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Abstract-This paper surveystheliteraturerelated to maintenance
policies for single and multi-unit systems. The emphasis is on
work appearing in different periods. The literature is divided
into two main categories single and multi unit system. The
single unit system is divided into six sub-categories like: Age-
dependent, Periodic, Failure limit policy, Sequential, Repair
limit, Repair number counting and reference time policy.
Similarly policies of multi-unit are divided into two sub-
categories;viz Group and Opportunistic maintenance policies;
Each kind of policy has different characteristics, advantages
and disadvantages with lot of contributions from Research
scientist and Technologists. Around 150 authors and their
research works are presented in the reference section. It will
help the reader to select the exact policy for their organization
and the reference section will be helpful for further study
and further knowledge about different existing maintenance
practices.
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I. INTRODUCTION

In this Paper the maintenance policies related to single-
unit or multi-unit systems are discussed. The preventive
maintenance system had been studied by several authors
in the past. Barlow and Hunter(1960),N akagawa (1979),
Singh(1989), computed the state probabilities of a complex
system. Zhao (1994), developed a generalized availability
model for repairable component. Zhang 1996, studied the
stochastic behavior of an (N+1) unit stand by system.
Grail et al (2002) presented a P.M. structure for a gradually
deteriorating single unit system. Mohanta et al. (2006)
describes the intelligent maintenance scheduling of a captive
thermal plant using intelligence computational techniques.
Todinav (2007) proposed a new method for optimization of
the topology of engineering systems based on reliability
allocation by maximizing the total cost. Kumar et a/ (1991)
Garg and Singh (2005), Singh (2007) and some other writers
applied reliability technologies to various Industrial systems
obtaining important results. Proper maintenance planning
and scheduling of the production systems is required to
allocate the repair resources to meet both P.M and C.M.

A wide and recent study of preventive maintenance
models can be found. The classical age and block replacement
policies are useful for failures that are detected as soon as
they occur (revealed failures); In this situation repairs can
be immediately initiated. The opposite case corresponds to
unrevealed failures, that is, those, which remain undiscovered
unless some kind of inspection or testing is carried out. This
usually happens in stored equipment, standby units.

Badi et al. analyzed the existence of a cost optimizing
policy within the context of an inspection model which
involves corrective maintenance whenever a failure is
detected, and having no effect in the unit reliability. In Ref.
[14] a preventive maintenance procedure is considered
where inspections and maintenance actions take place at
different times. Maintenance policies that can be used under
unrevealed failures are found in Refs. [16-17,18]. Hong-
Fwu Yu et al. Presented A mixed inspection policy for
CSP-2 and precise inspection under inspection errors and
return cost. Jui-Hsiang Chiang proposed a control limit
maintenance policy such that the system is inspected at T,
2T, .. to identify system state and then an action from (do-
nothing, repair, replacement) is taken. The optimal mixed
inspection policy is determined by using the criterion of
maximizing the unit net profit. For a continuous-time multi-
state Markovian deteriorating (production) system subject
to aging and fatal shocks and with states 0 (perfect state)
<1<2< ...<L (complete failure), Chun-Yuan Cheng showd
that the incorporation of the Total Productive Maintenance
(TPM) into the manufacturing machine is a success in that:
the decrease of the machine failure rate and the improvement
of the machine reliability. Ming-Yuh Chen investigated
preventive-maintenance warranty (PMW) policies for
repairable products with age-dependent maintenance costs.
The primary role of warranty is to offer post-sale remedy
for consumers when a product fails to fulfill its intended
performance during a warranty period. Eliminating costly
unscheduled shutdown maintenances and accordingly
reducing the failures of production systems as a whole
help deliver the promises on ordered products. Muhammed
Ucar stressed the need for more efficient maintenance
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and service strategies, the approaches of condition-based
proactive maintenance, collaborative maintenance, remote
maintenance and service support, provision for real-time
information access, and integration of production with
maintenance have evolved into a new phenomenon called
e-maintenance to meet the needs of the future e-automation
manufacturing world.

