintenance float system, in ccmparison to
the performsance level achieved through the implementation of the
Levine-Love & Levis-Madu estimates (method MN:1 in Table XI).
That is, to test if the recorded differences in operations
availability (A), service channel utilization (P), and average
vaiting time to repair (¥), due to differences in the estimation

method, are statistically significent.

Once wore, the research goal vas to assess the impact of the
non-metric experimental variable wethod (M), on the criterion
values of A, P, and W. Once sgain, the statistical tests vere
based on the variation of these three metric depended variables
and their respective decomposition, and they vere conducted
under the aessumption of a fixed effects model, using SPSS (Nie

et al, 1975).
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Significance of the Trisnqular Approsch (Experimental Data)

The differences in A, P, and W values in Table XI, vere
examined for HN=1 and N=2, Within the context of this specific
application, three hypotheses vere formulated and tested, st
four different levels of eignificence (Table XII). Hore
specifically, H; postulated that E(AIN=1)=E(AIN=2), or eta=0.
The results in Table XII indicate that the null hypothesis of
equal weans should be rejected. The descriptive eta vas
improved to 0.8304, vhich signifies that the estimation sethod,
alone, explaing more than 83X of the veriability in the

operations aveilability measure.

Similerly, the Fcopputed Statistics indicate that Hg and
Hg should be rejected as vell. Hg hypothesized that
E(PIN=1)=E(PIN=2), or etss0. The improvemsent of ete to 0.7499,
indicates that the differences in the estisation sethod, alone,
can explain a little less than 75X of the oversll variability in
the @service channel utilization (P). Hg postulated that
E(ViINs1)sE(WIN=2), or eta=0. The results in Table XII, hovever,

not only signify that the equal wmsesns wmodel does not fit
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the data vwvell, but over 80X of the variability in ¥ is

attributable to the difference in the estimation msethod alone.

An orthogonal factorial design vith equal cell frequencies
vas considered for the above specific application. Only the
significance of wain effects is reported here, since all
interaction effects vere found to be insignificant. The
wultiple classification anslysis (NCA), tables for the
operstions availability (A), weervice channel utilizetion (P),
and average vaiting time for repair (W), gave wmultiple R

coefficients of 0.9350, 0.880, and 0.925, respectively.

True Significence of the Triangular Approsch (Experimental Data)

The research goal of this section vas to verify that the
steady state performance characteristics obtained from the
isplementation of the relisbility based triangular estimates,
are wsignificantly different from the Levine-Love &L Levis-Nadu
isplementation resultes. The true difference in the results of
the tvo methods vas established vith the aid of an one-tailed

t-test series implesentation (Table XIII), using, again, SPSS.
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A preliminary set of F-tests on the sample variances
indicated that the t-tests should be based on the separate
variance estimate. According to the statistical test results in
Table  XIII, the implementation of the reliability based
triangular estimates, results in a significantly higher
operations availability (A), but 4in a significantly lover
service channel utilization (P), and vaiting time to repair (W),
in comparison vith the Levine-Love & Levis-Nadu estimates

implementation.

The sabove conclusions asre reached vithin a 99X% confidence
interval, and they are based on the comparison of the steady
state experimental reslizations on three performance measures,
characterizing a set of simulated maintenance float systems.
Both the Levine-Love & Levis-Madu nodels and the reliability
based triangular estimation construals, are built to provide
initial MFP requiresents in terms of backup units snd service
chahnoll. The latter, hovever, can provide initial maintenance
f{loat policy estimates that significantly improve the systea’s
effectiveness in terms of both A and V. P vas indeed
significantly reduced, but it never fell belov the 99.40X

service channel utilization mark as Table XI indicates.
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Structural Considerations

Through an examination of the structure of his theoretical
NFP estimation wodel, Levine (19635), observed that the time
element appears only in the repair to fasilure ratio (r).
Consequently, he concluded that the exponential terms (Table II,
formulae 1II-1), can be divided into tvo factors vhich become
substantially independent of each other, given any specific
situation. Similarly, Nadu (1983), observed that the structure
of his formuli yielding f, depends only on the failure, not the

repair distribution (Madu, 1983: Corollsry 1, p. 49).

The purpose of this section is to test if indeed the
equations developed by the Levine-Love L Levis-Nadu stream, as
vell as the reliability besed triangular estimstion models, can
be used vith any arbitrary repair distribution. This deduction
is a wmajor piece of information that has not been adequately
justified in the HNFP litersture. Experimental Analysis #3 vas
partially designed to achieve this. The section’s third
assumsption (experimental design, p. 74), as vell as the

structure of Table XI, should reveal the initial intent.
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Significence of the Repair Distribution (Experimsental Dats)

The primssry interest in this section ves to test if the
three arbitrarily chosen repair distributions used during the
sisulation runs in Experiwmental Analysis #3, had a significant
effect on the systes perforsance aeasures. That is, if any
significant differences can be detected on the operations
aveilability (A), service channel utilization (P), and average
vaiting time for repair (¥W), ®profiles,® due to the reslization
of three different repair distributions. The statistical tests
conducted vere based on the randoa variations of A, P, and ¥,
and their decomposition, respectively. The analysis vas
performed under the assumption of a fixed effects model due to

the equal cell frequencies, using SPSS (Nie et al, 1973).

Within the context of this specific statistical testing
application, the differences in A, P, and ¥, vere sssessed for
their esignificance. Intersction effects vere found to be
insignificant, thus, only the significance of sain effects is
reported. A wset of three hypotheses vas formulated and tested

(Table XIV), at four different levels of significance. HNore
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specifically, Hy3 postulated that E(AIRD=1l)=...=E(AIRD=3), or
eta=0. The Fcomputed indicates that the null hypothesis of
equal wmeans should not be rejected. The descriptive eta for the
trichotomous non-metric variable repair distribution (RD), vas
improved only up to 0.0936. Thie signifies that the
experimental factor RD alone cannot even explain a 10X of the
variability in the systea performsance wmseasure of operastions

availability (A).

Similarly, H; postulated that E(PIRD=1)=...=E(PIRD=3), or
eta=0; Hyg that E(WIRDsl)s,,.<E(WIRD=3), or eta=0. The
corresponding Fcomputed Velues in Table XIV, indicate that in
both cases, the hypothesized model of equal means fits the dstas
very vell. Neither of the tvo hypotheses should be rejected.
The descriptive etas for H;q4 and H;g dimproved up to 0.1688
and O0.0846, respectively. These values signify that the repair
distribution alone can explain less than 17X of the variability
in the service chlnnoi utilization (P), and not even s 9% of the

viriubility in the average vaiting time for repair (¥).

Irve Siganificence of the Repeir Distribution (Experimental Data)

The resesrch goal of this section vas to verify that the

steady state realizations on the systes perforsance
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characteristics A, P, and ¥, obtained under the Exponentisl
repair distribution (RD=1), vere not significantly different
from the veslues obtained vith the Erlang-2 repeir distribution
(RD=2). The lack of any true difference ves established vith
the aid of an one-tailed t-test series implementation

(Table XV), using SPSS (Nie et al, 1973).

A preliminary set of F-tests performed on the sasple
variances, indicated that the t-tests in Table XV should be
based on the pooled variance estimate, vith ten degrees of
freedon. The results of these statistical tests indicete thst
the differences in operations availability (A), service channel
utilization (P), and average vaiting time to repair (W), due to
the change from the Exponential (RD=1), to the Erlang-2 (RDs2),

repair distribution, are insignificent.

The statistical tests conducted in Table XIV (ANOVA-tests),
and in Table VI (t-tests), wvhich sre based on the steady state
experimental resalization data recorded in Table XI, do support
the 4initisl conclusions by Levine (1963), and MNadu (1983:
Corollary 1, p. 49). Thue, both the system reliability based
Levine-Love & Levis-Nadu, and the triangular NFP estimation
sodels, can be used vith any arbitrary repeir distribution. The

experimentally verified <fact that the final effectiveness of a
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maintenance float policy depends only on the equipment failure
snd not the repsir distribution, is a very important piece of
information. The rationale is that only six cases need to be
dealt wvith, from the initial thirty-six possible combinations of
Exponential, Weibull, Gamma, Lognormal, Normal, and Uniform

distributions, for NTBF and NTTR.
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CHAPTER IV

SURFACE ANALYSIS OF WFP ECONONMICS

Motivation

The vork in this chapter vas motivated, in part, by the
serious gap vhich vas identified betveen theory and practice in
msintenance wmanagement (Bullock, 1979; Channin & Sphicas, 1980;
Gilbert & Finch, 1983). In connection wvith mssintenance float
systems, standby equipsent can be compared to buffer inventory.
Both exist to maintain a smooth flov of operations in the event
of undesirsble random departures from normsl conditions. On the
basis of this comparison seversl ressons for the existing gep

betveen theory and practice can be identified.

One reason is that the wmserginsl downtime, holding, and
service channel cost categories typically assused knovn in the

theory of wmaintenance flost systems (e.g., Hilliard, 1976;
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Morrison, 1961; Vahi, 1966; etc.), sre difficult 1if not
isposible to wmeasure in practice. These types of cost pose
siwmiler wmessurement problems vith the sarginal shortage,
holding, end ordering cost levels assumed in the theory of
inventory msanagemsent, vhich Brovn (1967), Churchsan (1961),
Gardner & Dannenbring (1979), Starr & Niller (1962), and Ziegler
(1973), have identified. The cost of a service channel, for
example, asnd the cost of dovn tise - for vhich no accounting
sethodology exists, are both expressed in terss of unit time
since existing ocost anslyses typically apply to steady state
conditions. The holding cost is even more difficult to handle
since it requires the depreciation of a backup unit over vhat

lay'bo a rather arbitrary horizon.

The plausibility of snother reason rests on the srgusent of
Gardner & Dannenbring (1979), vho pointed out that most
practitioners are prisarily concerned vith specific aggregate
objectives for customer service, vork-load, and investment,
rather than vith single-item wmodels that inventory theory has
traditionally emphasized. Due to difficulties in termss of
mathematical tractability, maintensnce £float systeas have also
been forsally modeled on a unit-by-unit basis. As pointed out
by the litersture survey in Capter I, existing cost optimal KFP

models can only be applied to very ssall systess.

Finally, the initial assignsent of cost paraseters sake
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existing waintenance float policy wmodels too sensitive to the
underlying cost structure of any particular firs. Although this
sppears to be the single point of coherence in the HNFP

literature, none of the authors explained why.

This psper presents an approach to decision wmaking in
maintenance float systems that bDypasses the initial cost
seasuresent problems. The approach incorporates objectives and
constraints set by wmanagement vwithin an experimental snalysis
sodule. ¥hile treditional <theory is based on the cost
msinimsization, this section poees that saintenance float
decisions be <conceived as policy tradeoffs on a three
dimensionsl topology, created by the response surfaces of a
systean’s perforsance wmeasures. The first tvo axes of each
surface correspond to NFP requirewents in terms of standby float
units and open service channels. The third axis wseasures the
systen’s performance characteristics vhich say be further used

in recognizing saintenance float policy existing tradeoffs.

The experimental analysis that <follovs is close in spirit
vith the construals of Starr & Niller (1962), end Gardner &
Dannenbring (1979), vwho studied aggregate inventory tradeoffs
and developed the ‘®optimsl policy curve,® and the "optimsl
policy surface," respectively. The Levine-Love & Levis-Nadu,
and the reliability based triangular estimation models that vere

forsally developed and tested in the preceding chapters, are
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used to guide decision wmaking in NFP estimation, and indicste

vhere & more detailed operationsl investigetian is justified.

Experimental Analysis #4

Operationally customer service is the ters used to describe
the availability of items vhen needed by the customer. The
customer may be that of a finished product, a distributor, a
plant in the organization, or a departsent in vhich the next
operation is performed. Seldom if ever can an organization plan
or act so that all items are alvays available in the proper
quantity vhen desired. According to Artes (1977), and Fogerty &
Hoffwan (1983: p. 199), hovever, sn organization should ais for
s target level of customer service and attain a probabilistic
result weasured in the same terms. Idle time or unavailability
of operations is a very useful sbsolute value type of messure

for production activity control.

With respect to the operations/saintenance float systems the
present study is concerned vith (e.g., life support systess), a
high 1level of availability is required. An obvious cause of the

unavailability of operstions is sachine failure. In order to
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study hov operations managers wmay design highly available
saintenance float systema vwith the aeid of the Levine-Love &
Levis-Nadu, and the reliability based trianguler estimation
models, the ‘repairsen’s problem® context of analysis must be
enlarged to the ‘"production manager’s problea.* Production
theory is prisarily concerned vith the vay in vhich inputs sre
enployed to produce outputs. The concept of production is quite
broad and encompasses both the manufacture of physical goods and
the provision of services. It examines both the technical and
economic characteristics of systems used to produce output, vith
the aim of detersining the optimsl manner of comsbining inputs as

to minimize cost.

Under this enlarged snalytical mode it becomes possible to
specify the maximum output that can be produced for s given
smount of inputs; alternatively, the minimum quantity of inputs
necessary to produce s required ;ovol of output. The basic
performance characteristics of a maintenance flost systes can be
illustrated by examining s rather sisple tvo-input, single-
output system. In the experimental analysis that follovs,
repasirsen become part of a larger systes as they assuse the role

of service channels.



Experisentsl Design

A wmaintenance float system is considered in vhich various
quantities of tvo inputs, service channels (S), and stendby
float wunits (F), are used to produce a required level of
operations availability (A). The production function of such a

system can be vritten as the folloving unspecified relationship:

A= 2(F, 9, 0<«<t (43)

A
[y
L]

The system vas wnodeled vith the aid of the folloving

assumptions:

1. A high target level of operations availebility is simed for
by the s=management of s hypothesized firm. It is assuwed
that they need to attain a probabilistic A > 0.95.

2. A wedium size system vas selected vith N=80 units initially
in operastions, vwhich function independently, and their
failures asre identically distributed, folloving sn Erlang-2
distribution.

3. Repair times vere also sssumed to be independent and
identically distributed, folloving an Erlang-2 distribution,
vith the repair to failure ratio set equal to the fairly
large, yet still °"reasonable® fixed veslue of r = 0.60.
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4. A unit is comspletely rejuvensted after repair, asssumsed to be
as good as nev, functioning vithin & closed systes of
operations and maintenance.

A set of tvo float factor (f) estimates vas obtained froms
Madu’'s (Teble II, formulae II-3), and the reliability based
triangular estimation (Table IV, forsulae IV-1), models. The
mode of the underlying Triangular vas set equal to the
theoretical wode of the Erlang-2 distribution. Its range vas
determined by the process described in Experimental Analysis #2.
The wmaintenance float initial requirements vere estimated vith
equation (35), <for both the standby units (F), and the service
channels (8). These values vere subsequently used vith the
isplementation of the simulation model in Figure S, using GPSS-V
Gordon, 19793). In addition to the theoretical estimates, the
values of F snd § vere increased in increments of ten, until the
stochastic realizations of the operations availability resched

their upper bound wvhich is equal to 1 (one).

In order to ensure stability for the model, ten replications
vere used for each simulation run. The timer vas set equal to
43,200 GPSS time units, vith the transient statistics cancelled
in order to avoid contamination of steady state results. The
averages of the stochsstic realizations vere recorded in order
to obtain the output values of the system’s perforsance
charscteristics. These values vere subsequently plotted to

create a set of three dimensional surfaces that can contribute s
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profound avareness of NFP econowmic forces. The shape for each
of these grid surfeces vas estimated on the basis of thirty-six
(6°6), physical system performance steady state realizations,

over the bounded (F, S) input surfsce (Figure 9).