Barlow and Proshan (1965, 1975), Van Der Duyn
Schouten (1996) and Dekker et al. (1997) surveyed and
summarized the research and practice in maintenance
area . This survey is organized into two sections reflecting
maintenance policies of single-unit systems and multi-unit
systems. Dekker (1996), Pham and Wang (1996), Dekker
et al. (1997) and Jensen (1995) surveyed and summarize
the research and practices in the maintenance area. In the
survey, a classification scheme of maintenance models is
presented. The idea is to classify maintenance models such
that a decision maker can recognize the model that best fits
his maintenance problem. Hundreds of maintenance models
fall into the age replacement policy and the failure limit
policy. Therefore, this review, surveys existing maintenance
models in terms of maintenance policies that they belong
to. This survey is organized into two sections, maintenance
policies of single-unit systems and multi-unit systems.
Since maintenance policies for single-unit systems are more
established, and are the basis for maintenance policies of
multi-unit systems, this work is more focused on single-
unit systems. Figure 1 shows the overview of maintenance
approaches in the Industry and figure 2 characteristics of
each kind of maintenance policy.
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Fig. 1 Overview of maintenance approaches
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II. STRATEGY AND TERMINOLOGY

Presentingascientificreview onacertain topic implies that
one tries to discuss all relevant articles. The search enginers
used here are google scholar, scirus and scopus, and (online)
database, science direct, jstor and mathscinet. It is primarily
searched on key words, abstracts and titles, but also searched
within the papers for relevant references. Papers published
in books or proceedings that are not electronically available
are likely to have escaped terminology is another important
issue. As the use of other terms can hide a very interesting
paper, the edition has been delineated by maintenance,
replacement or inspection on one hand and optimization on
the other hand. The vast literature on maintenance of single
and multi-component systems has been reviewed earlier
by others. Therefore, it is also consulted existing reviews
and overview articles in this edition. moreover, it has been
applied a citation search (looking both backwards in time
and forwards in time for citations) to all articles found. this
citation search is an indirect search method, whereas the
above methods are direct methods. the advantage of this
method is that one can easily distinguish clusters of related
articles.

III. MAINTENANCE PoLICIES OF ONE-UNIT SYSTEMS

As mentioned earlier, the maintenance models are
classified into different kinds of maintenance policies. this
section summarizes, classifies, and compares maintenance
policies of one-unit systems. The first five subsections
discuss the maintenance policies with PMs and another
subsection without preventive maintenance and the next
three on maintenance of multi unit system. The last
subsection provides a summary. The basic assumptions for
single-unit systems are that the unit lifetime has increasing
failure rate (IFR).

A. Age-Dependent PM Policy: The most common and
popular maintenance policy might be the age-dependent
pm policy. Under this policy, a unit is always replaced at its
age t or failure, whichever occurs first, where t is a constant
(Barlow and Hunter, 1960) if t is a random variable, the
policy is the random age-dependent maintenance policy.
details of age replacement policy can be found in Valdez-
flores and Feldman (1989) and pham and wang (1996).
Tahara and Nishida (1975) introduced a maintenance
policy which state that “replace the unit when the first
failure after t0 hours of operation or when the total operating
time reaches t (0< t0 < t) whichever occurs first; failures in
(0, t0) are removed by minimal repair”; if t0 =0, it becomes
the age replacement policy, and if t0 = t it will be periodic
replacement with minimal repair at failure policy. Nakagawa
(1984) extends the age replacement policy to replacing a
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unit at time t or at n number of failures, whichever occurs
first, and undergoes minimal repair at failure between
replacements. The decision variables for this policy are t
and n; if n = 1, this policy is age replacement policy or
is called t —n policy. Wang and Pham (1999) make another
extension which is called “mixed age pm policy”. in this
policy, after n th imperfect repair, there are two types of
failures; type 1 failure might be total breakdowns, another
type 2 failure is as a slight and easily fixed problem. When
a failure occurs, it is a type 1 failure with probability p(t)
and a type 2 failure with probability q(t) =1- p(t). After the
first n imperfect repairs, the unit will be subject to a perfect
maintenance at age t or at the first type 1 failure. The policy
decision variables are t and n; if p(t) = 0 and n=0 it becomes
periodic replacement with minimal repair at failure policy; if
p(t)=1andn=0,itis age replacement policy. studies on the
age-dependent pm policy are made by morse (1958). Various

age-dependent pm policies are summarized and listed in
Table 1.
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B. Periopic PM PoLicy