Analysis of Results

The three dimensional diagras in Figure 9 is a grephic
illustration of the operations availability grid surface, as a
function of a tvo-input, single-output systes. Folloving the F
axis outvards indicates that an increasing amount of standby
float units 1is being used; going out the S sxis represents an
increasing usage o0f eervice channels; and moving up the A sxis
weans that @ higher level of operations avesilability is
achieved. The maximus A that can be reslized is that of unity,
vith meintenance float requiresents estimated cloee to 100X of

the existing population (N).

This very {first experimental result supports the originsl
argusent by Levine vho posed that there is "...surprisingly, e

saxisum size of flost...".(Levine, 1963: p. 403). The saximus
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smount of A that can be produced with each combination of inputs
F and S 4is represented by the height of the operations

availability grid surface erected above the input plane.

The three dimensionsl surface in Figure 9 alsc demonstrates
the property knovn as the lav of diminishing returns. Thii lav
states that as the quantity of a varisble input ie increased,
vith the quantities of all other factors being held constant,
the incresses in output eventually diainigh. Alternatively
stated, the lav of disinishing returns holds that the marginsl
product of e varisble input sust eventually decline if enough of
it is combined vith some <fixed quantity of one or more other

factors in a production system.

According to Douglas (1948), the lav of diminishing returns
is not a lav thst can be derived deductively from the lavs of
physics. Rather, it is a generalization of sn ewmpirical
relationship thst has been observed to be true in every known
production systen. The basis for this relationship is eesily
demonstrated for the labor input in s production process vhere a

fixed amount of cepital is ewmployed.

From the operations avaeilability surface in Figure 9 it can
alsoc be inferred that the <factor productivity of the service
channels (S), 4is wuch higher than the returns to the input

factor of standby <float units (F). Factor productivity is the
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key to determining the optisal combination of the saintenance
float systes inputs that should be used to achieve a required
level of  operations availability (A). That 1is, factor
productivity could provide the basis for efficient resource

employment in NFP determinstion.

The pleusibility of s fourth significsnt finding from Figure
9 rests on the notion of an operations availability isoquant.
According to Pappas & Brighas (1979: p. 215), the tera isoquant
(derived fros iso: sesning equal; and quent: seaning quantity).
denotes a curve that presents all the different combinations c<
inputs which, vhen combined efficiently, produce a specific
quantity of output. Efficiency 4in this case refers to
technological efficiency, under the assuaption that the most

productive techniques are used in converting inputs to outputs.

An isoquant for the operations availability function
displayed 1in Figure 9 can be located by passing a plane through
its grid surface, horizontal to the FS surface. This plane
represents s specific availsbility level snd the isoquant can be
thought of as & contour or isoelevation line, connecting all
points of equal altitude. Such a plane has been passed through
the operations aveailability surface shovn in Figure 9 at height
A=0. 95. Every point on the surface vith a height of @ above the
input plsne, that is, all points slong curve Q, represent an

equal quantity, or isoquant, that wmaps out the locus of all
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input combinstions of F and S that result in a 0.95 level of

operations availability (A).

This availability isoquant can be transferred to the input
surface, as indicated by the dashed curve Q' in Figure 9, and
then further transferred to the tvo dimensional graph shown in
Figure 10. This latter curve represents the standard forms of an
isoquant. Since the shapes of the isoquants generally reveal a
grest deal about the substitutability of input factors, a local

search vas performed in the neighborhood of Q.

The ®+° symbols 1in Figure 10 signify some of the actual
standby flost unit and service channel (F, S) cosbinations
(Table XVI), vhich are required to attain an operations
availability A20.95 for the wmaintenance float systes under
consideration. The 41inputs F and S can be substituted for each

other, but the overall substitutability is not perfect.

The experimental eisulation resulte in Figure 10 indicate

that belov F»42 standby float units, sand belov S=43 service
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channels, the tvo inputs sre perfect complements for each other.
Outeside the above defined region the isoquant Q takes the shape
of right angles wvhich indicate that in no vay can standby flost
units be substituted for service channels, nor vice verss. The
slope of these right angles, vhich is slso known as the marginel
rate of technicel asubstitution (HRTS) of factor inputs, can
verify the nonsubstitutability betveen the inputs F and S,

outside the (F=42, S=43) region. Steted algebreically:

MRTS = AS/OF = AF/08 = 0, for A > 0.95. (46)

At the other extreme, the alignment of the "+" symbols in
Figure 10, signifies that vithin the above specified region,
standby flost units @and service channels are perfectly
substitutable dinputs. Inside the bounds one unit of F can be

substituted for one unit of S, and vice versa. Algebraically:

MRTS = AS/OF = OF/0S = -1. (47)




Cost Optimal NFP

Based on the espirical lav of diminishing returns and the
experimental findings in the above section, it would be
irrational for the hypothetical firm under investigation to
continue the substitution of service channels with atandby float
units, or vice versa, belov the bounds of the (F=42, S=43)
range. Such an attempt wvwill not allov the fiim (o attain an
operation availability level on or above the 0.93 mark. On the
other hand, any increase in the total float requirements above
the [FsS51, S=53] range, may improve operations availability, but
it costs wore. Once the region(a) of perfect substitutability
between F and S is (are) identified, the cost optimal among the

availsble cosbinations can be easily detersined.

The three examsples in Table XVI shov hov the optimum (F, S)
combination can be identified. In addition these examples
verify hov eensitive the final solution is to a fire’'s
underlying cost structure. Under cost structure (i), for
example, it costs 6150 per day to have s standby flost unit
available (Cps$150/day), and the cost of keeping s service

channel open for repeirs is 673 per day (Cg=$75/dey). The




-98-
optimum (Fe, Se) combination is (42, 33), which yields a daily
saintenance float policy cost of $10,273. Under cost structure
(11), 4t is sssused that the daily cost of retsining a standby
float unit sasnd the cost of keeping s service channel open for
repairs are equal (CpeCg=$112.350/day). The optimum among
the alternative (F, S) combinations is (46, 48), for the sinimum
NFP cost being $10,575.00. Finally, under cost structure (iii),
it costs 75 per day to have @ stendby float unit available
(Cp=975/day), and the cost of keeping a service channel open
to perform repairs is 8130 per day (Cg=$130/deay). The optimum
(Fe, Se) combination is (S1, 43), vhich again yioldq e daily NFP

cost of 810, 57S.

In all three cases, and for all other factors being held
constant, the optisum among the slternative (F, S) combinations,
is the one for vhich the combined cost of beckup sachines and
the cost of maintaining a particular crev size is minimum. For
all the three hypothesized underlying cost structures, the set
of alternstive (F, S) combinations is limited. Its
determination is constrsined by the wmanagerial choice on the
customer service or operations availability objective.
Alternatively, this may be considered the case vhere the cost of
dovntise or operations unaveilsability is too high to be included

in the cost minimization process.




Cost Sensitive NFP

Based on the above section’s examples in Table XVI, the
determination of the cost optimal input proportions (Fe, Se),
could be vieved as a problem of minimizing the cost of producing
a specific level of operstions aveilability (A). This section
presents hov the Langrangian technique for constrained
optimization can be used to develop the optimal (Fe, Se)

cosbination rule.