In the periodic PM policy, a unit is preventively
maintained upto fixed time intervals kT (k = 1, 2--)
independent of the failure history and repaired at intervening
failures T where T is a constant. Another policy in this class
is “periodic replacement with minimal repair at failures”
policy under which a unit is replaced at predetermined times
kT (k= 1, 2----) and failures are removed by minimal repair
(Barlow and Hunter, 1960). One expansion of the “periodic
replacement with minimal repair at failure” policy is the
one where a unit receives imperfect PM every T time unit,
and it is replaced after its age has reached (O+1)T time
units, where O is the number of imperfect PMs (Liu ef al.,
1995). The policy decision variables are O and T; if O =0,
this policy is “periodic replacement with minimal repair at
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failure” policy. Berg and Epstein (1976), have modified the
policy by setting an age limit. Under this policy, a failed unit
is replaced by a new one; however, units whose ages are less
than or equal to t0 (0< t0< T) at the scheduled replacement
times kT (k = 1,2---) are not replaced, but remain working
until failure or the next replacement time point. Obviously,
if t0 = T, it reduces to the block replacement policy. Tango
(1978) suggests that some failed units be replaced by used
ones, which have been collected before the scheduled
replacement times. Under this extended block replacement
policy, units are replaced by new ones at periodic times kT, (
k =1,2---) The failed units are, however, replaced by either
new ones or used ones based on their individual ages at the
times of failures. A time limit r is set in this policy, similar to
t0 as remarked by Berg and Epstein (1976). If a failed unit’
age is more than or equal to a time limitr, it is replaced by
a new one; otherwise, replaced by a used one. Obviously,
if r =T, this policy becomes the block replacement policy.
Nakagawa (1981) presented modifications to the ““periodic
replacement with minimal repair at failure” policy. The
three policies all establish a reference time TO and periodic
time T*. If failure occurs before TO, then minimal repair
occurs. If the unit is operating at time T* , then replacement
at time T* . If failure occurs between TO and T *, then:
(Policy I) the unit is not repaired and remains failed until T*;
(Policy II) the failed unit is replaced by a spare unit until
T* ; (Policy III) the failed unit is replaced by a new one. In
all these three policies, the policy decision variables are TO
and T* . Clearly, if TO = T*, Policies I, II, and III all become
the “periodic replacement with minimal repair at failure”
policy. If TO = 0, Policy III becomes the block replacement
policy. Nakagawa (1980) also makes an expansion to the
block replacement policy. In his policy, a unit is replaced
at times kT (k = 1,2---) independent of the age of the unit.
Chun (1992) studies determination of the optimal number
of periodic PM’s under a finite planning horizon. Dagpunar
and Jack (1994) determined the optimal number of
imperfect PMs for a finite horizon. Wang and Pham (1999)
extend the block replacement policy. In their policy, a unit
is imperfectly repaired at failure if the number of repairs is
less than N (a positive integer). Upon the Nth imperfect
repair at failure, the unit is preventively maintained at kT
(k = 1,2---) where the constant T > 0.. If the repair at failure
and PM are perfect and N =oo, this policy reduces to the
block replacement policy. Maintenance policies of the
periodic PM policy are summarized in Table II.

C. Failure Limits Policy
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Under the failure limit policy, PM is performed only
when the failure rate or other reliability indices of a unit
reach a predetermined level and are corrected by repairs.
This PM policy makes a unit work at or above the minimum
acceptable level of reliability. Lie and Chun (1986)
formulate a maintenance cost policy where PM is performed
whenever a unit reaches the predetermined maximum failure
rate, and are corrected by minimal repair. Bergman (1978)
presented a failure limit policy in which replacement are
based on measurements of some increasing state variable
accumulated damage or stress. Other research on this policy
are done by Malik (1979), Canfield (1986), Jayabalan and
Chaudhuri (1992a), Jayabalan and Chaudhuri (1992c),
Jayabalan and Chaudhuri (1995), Chan and Shaw (1993),
Suresh and Chaudhuri (1994), Monga et al. (1997), Pham
and Wang (1996). Love and Guo (1996) studied failure
limit policy for preventive maintenance decisions under
Weibull failure rates. The policies
Table III.