The grid surface of operations availability in Figure 9, and
the discrete dats points in Figure 10, can be generalized by
assuming that the underlying production function, formulae (45),
is continuous in nature. This generalization aids the
constrained optimization probles vhich is developed as follovs.
The constraint states that some specific level of operations
availability Ae sust be realized for the system described by the
function Asf(F, S). Vritten in the standsrd Langrangian format,
the constraint is Os=Ae¢-f(F, S). The combined cost function is
given as TC=Cp:F+Cg°S. The Langrangisn function for the

combined cost minimization probles, then, is:
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Lrc * CpF + Cg'S + AlAe-£(F, S)I. (48)

The conditions for constrained cost miniwmization aeare

provided by the psrtial derivatives of equation (48):

dLyc/dF = Cp - AldL(F, S)(drl = 0, (49;
dlyc/dS = Cg - AdL(F, S)/dS] = O, (50)
and

" dLpc/dd = Ae - £(F, S) = 0. (51)

Since the last terss on the left hand side in formuli (49) and
(50) represent the marginal availability (MA) due to the standby
float units (F), and service channels (S), respectively, those

expressions can be revritten as:
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Cp = 1HAF,

and Cg * 1!‘5.

Taking the ratio of formsulae (32) ¢to formulae
cancelling the lasbdas produces the basic (F,

optimality relationship:

Cp/Cg = MAp/NAg.

(32)

(33)

(33) end

S) input

(34

Thus, for a minimum cost (F, S) combination, given the required

level of operations availability (Ae), the input factors of

standby float units and service channels must be combined in

such a vay that the ratio of their marginal products, in terms

of A, is equal to their cost ratio. Alternatively, transposing

formulae (354) to derive the expression:

HAp/Cp = NAg/Cg,

(33)
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the optimal (Fe, Se) input combinations require that their ratio
of warginal operations availability to cost of both input

factors sust be equal.

Formuli (54) end (35S) algebraically specify the necessary
conditiona for optimality in a maintenance float system input
combination. The least cost (Fe, Se) combination requires input
proportions such that an additional dollar’s vorth of standby
float units (F), adds as wmuch to the operstions availability
(A), as does 8 doller’s vorth of service channels (5), and vice
versa. This theoretically derived relastionship clearly explains
vhy cost optimal maintenance float policies are so sensitive to

a fire’s underlying cost structure.

NFP Performance and Tradeoffs

The foregoing analysis undoubtedly did not exhaust all the
possible systes performance messures, but it should indicate the
syriad of possibilities. The context of analysis vas enlarged
from the repairsan’s to the production s=manager’s probles in
order to study hov the latter can design a8 highly reliasble

maintenance float systes utilizing system relisbility based NFP
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~ models. Following Buffs (1984), hovever, s single seasure of
perforsance used across all the parts of a system wmay be
deceptive and wmay also lead to an adverse bargaining procoll'
betveen the production and wmaintenance wmanegers. In such an
event an ‘optimsal® waintensnce float policy vill be determined
by the basic pover structure within wvhich such negotiations take

place.

In addition, to establish an NFP based on the probabilistic
attainment of a preset level of operations availability (A),
vithout measuring the perforsance of the employed service
channels and equipsent, in terms of their utilizetion (P), is to
possess only half & picture. Confucious wmust have said

something about having half a picture.

Assuning that data becose available, the performance of the
other tvo major system comsponents (equipsent and service
channels),” can be wmeassured for an established NFP, in addition
to the operstions availability. The GPSS-V simulation cutputs
in Experimental Analysis #4, did provide information on the
utilization (P) of the employed service channels and equipment
for the hypothesized firm vhich is being used as an example
throughout Chapter IV. By taking into considerstion the overall
HFP economic consequences (physical and cost aspects), it
becomes possible to wove avay from half pictures and adverse

bargaining processes, and to recognize existing NFP tradeoffs.
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As Gardner & Dannenbring (1979), point out, vith stochastic
perforsance wseasures ssnagement decisions Dbecome rather
complex. In maintenance float systess, operations availability
(A), snd equipment and service channel utilization (P), ere
interdependent. In dealing with the real life dramas and
complexities of interdependence, it vill be helpful to turn back
to the three dimensional surface anslysis, and establish
additionsl perforsance nseasures that an arbitrary NFP seeks to
minimize. According to Sasty & Alexander (1981, p. 97), the

operstions availability at steady state is given by:

As=1-14 (56)

vhere U is defined as operations unavailability. By combining
formulse (56) vwith formulse (43), operations unavailability can

be wvritten as the folloving unspecified relationship:

Us2-£(F, 8, O0¢<fcl. (57)

Thus, various quantities of the tvo inputs, service channels
(S), and stendby float units (F), can be used to minimize the

unavailability of operations (U), vithin s tvo-input, single-



-105-
output system. Additionally, the same arbitrery NFP may seek to
maxinize the equipwent and service channel utilizeation (P), or
alternatively, depending on preset mesnagemsent objectives,

minimize the service channel and equipesent underutilization:

Us1-P, O0<P<l. (58)

Considering weatters of signification as eecondary for a
moment, U can be interpreted or act as a surrogate mseasure for
the wmaintenance float systems physical perforsance. What is of
primary interest, hovever, is to recognize that a tradeoff
exists betveen operations unavailability and eervice channel

underutilization, as the grid surfsces in Figure 11 illustrate.

The three dimensional diagrem in Figure 11, is s graphic
illustration of the operations unavailability (OU), and service
channel underutilization (SU), grid surfaces, as tvo functions
of a tvo-input, double-ocutput systea. Folloving the F axis
outvards indicetes that an increasing nusber of standby float
units 1is being used; going out the S axis represents an
incressing usage of service channels; and moving up the U axis
msesn that higher levels of operations unavailability and service
channel underutilizastion sre reslized. The sinimus U level that

can be sachieved 1is zero. The amount of U that can be schieved
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vith each (F, S) input cosbination is represented by the height
of the operations unsvailability (OU), and the height of the
service channel underutilization (SU), grid surfaces erected

above the FS input level.

The tradeoff displayed betveen the OU and SU surfaces in
Figure 11, ie rather straightforvard. V¥With a fixed F, increases
in S simply reduce operations unavailability, vhile at the same
time incresse the service channel underutilization. At s fixed
lov S, incresses in F do not greatly affect neither operations
unavailability nor service channel underutilization. At a fixed
high S, hovever, increases in F reduce operationa
unavailability, but vhile they reduce service channel

underutilization at lover levels, they add to it at a higher F.

The lav of diminishing returns becomes evident once more, as
it clearly holds true for the sarginal product of the service
channel input (S), on the operations unavailability (OU), for
the vhole range of standby float units (F). The inverse of the
lav also holds true for the merginal product of S on the service
channel underutilization (SU), for the entire displayed range of
F. The same relationship, hovever, is not entirely supported by
the wnsarginal product of F on SU, although it is still evident in

the msarginal product of F on OU, for the entire displayed S.
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From both the operations unavailability (0OU), and the
service channel underutilizstion (SU), surfaces in Figure 11, it
can be inferred that the factor contribution of the service
channels (S), is wuch higher than the returns to the input
factor of standby float units (F). This contribution may be the
key to determining the optimal combinetion of a maintenance
float system inputs that should be used to schieve s balance
betveen operations unaveilability aend @service channel
underutilizastion. It may also be inferred from Figure 11, that
such  balance, if required, is schieved on <(or 4in the
neighborhood of) the line vhere the OU and SU grid surfaces

cross each other.

The data used for the construction of the three dimensional
graph in Figure 11, as vell as the graphs in Figures 9 and 10,
vere provided by the GPSS-V simulstion results in Experimental
Analysis #4. Additional informsation vas aleo provided by the
same outputs, on the average vaiting time to repair as wvell as
on the average vaiting time of equipment on standby. According
to Bhattacharyys (1967), the veaiting time for a spare unit is
the time elapsed before it is commissioned to replace s failure.
On the basis of these tvo average vaiting steady state
realizations asnd the experimental run time, one more physical
performance measure vas estsblished. Newmely, the averasge
equipwent underutilizetion (EU), vas recorded and plotted as an

additional grid surface in Figure 12, slong vith the operations
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unaveilability (OU), and the eservice channel underutilization

(SU), grid surfaces.