are summarized in

IV. SEQUENTIAL PM PoLicy

A unit is preventively maintained at unequal time
intervals under the sequential PM policy. An -early
sequential PM policy is designed by (Barlow and Proshan,
1965). Under this sequential policy, the age for which PM
is scheduled is no longer the same following successive
PMs, but depends on the time still remaining. Nguyen and
Murthy (1981) introduce a sequential policy which calls for
a PM by some reference time ti, where ti, is the maximum
time that a unit should be left without maintenance after the
(i -1)th repair (time from the last repair or replacement).
In this policy, a unit is replaced after (k-1) th repairs. It is
repaired at the time of k th repair of failure or at age ti . The
decision variables are k and ti, (fori=1...; k). Ifk=1,
this sequential policy reduces to the age replacement policy.
Nakagawa (1986, 1988) discusses a sequential PM policy
where PM is done at fixed intervals Xk (for k = 1; 2;---- N).
The unit is replaced at the Nth PM and failures between
PMs are corrected by minimal repairs. The policy decision
variables are N and Xk ( k =1, 2 --- N). Nakagawa (1986,
1988) also presented two examples for this. Nguyen and
Murthy (1981) study this policy and showed if N = 1, this
Sequential policy reduces to the “periodic replacement with
minimal repair at failure” policy and are different from the
failure limit policy in that it controls Xk lengths directly
but the failure limit policy controls failure rate, reliability,
etc. Kijima and Nakagawa (1992) developed a sequential
PM policy using an accumulated damage concept.
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TABLE IIT SUMMARY OF FAILURE LIMIT POLICIES

Asis Sarkarand E. Suresh Kumar

Typical reference Reliability index monitared Optimality Planmng hotizon
| _ L criterien
El:l".':ul:u 1'] 9'5_!- Fallsiie it t]:.ln:-ui,'u Rty Coit pate Infinirs
accumulyted damage o
7]
Adalik (1975 Reliability P eliability Infinize
Cansield (1936} Failure rate Cont rate Intinite
Zheng and Fard (1881} | Fallure raves Ciost rate Infinze
Lie and Chun (1986) | Failure rate Cost rate Infinize
Jyvabalan and | Failure rate Toal cont Finize
Chaudhu (19822)
Javabalan and | Age others Const rane Infinite
Chaudhud (1882¢)
Javabalan ind | Age Total cast Finire
Chaydlugd (19524) _
Chan and Shaw (1999) | Failure race Avaibabiliry Inginice
Suresh and Chandhod | Reliabibty and failure rate Totad cost Finire
i 1ead)
Tavabalan and | Age Total cost Finte
Chaydlugd (1855 _
Monga et al (1997 Reducrion (age and failuze ot rare Intimize
Eate)
| Love and Guo (1996) | Welbull failure rage Cost rate Infinite
TABLE IV SUMMARY OF REPAIR LIMIT POLICIES
Reference CMbefore | CMafter | Limit
1::&52 {(1964) Minimal Periect [
Foapar et al. Mgl Pafo:t Cast
{1989
Beachelr (1951) Pertect Perfect Con
rate
Beichelt Minimal Perfece | Cout
(1981a.b) rate
Agaven and Imperfect Perfect Timee
| Mnefly (19905 | _ .
Yun and Bai Dvlindmal Perfiec Cont
[198%)
| Roshimae et al Perfect Perfect Teme
[ 159)
Mgeyen and Minimal Perfect Teme
Musthy (1980)
Dohi et al Minimal | Imperfect | Time
{1997)
[ Park (1579 Mininzal Eﬂ‘l‘tﬂ Cont
Waksgaws and Mindmal Perfiect Time
Csala (1974)
un and Bai Imperfect Perfect Cost
{1287
Wang and Pham | [mperfeet Tmperfes | Com
(19264}
17

ARME Vol.1 No.1 January - June 2012

Reference Optimality Planning
critenon hanzon
Hastings (1969) Cost rate Infinte
Kapur et al Con rate Infinite
(1989}
[ Beichelt (1982) Cost rate Tnfinite
Beichel Con rate Infinite
{19812 b)
Nguven and Com maie Infinite
Murthy (1980)
Yun and Ba Cost rate Infinite
{196E)
" Roshimae et ol Cont rate Infinite
(1996) ) i
Nguven and Codt rate Infinite
| Munthy (1980) _ g
Dohi =t al Cost rate Infinite
(1997)
Pazd: (19799 Cont rate Infimite
Nakagawa and Cost rate Infinite
Osaki (1974)
Yun and Bai Con rate Infinite
| {1987y - .
Wang and Pham | Availahilitv'cost Infinite
{1996d) FaCE

V. RePAIR LiMiT PoLicy

When a unit fails, the repair cost is estimated and
repair is undertaken. If the estimated cost is less than a
predetermined limit; otherwise, the unit is replaced. This is
called the repair cost limit policy, as introduced by Gardent
and Nonant (1963) and Drinkwater and Hastings (1967).
Beichelt (1982) examines repair cost limit policy and uses
the repair cost per unit time as a criterion of replacement
or repair. Yun and Bai (1987) propose a repair cost limit
policy in which when a unit fails, the repair cost is estimated
and repair is undertaken if the estimated cost is less than a
predetermined limit. This policy is generalized by Drinkwater
and Hastings (1967). The repair time limit policy is proposed
by Nakagawa and Osaki (1974) in which a unit is repaired
at failure: if the repair is not completed within a specified
time T, it is replaced by a new one. Otherwise the unit is put
into operation; where T is called repair time limit. Nguyen
and Murthy (1980) studied a repair time limit replacement
policy in which there are two types of repair — local and
central repair. The local repair is imperfect while the central
repair is perfect, which may take a longer time. Dohi et al,

1997 considered a generalized repair time limit replacement
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problem and proposed a solution to estimate the optimal
repair time limit. Koshimae et al. (1996) considered another
repair time limit policy. Under this policy, when the original
unit fails, the repair is started immediately. If the repair is
completed in a time limit t0, then the repaired unit is installed
as soon as the repair is finished. On the other hand, if the
repair time is greater than the time limit t0, the failed unit
is scrapped and a spare is ordered immediately. The policy
decision variable is the repair time limit t0.The repair limit

policy and its extensions are summarized in Table IV.
VI. REPAIR NUMBER COUNTING AND REFERENCE TIME PoLicy

Morimura and Makabe (1963) introduced a policy where
a unit is replaced at the k™ failure. The first k-1 failures are
removed by minimal repair. Upon replacement, the process
repeats. This policy is called repair number counting policy.
The policy decision variable is k. Later, Morimura (1970)
extends this policy by introducing another policy variable T
critical reference time. Under this policy, all failures before
the k™ failure are corrected with minimal repair. If the k™
failure occurs before an accumulated operating time T, it
is corrected by minimal repair and the next failure induces

replacement.

But if the k™ failure occurs after T, it induces replacement
of the unit. The policy decision variables are k and T. If the
policy decision variable T is zero, this policy reduces to the
repair number counting policy. The repair number counting
policy is examined by Jack (1991) performing imperfect
repair on failure, and replacement upon the k% failure. A
policy similar to this policy is investigated by Park (1979) in
which a unit is replaced at the k" failure and minimal repairs
are performed for the first (k-1)® failures. Lam (1988), and
Stadje and Zuckerman (1990) investigated the repair number
counting policy. Muth (1977) examines a replacement
policy, similar to the reference time idea of Morimura (1970)
in which a unit is minimally repaired up to time T and
replaced at the first failure after T. This policy is referred to as
reference time policy. Makis and Jardine (1992) introduced
policy in which a unit can be replaced at any time and at the n
th failure the unit is replaced or undergo an imperfect repair.
Under different conditions, this policy can reduce to the repair
number counting, reference time and “periodic replacement
with minimal repair at failure” policies. In general, the repair

number counting policy is effective when the total operating
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time of a unit is not recorded or time consuming and costly
to replace a unit. Phelps (1981) compared the “periodic
replacement with minimal repair at failure” policy with
other policies like (Barlow and Hunter, 1960), the repair
number counting policy (Morimura and Makabe, 1963, Park,
1979), and (Muth,1977 the reference time policy given an
increasing failure rate. Phelps (1981) shows that the reference
time policy, replacing after the first failure is the optimal
of the three policies in terms of the long-run cost rate. The
repair number counting policy is more economical than the
“periodic replacement with minimal repair at failure” policy
and are mainly based on counting the number of repairs and/
or reference time, but the age-dependent PM policy and
periodic PM policy rely on PM times. In the repair number
counting and reference time policy, number of repairs or
reference time are policy decision variable(s). In the age-
dependent PM policy and periodic PM policy, PM time is

one of the policy decision variables.
VII. ON THE MAINTENANCE POLICIES FOR SINGLE-UNIT SYSTEMS