The three dimensional diagram in Figure 12 is a graphic
illustration of the operations unavailability (0OU), w@service
channel underutilization (SU), and equipment underutilization
(EU), grid surfaces, as functions of a tvo-input, triple-output
systen. The winimua U level that can be schieved is still zero.
The amount of U that csn be produced vith each (F, S), input
combination of the standby float units and the service channels,
is representd by the height of the EU, 0U, and SU surfaces,

erected above the FS input level.

Among the three surfaces only tvo reach the value of
absolute zero; OU for F=S=280; SU for S<32 service channels, and
for a large number of standby float units (F). The equipwent
underutilization (EU) surface, remains floating above the FS
input level, indicating that equipment cannot be fully utilized.
A tradeoff exists betveen the average vaiting time for repair

and the average vaiting tise on standby.

The significant experimentsl result vhich the nev equipsent
underutilization (EU), weasure and grid surface, contribute to
the maintensnce float policy tradeoff asnalysis, becomes evident
in Figure 13. This figure is cosparable to taking tvo slices

out of Figure 12, each slice being parsllel to a plane formed by
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s unique set of two axes (F and U, and S and U). The exact
shape of the EU, OU, and SU curves in Figure 13, depends on the
point at vhich the slice is taken, that is, the point at vhich

one of the variables F or S is held constant.

Thus, by holding F constant at 50 standby float units, for
example, it is possible to observe that for lov S values, the EU
and 0OU curves cross esch other vhile they are both intercepted
by SU. Similarly, by holding S constant at 350 service channels,
it becomes clear that vhile the OU curve remsains belov the SU
curve for the entire displayed range of F, the EU curve crosses
them both at different heights above the FS input level. The
amazing result is that all of the above line crossing takes
place vithin a fairly small area of the FS input plane as

indicated by the shaded triangle in Figure 13.

1£ an optimal HFP involves balancing operations
aveilability, and equipsent and service channel utilization, as
it is implied 1in Figure 12, then, only a smsall set of
alternative (F, S) combinations exists, vhere this balance can
be echieved. This set can be identified by the existing
tradeoffs asmong the system’s physical perforsance mseasures. The
sinimue coet (Fe, Se¢) combination can be further determined,
depending on a particular firm’s underlying cost structure.
This last point vas sade rather explicit by the illustrations in

Teble XVI, vhere three different underlying cost structures
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yielded three different optimsl solutions.

Again, the foregoing discussion assumes a balanced
maintenance float system vith an investment properly
proportioned among the P/0ON system components: operations,
service channels, and equipment. If this ie not the case, then
some of the the system’s components vill be under excessive
strain and stress, and others inadequately utilized. None of

the above relationships vill be valid.
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CHAPTER V

SUNMARY AND FUTURE RESEARCH

The present study represents s piece of exploratory as vell
as deductive research. It constitutes a first attempt to place
a complex array of econouic, social, and technological variables
into a holistic system for the purpose of analysis. Namely, the
classic repairsan’s problem is extended into a P/0ON problen.
"The present chapter vill begin vith some discussion of the
results reported in the preceding chapters. In anslyzing the
results of this study in light of its intended purposes, it is
isportant to sussarize its sajor findings. These are deewed
important due to their potential implications as they lead to

suggestions for future research on maintenance flost systess.

The fundamental purpoese of this study vas to investigate
vhat is appropriate in the establishsent of saintenance float
policy for production systess fros vhich a high level of
operations aveailsbility is desanded. The need for this

investigation emerged fros the reviev of the developsents and
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applications in the wmaintenance wmsanagement literature in
general, and in the wmaintensnce float systems literature in
particular. The serious gap identified betveen theory and
practice motivated the tvo-fold research objective reflected in

the paper’s structure.

First, guided by management practice s set of flexible,
reliability based triengular estimation wmodels vas developed.
Formally derived, these add to the recently established NFP
normative theory. Based on both theoretical as vell as
experimental dats, & gauntlet of statistical tests indicated
that the triangular aespprosch can significantly improve the
process of wmaintenance float policy detersination, for nevly

planned as vell as slready existing P/ON systems.

Second, guided by this snalytically derived nev model base,
the conceptual schema of the NFP framevork vas enlarged in order
to integrste, study, and understand the economic, socisl, and
technological iwplications of waintenance flost systeams;
implicetions vwhich had been overlooked in the psst. In the
progess, the study departed from the established plausible but
narrov engineering perspective and exsained meintenance float
systems vithin their larger snd closer to resl life P/0OM

context.
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Najor Findings and Implications

The MNFP literature seample shoved " hov the landmsrk
contribution of Black & Proschan (1939), allovs the use of
information on component <failure raeather than information on
component demand distributions. Even vith this bypass, hovever,
the @establishment of NFP for large systems with high
svailability requiresents has not been solved snalytically. For
such systeas researchers and practitioners alike resort +to
digital simulation. Yet, the vector grid boundaries over which

a search msust be conducted remain very large.

The Levine-Love & Levis-Madu stress of models can provide
initial NFP estimates vhich substantially reduce the vector grid
boundaries of the search space. For the hypotheticsl firm in
Chapter 1V, for example, the search space vas reduced from 6,36}
to 2,401 alternative (F, S) input combinstions, vwhich is a
63.40% reduction over the trisl and error approach. One of
their wmasjor underlying assumptions, hovever, is that the
equipment failure distribution has been completely
characterized. Thus, these wodels cennot be used vith nevly

planned waintenance float eystems from vhich fasilure data
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collection is impossible.

The reliability based triangular estimation models developed
in Chapter II, can explicitly deal vith the lack of empirical
data. The pilot study in Chapter III, indicates that these
constructs can provide initial NFP estimates vhich are very
close to those that the Levine-Love &L Levis-Nadu models vould
give, had the underlying equipment failure distribution been
completely characterized. That is, provided that the subjective

estimates of experts are reliable.

The results of Experimental Analysis #1 provided little
support for the hypothesized negligibility of W (average vaiting
time to repair). For large N (number of units initially in
operations), and large r (repair to failure ratio), W |is
substantially incressed, having a negative impact on the overall
HFP effectiveness. Due to their flexible structure, hovever,
the reliability Dbased triangular estimation constructs,
according to this study’s results, can compensste for the

non-inclusion of ¥ in the Levine-Love & Levis-Nadu msodels.

Indeed, the results of Experimental Analyses #2 and #3
shoved that the reliability based triangular estimation models
can significantly improve the process of MFP determination. The
reduction of the vector grid, already bounded by the Levine-Love

& Levis-Madu initial NFP estimates, vas shovn to be
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statistically wsignificant. The statisticsl tests vere based on
both theoretical HNFP initial estimates, and experimental system
effectiveness data. Back to the hypothesized firm in Chapter
IV, once wore, the reliability based triangulsr estimsstion
sethod reduced the search space dowvn to 1,681 alternative (F, S)
input combinations, vhich is a 29.99X reduction over the
Levine-Love & Levis-Nadu models, and a 74.38% (!) reduction over

the trial and error spproach.

The statistical tests in Experimsental Analysis #3 support
the propositions by Levine (1963), and Nadu (1983), that system
reliability besed NFP estimstion wmodels can be used vith sany
arbitrary repair distribution. In that section it vas
experimentally verified that the final effectiveness of a
maintenance float policy primarily depends on the underlying

equipsent failure, not the repair distribution.

The exploratory analysis based results, vith respect to the
size of the msintensnce total flost required for large systems,
support the Love & Levis (1983), notion on the positive returns
to scale. The theocretical NFP percentage estimates, hovever,
nmust be converted into backup units and service channels
requiresents, that is, into absolute terms. Then, it becowmes
clear that larger P/0OM systess require more service channels,
and wore standby float units, in order to attain s high level of

operations availability.
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Some of the strongest effect observed in this study resulted
by shifting from an snalysis of the physical performsance of
inputs to en examination of their economic productivity, or
operations availability generating capability. The conversion
from physical to economic relationships vas accomplished by
dividing the wmarginal product of the input factors F and S by
their wmarginal cost. ¥ithin the process, the aystery of vhy
cost optimal wmaintenance float policies are so sensitive to a

firm’s underlying cost structure vas resolved.

Additionally, three nusericel examples vere provided in
Chapter 1V, vhich shov hov a restrained cost optimum MFP can be
deterained. The constraint vas imposed by the hypothetical
firm's msanagement in order to attain a probsbilistic A
(operations availability), at e hich level. An A isoquant
emerged <from this physical performance constraint, vhich vas
subsequently transferred to the FS input surface. The second
exsmple in Table XVI (underlying cost structure (ii)],
illustrates the possibility of underlying 4isocost as vell as

isoquant curves.

Finally, by turning back to aen anslysis of physical
performance measures for the waintenance float system under
considerstion, it vas shovn hov existing MFP tradeoffs can be
identified. Although it vas not reslized vwithin the grid

surface analysis in Chapter IV, experimental snd/or real life
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cases wnay emerge vhere the three surfaces in Figure 12, cross st
a single point. If such a case does exist, then, a perfectly
bslanced saintenance float system wvill be identified
independently of the firm’s underlying cost structure. The
perpetual difficulties associasted vith the cost optimal NFP

determination vill be bypassed.

The overall findings of the very last section in Chapter 1V,
are based on an exploratory search over a set of experimental
steady state realizations. The crudity of their foregoing
analysis does not permit to formally list them as results, let
alone as theorems et this point in time. Evidently, hovever, in
addition to the interesting results, s set of propositions for

future research emerge from the investigation.

Suggestions for Future Research

The £findings and conclusions reported in this study indicate
the need for further research in a number of sreas. A fev are

listed here:

1. Validation and stability of the study’s results on the basis



2.

sl
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of real life and/or other experimental dets sets.

Extensions from the Triangular Approach to the even more
flexible Beta Approach, bssed on the Betals;, e3)

equipment feilure distribution.

A *fine tuning* of the relationships involving NFP
tradecffs, to evaluste further their impact on the overall
physical and wmonetary effectiveness of wmaintenance float

systens.

Further development of the definition aend wmeasurement of
vhet is collectively referred to as equipment utilization

vithin the NFP context.

Research tovards the empirical and/or experimental
estimation of operations availsbility (A) functions. VWith
the aid of the statistical methods of regression snalysis it
may be possible to identify general A concave forss.
General 1in the sense that they say hold for large classes of
saintenance float systems, provided that the underlying
equipment failure distributions (continuous or discrete),

possess the monotone likelihood ratio property.

The tradeoff sasnalysis in Chapter IV can be extended to

identify and establish an ®optimal MFP surface." Once such
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s surface is constructed, it can be used to wmake
improvements in any maintenance float system under

consideration.

7. Such an "optimal NFP surface, * once constructed, can be used
to wmodel the more generalized maintenance float system in

Figure 3 (p. 22).

The study of wmsaintenance flost policy is bv definition.
dependent upon the understanding of an eclectic arrasy i
influences. Economic, physical, and even social issues asre
1nv61vod. The integration of the deductive vith an exploratory
tradeoff analysis represents a wmeens of capturing some of the

complex systems of relationships involved in NFP determination.

It is hoped that this study vill at least serve as a basis
of reflection, and as a stimulus to resesrch designed to further
enhance knovliedge on the design and management of maintenance

float systess.
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FIGURES
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Figure 1. Basic Components of a P/OM System. Adapted from Dervitsiotis,

(1981).
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Figure 12,

Equipment Undorutllluuon (Eu), Operations Un.vclllblllty (ou),
and Service Channe} Undcrutulntlon (8U), Orid Surfaces.
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Figure 13. Line Crossing and Tradeoffs between EU, OU, and SU.



-134-

TABLES



-135-

TABLE 1
(1) (11) (114)
Corrective Naintenance (CH)
or Repair
Inspection Preventive Naintenance
and Testing (PN)
Hayre (1983) Barlov L Hunter (1960)
Luss (1976) e<Policy II>
Sengupta (1980) Bullock (1979)
Vallace (1983) Chanin & Sphices (1980)
<Relisbility Testing> Rann & Coates (1980)
Nguyen & Hurthy (1981)
Hinisal Repair (MR) Repair Limit (RL)
Barlov & Hunter (1960) Beichelt (1982)
e<Policy I> Lambe (1974)
Brovn, Nahoney, elakagava & Osaki (1974)
& Stivazlian (1543) Nguyen & NMurthy (1980)
Eppen (1963) e et — - .
<Hysteresis> Gquicwent Life Tise (ELT)
Norimsura (1970) Lasson, Hastings, 8Willis (1983}
Naksgave L Kovada (1983) Lohsan, Foster, tLayssn (1982)
Nehrez & Stulman (1983)
I
Reliability Based UFP
Levine (1963)
Love & Levis (1983)
Nadu (1963)
Purely Theoretical NFP Search & Sisulation NFP
Barlov, Proechan, JohnsontFernandes (1978)
& Hunter (1963) Hillierd (1973)
e<Repairman’s Problem Schriber (1974)
NHani & Serms (1984) VWahi (1966)
<Closed Queueing Netvork> Veir &L Tiger (1971)
Kumegi (1973) Yhite (1979)
Rasanarsyanan & Usha (1979; 1980) VWidavsky (1971)
Sabrasanisn L Venkatakrishnan (197S5)
Yhite (1967)
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TABLE II

mre Determination Formuli

Failure f Equation Number

Exponential -1 - exp - {ln (-Nj.T-)o MIBIR 11-1

Weibull fe] - ex {, / } 11-2
P- -1 b

MITRV

Genna t-1-exp - {_\/—I" .MIIB}Z \/-T_ 11-3

Lognormal f-q){_ln_[.e._xm.Z_ar'o"cL)’MTTR] 'E} 11-4

Norsal ) {Zo . M%.IB} 11-5

0 {MTTRE &‘-(b a) 116

Unifora

- 1 , u&-(b-a)(MTTR
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TABLE I11

Asymptotic M F P Detcrmination
Failure f Equation Number
} ¢ nen a b - - MLIR -
Exponential f1exp{ b} I11-1
-1-exp - &Tﬂ}a )
weibull f exp { 3 111-2
3 {_q_}i
Gamma £-1 - exp -{MIIB} t . 111-3
b ¢ j!
j=0
Lognormal ) { -3.09-0. ) MTTR] - } 111-4
o
Normal ) {-3,09 o M‘%‘TTB.} 111-5
Uni form ¢« MITR , O <MTTR<b-a 111-6
b-a
= 1 . b-a<MTTR
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TABLE 1V

Trisngyler N F P Determingtion

Triangular Distribution (1Iv-1)

{, o=kl MTTR} | " _\/.'L} \,@_

(b-a) (c-a)

(b-a)b-c) -MTT
G T R o e e
y , -\Ahﬁl)(b-a)&)-c)tMTTR

Left Triangular Distribution (1v-2)

W/ MTTR((b-a), /Nl
m{ b-a , 0 (MTTR((b-a)\ /b
. . (b-a)\/NELMTm
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TABLE V

Trisnguler Distribution (V-1)
2
f - _(_b(ﬁ)%'?)_) s 0 LMTTRL \/(b-a)(c-)
-djiCc-a

2
. -{\/‘b‘(z)ft:)f;_':;mﬂ ¢ \flo-ac-a) (MTTR  [(b-aXb-c)

-1 » \J(b-a)b-c) IMTTR
Left Trisngular Distribution (V-2)
2
-1 fi. MIIR . MTTR(b-
{ ATt } 0L [b-a

-1 ' b-alLMTTIR
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TABLE VI

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

Units Initially Repair to Average VWaiting
in Operastions Failure Ratio for Repair
_N T M _(hre)
S 0.25 0. 069
0.30 0.191
0.75 0. 689
1.00 1.073%
20 0.25 0. 766
0. 30 2.598
0.75 4. 469
1.00 6.333
S0 0.25 2.530
0. 50 7.226
0.75 12.006

.00 16.765
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TABLE VII

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

Postulated df Computed alpha Tabulated Descriptive
Hypothesis N1/N2 F _R<, 00 i —oete
H 2/11 10. 363 .25 1.58 0.7343
.10 2.86
.03 3.98
<F test for N> .01 7.21
Ho 3/11 3.2335 .23 1.58 0. 5161
.10 2.66
.03 3.59
<F test for > .01 6.22
Rule: at alpha-percent level of significance:

Reject Hy if Fcomputed > FTabulated’

Do not reject Hy

f Fcomputed £ FTabulated:



No MD;N

L3 14

. [} 2991
3. 11 29 20 2600
4. 1L 2% & 2407
S. 11 23 80 2309
6. 11 5 5 sie
Te 11 SC 10 54l
0. 11 350 20 4238
9% 11 53 43 4088
10, 11 38 08 4011
. 1L 15 8 e221
12. t i 7910 3N
13. 11 79 20 550
16, L L 79 40 3394
13. 11 7% 00 3338
16, 11160 3 7097
17. 1 100 10 a4
18. 11 100 20 #3575
19, 1 1 100 40 6413
20. 1 1 100 09 4367
21, L1 1% 9 s
22. 11150 10 7992
3. 1 1 150 20 7000
24, 1 1 190 40 7028
29. 1 1 150 80 17OF7
26. 132 25 9 4080
7. 12 2% 18 2002
28, 12 2920 20
29, 12 29 421548
0. 12 29 09 122
3. 12 % 3
N. 12 950 10 9%
3. 12 30 20 01
M. 12 9740 3520
3%. 12 50 80 N2
36. 12 15 37113
37. 12 18 10 &840
3¢, 12 732 alee
3o, 12 79 49 3628
40, 12 73 80 3243
. 1 2100 S %0
42, 1 2 100 1* 0270
43. 12100 20 7770
“, L 2 109 40 T30
(2 N 8 2 107 00 197
46. £ 215 3 9%
4T, 1 2 150 10 %4s2
8. 1 2 150 20 %92
.9, 1 2 150 &0 9362
S0, L 2 159 8C 9297

N o
NOVNOOVWOLLw

TABLE VIII

THEORETICAL FLOAT FACTOR (£) AND TOTAL FLOAT (F) ESTINATES

No M

N: Estimation Nethod;
N: Units in Operations;

D: Failure Distribution;

r: Repair to Failure Ratio

DrN § _No MD rN t FIN

1Y eIy e — a0 2

1) 2% 10 1%40 2 | 102, | s s lo 2031 uz.

L3 2% 201159 2 | 103, 13 2329200 4 |19, zz
13 2940 022 3 | 104, 13 2560173 17| 1%, 22
L3 29500 437 5 |} 108, 1S 2% 09 1913 12 | 195, 22
13 % 33N 2| 10, 19 30 S o121 21 1%, 22
13 %0 10 249 2 | 107, 13 30104013 &} 197, 22
13 %0 29191 & | 100, 19 50 20 337 7 | 1%s. 22
13 S0 40 (601 7 | 109, £S 5040 3300 13 | 199, 22
13 30 00 1614 11 | W20 13 50 00 Me3 23 | 168, 22
13 15 s 62 2| L. 1S 735 33713 31| 11, 22
13 7518 3% 3| N2, 19 1530 %120 9] 12, 22
13 15202000 & | 113 13 7920471 10 | 103, 22
13 79 40 23546 10 | 114, LS 79 40 4322 10 | 164, 22
13 79 00 2%9% 10 | 119, LS 75 80 4406 33 | 168, 22
13163 5483 2| Lis. 195108 30406 ) | Leb. 22
19100 10 4244 & | N7, 1910310 9%8 o | 107, 22
13100 20 3790 8 | 118, 19 108 20 3714 11 | 168, 22
1 3 100 40 3458 1& | L1219, L9 100 40 3917 22 | teo, 22
19100 @9 3221 26 | 120, 19 100 00 339 43 | LY0, 22
13150 36200 3 | 120, 1915 S 1A% ¢ | 1IN, 22
$31% 10937% o6 | 122, 1915 10 7137 7 |12, 22
13 150 20 %422 11 | 123. 19150 20 1019 16 [ a7y, 22
19 150 60 S188 21 | 126, LS 150404919 28 | 1T, 22
1919 00 493 » | 129, 19150 00 6000 % | 173, 22
14 25 S 2183 1 | L2e. 21 235 54000 2 | 10, 2
14 29 10 1692 |} | 227, 21 23103218 & |77, 293
L6 2520 000 2 | 120, 21 23202700 o | AT, 23
16 29540 43 2 ] 129 21 2354025211 |10, 29
14 29500 233 2 | 130, 21 29300 2433 20 | 100, 23
16 50 5332 2| 3. 21 % s seer 3 | et 2
L4 % 10 2148 2 | 132, 21 50 10 %110 10 | 182, 2
164 %0 2012951 3 | 193, 21 50 294740 10 | 103, 23
14 S0 60 722 3 | 1), 20 50 40 4362 19 | 10, 29
L4 SI80 409 3 | 138, 210 % 00 e 36 | 109, 2)
14 79 34602 2] 136, 21 75 s 71302 ¢ | 18, 293
14 7510296 3| 130, 21 151C0670% 7 | 200, 29
16 735201040 & | 138, 21 15 20 6e04 13 | 100, 2)
14 1540011 S | 139, 2L 7940 0249 23 | 109, 2
14 7509 601 3 | 100, 21 T3 00 6172 % | 19, 2
L4100 333 3| 141 20100 3 e 35 | 191, 2
1 4 100 10 38%0 o | 142, 21 103 12 ™07 8 | 192, )
1 ¢ 10C 20 2578 S | 163, 20 103 20 TVaT 6 | 19, 23
14100 60 1608 7 | fas, 21 160 43 7626 31 | 19, 2)
1 4107 99 1078 9 | 1eS. 20 100 00 7362 61 | 193, 23
1610150 3 75 & | ses. 213195 sS9191 3 ] 1%, 2)
14 15C 10 35832 ¢ | o7, 1 150 10 %03 10 | 197, 23
14 150 20 4494 9 | tes. 21 157 20 %408 10 | 190, 2
T4 130 40 3228 13 | 1ee, 21 150 40 %43 38 | 199, 2
L6 150 80 2297 10 | 1%0. 21 150 00 9408 76 | 200, 2

25
29

00
0
S

20
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o 2112
9 1002
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TABLE IX

HYPOTHESIS TESTING FOR THE SIGNIFICANCE OF DIFFERENCES
IN £ AND F DUE TO THE ESTINATION METHOD (M=) AND N=2)
THEORETICAL DATA: ANOVA-TESTS

Postulated df Computed alpha Tabulated Descriptive
Hypothesis N}/N2 F. D, ve E eta
H3 1/283 23.073 .25 1.32 0.2917
.10 2.71
.05 3.84
<F test for > .01 6.63
He 1/238 6.083 .25 1.32 0.1544
.10 2.7}
.05 3.84
<F test for F> .01 6.63

Rule: at alpha-percent level of significance:

Reject Hy 1f FCougutod > Frabulated’
Do not reject Hy if Fcomputed € Frabulated:
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TABLE X

HYPOTHESIS TESTING FOR THE TRUE SIGNIFICANCE OF DIFFERENCES
IN £ ARD F DUE TQO THE ESTINATION METHOD (M=1 AND N=2)
THEORETICAL DATA: T-TESTS

Postulated df Computed alpha Tabulated
Hypothesis _ N1+N2-2 L —R<, o0 t
Hs 248 -4.80 .23 -1.156
.10 -1.645
.05 -1.960
<Lover Tail Test< .01 -2.378
He 248 -2.46 .23 -1.156
.10 -1.645
.05 -1.960
<Lover Teil Test> .01 -2.378

Lover Tail Rule: st slpha-percent level of significance:

Reject Hy if t60l£utod £ tTabulated’
Do not reject Hg 1f tcomputed > tTebulated
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TABLE XI

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

Estimation Distribution of: Operations Channel Waiting
Nethod Failure Repair Availabdil. Utiliz. For Rep.

No. n F R A P W
1. 1 1 1 776 999 1447
2. 2 1 1 886 994 642
3. 1 2 1 381 1000 3337
4. 2 2 1 862 994 792
S. 1 3 1 668 1000 2461
6. 2 3 1 840 998 932
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 a39 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 3 643 1000 2725

2 3 3 818 997 1107

Key to the nominal values of the polytomous variables.

(1) Levine-Love
(2) Reliability

(1) Exponential,

(1) Exponential,

& Levis-Nadu estimate implementation;
Based Triangular estimate implementation.

(2) Weibull, and (3) Erlang-2 failures.

(2) Erlang-2, and (3) Lognormal repairs.
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TABLE XII

HYPOTHESIS TESTING FOR THE SIGNIFICANCE OF DIFFERENCES
IN A, P, & M, DUE TO THE ESTINATION METHOD (Ns) AND N=2)
EXPERIMENTAL DATA: ANOVA-TESTS

Postulated df Computed alpha Tabulated Descriptive
Hypothesis N1/N2 F RS, o0 _F eta
Ho 1716 41.814 .25 1.51 0.8504
.10 2.67
.08 3.63
<F test for A> .01 6.23
Hg 1716 20.563 .23 1.51 0.7499
.10 2.67
.08 3.63
<F test for P> .01 6.23
.10 2.67
.05 3.63
<F test for W> .01 6.23 ‘
Rule: at alphs-percent level of significance:

Reject Hy 1f Foomputed > FTabulsted:
Do not reject Hy if Feomputed € FTabulated:
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TABLE XIII

HYPOTHESIS TESTING FOR THE TRUE SIGNIFICANCE OF DIFFERENCES
IN A, P, & W, DUE TO THE ESTINATION METHOD (M=l AND N=2)
EXPERINENTAL DATA: T-TESTS

Postulated df Computed alphs Tabulated
NleN2- t _D¢, *° t
Hjo (9.34): 9 -6. 47 .25 -0. 7027
.10 -1, 3830
.08 -1.8331
<Lover Tail Test< .01 -2.8214
Hyy (8.28): 8 4.353 .23 0. 7064
.10 1. 3967
.08 1.8393%
>Upper Tail Test> .01 2.8963
Hy2 (8.51): 9 S.53 .23 0. 7027
.10 1.3830
.08 1.833
>Upper Tail Test> .01 2.8214

Lover Tail Rule: st alpha-percent level of significance:

Reject Hy 1f tCO.gut.d < tTabulated’
Do not reject Hg 1f tcomputed > tTabulated

Upper Tail Rule: at slpha-percent level of significence:

Reject Hy if tColgutod 2 tTabulated’
Do not reject Hy 1f tcomputed € tTabulated
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TABLE XIV

HYPOTHESIS TESTING FOR THE SIGNIFICANCE OF DIFFERENCES
IN A, P, & ¥, DUE TO THE REPAIR DISTRIBUTION
((1) EXPONENTIAL; (2) ERLANG-2; (3) LOGNORNAL)
EXPERINENTAL DATA: ANOVA-TESTS

Postulated df Computed alpha Tebulated Descriptive
Hypothesis N1/N2 F RS, 00 _F eta
Hyi3 2/138 0. 066 .23 1.32 0.0936
.10 2.70
.03 3.68
<F test for A> .01 6. 36
.10 2.70
.08 .68
<F test for P> .01 6. 36
Hisg 2/15 0.054 .25 1.52 0. 0846
.10 2.70
.05 3.68
<F test for W> .01 6.36
Rule: at alpha-percent level of significance:

Reject Hy if Fcomputed > FTabulated?
Do not reject Hy if Feomputed < Frabulated:
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TABLE XV

HYPOTHESIS TESTING FOR THE TRUE SIGNIFICANCE OF DIFFERENCES
IN A, P, & W, DUE TO THE REPAIR DISTRIBUTION
((1) EXPONENTIAL; (2) ERLANG-2)
EXPERIMENTAL DATA: T-TESTS

Postulated df Computed alpha Tabulated
Hypothesis N1°N2-2 L 1 R, 00 t
Hig 10 -0.01 .25 -0. 6998
.10 -1.3722
.05 -1.8128
<Lover Tail Test< .01 -2.7638
Hyy 10 0.49 .23 0. 6998
.10 1.3722
.05 1.812%
>Upper Tail Test> .01 2.7638
Hig 10 0.01 .29 0.6998
.10 1.3722
.03 1.812%
>Upper Tail Test> .01 2.7638

Lover Tail Rule: at alpha-percent level of significance:

Reject Hy if tCongutod < tTabulated’
Do not reject Hy if tcomputed > tTabulated

Upper Tail Rule: at alpha-percent level of significance:

Reject Hy 1f tco.gutod 2 tTgbulated’
Do not reject Hy 1f tCcomputed < tTabulated
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TABLE XVI

ALTERNATIVE (F, S) COMBINATIONS ALLOWING A FIRN VWITH
N=80, ERLANG-2 FAILURES AND REPAIRS,
ATTAIN AN A20.935 FOR THREE UNDERLYING COST STRUCTURES

AND r=0.60, TO

Underlying Cost Structure
Alternative (1) (i1) (144)
Combination Cp=$130/day Crp=8112. 3/dsy Cp=8 73/day
(F, S) Cg* 73/day Cg* 112.3/day Cg* 130/day
) ] ]

42, 80 6, 300+6, 000=12, 300

4, 725.0+9,000.0=13, 725.0

3, 130+12,000=15, 130

42, 56 6, 300+4, 200210, 300 4, 725.0+6, 300.0=11,0235.0 3, 130+ 8,400=1}1, 350

42, 53 6, 300+3,975=10, 275+ 4, 725.0+5, 962. 5=10,687.5 3, 130+ 7,950=1}1, 100
43, 52 6,450+3,900=10, 350 4, 837.5+5,850.0=10,687.5 3, 225+ 7,800=11,025
44, 31 6,600+3,825=10, 425 4, 950.0+35, 737.3=10,687.5 3, 300+ 7,650=10, 950
43, 30 6, 750+3,730=10,300 5, 062.3+3,625.0=10,687.5 3, 373+ 7,300=10, 873
46, 46 6, 900+3,600=10, 300 5,175.0+3, 400.0=10, 375.0+ 3, 450+ 7, 200=10, 630
48, 48. 7,200+3,600=10,800 S, 400.0+3, 400.0=10,800.0 3,600+ 7,200=10, 800
49, 47 7,350+3,525=10,87S S, 512.5+5, 287.3=10,800.0 3,673+ 7,030=10, 725
30, 46 7,500+3,430=10,950 S, 625.0+3,175.0=10,800.0 3, 730+ 6,900=10, 650
31, 45 7,650+3,375s11,025  S5,737.5+S,062.5510,800.0 3, 823+ 6,730=10, 373¢

5SS, 45 8, 250+3,375=11,625 6, 187.5+3,062.5=11,250.0 4,123+ 6,730=10,873

80, 45 12,000+3,375=15,37S 9,000.0+5,062.5=14,062.5 6,000+ 6,730=12,730

*: wuiniwum combined cost of standby float units (F), snd service channels (S),
yielding the optimum (Fe¢, Se¢) combination.
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