The age-dependent PM policy and periodic PM policy
have received much more attention in the literature. The noted
authors are (McCall (1963), Barlow and Proshan (1965,
1975), Pierskalla and Voelker (1976), Osaki and Nakagawa
(1976), Sherif and Smith (1981), Pham and Wang (1996)
under these two kinds of maintenance policies. Detailed
comparisons on the age and block replacement policies can be
found in Barlow and Proshan (1965, 1975). Berg and Epstein
(1978) compare three types of replacement policies: age,
block, failure replacement policies and provided a heuristic
rule for choosing the best one. Block et al. (1990) compared
the block replacement policy and “‘periodic replacement
with minimal repair at failure” policy. In Block et al. (1993),
comparisons are also made among the age replacement
policy, block replacement policy, and repair limit policy. The
failure limit policy, repair limit policy, and sequential policy
are more practical, but there has been much less research
done on it. One of the disadvantages of the failure limit
policy and sequential policy is that their PM intervals are
not equal. The periodic PM policy is perhaps more practical
than the age-dependent PM policy since it does not require
keeping records on unit usage. The block replacement policy
is more wasteful than the age replacement policy since a unit
of “young” age might be replaced at periodic times. The

maintenance policies have become more and more general
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because they include some previous policies as special cases.
This is reflected in Tables I and II. The maintenance cost
may be a function of unit age and number of repairs already
performed on the unit. Frenk et al. (1997) established a
general method for modeling complicated maintenance costs.
The current research seems to intend to use two or more of

them as policy decision variables in a single policy.
VIII. MAINTENANCE PoLicies oF MuLTI-UNIT SYSTEMS

Multi unit systems are those systems with a number
of subsystems. Optimal maintenance policies for such
systems reduce to those with a single subsystem only. In
this case, maintenance decisions are independent, and the
“optimal” maintenance policy is to employ one of the six
classes of maintenance policies for each subsystem. The
optimal maintenance action for a given subsystem depends
on the states of all subsystems in the system: the failure
of one subsystem results in the possible opportunity to
undertake maintenance on other subsystems (opportunistic
maintenance). Economic dependency is common in most
continuous operating systems. For this type of system,
the cost of system unavailability may be much higher
than maintenance costs. Therefore, there is often a great
potential for cost savings by implementing an opportunistic
maintenance policy. Currently, there is an increasing interest
in multicomponent maintenance policies and models as
pointed out by Van Der Duyn Schouten (1996). Next it is
summarized for maintenance policies of multi-unit systems.
Cho and Parlar (1991) surveyed the multi-unit system
maintenance models. Dekker et als review is focused on
economic dependence of models. This survey is emphasized
on classifications and characteristics of maintenance policies
(Dekker et al., 1997).

IX. GrROUP MAINTENANCE PoLiCcY

The problem of establishing group maintenance policies,
which are best from the view of system’s reliability or
operational cost, has received attention. One problem for
group maintenance policies is to establish the units that
should be replaced when a failure occurs. A second class has
been concerned with reducing costs by including redundant
parts into systems design. A third class has been concerned
with for systems of independently operating machines, all of
which are subject to stochastic failures (Ritchken and Wilson,

1990). There are three existing group maintenance policies.
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The first policy, referred to as a T age group replacement
policy, for a group replacement at the age of T. The second is
m-failure group replacement policy, for a system inspection
after m failures have occurred. The third policy combines the
advantages of the m-failure and T-age policies. This policy,
referred to as an (m, T) group replacement policy, calls for
a group replacement when the system is of age T, or when
m failures have occurred. The (m, T) group replacement
policy requires inspection at either the fixed age T or the time
when m machines have failed . At an inspection, all failed
units are replaced with new ones and all functioning units
are serviced so that they become as good as new. Gertsbakh
(1984) introduces a policy in which a system has n identical
units with exponential lifetimes, and is repaired when the
number of failed units reaches some prescribed number
K.Vergin and Scriabin (1977) propose a (n,N) policy. Love et
al. (1982) establish another group replacement policy. Under
this policy a vehicle is replaced when repair cost for the
vehicle exceeds a pre-set repair limit . Sheu and Jhang (1997)
propose a 2-phase group maintenance policy for a group of
repairable items. The time interval (0; T ] is defined as the
first phase, and the timer interval (T , T + W ] is defined as
the second phase. As individual units fail, individual units
have two types of failures. Type I failures are removed by
minimal repairs, whereas Type II failures are removed by

replacements or are left idle.
X. OPPORTUNISTIC MAINTENANCE POLICIES

Maintenance of a multicomponent system differs from
that of a single unit system. One is economic dependence,
another is failure dependence, or correlated failures.
(Nakagawa and Murthy, 1993). Berg (1976, 1978), suggests
a preventive replacement policy for a machine with two
identical components which are subject to exponential
failure. Under this policy, upon a component failure the other
and the failed one is replaced by a new one if its age exceeds
a pre-determined control limit L. Berg (1978) extends it to
such an policy: both units are replaced either when one of
them fails and the age of the other unit exceeds the critical
control limit L, or when any of them reaches a predetermined
critical age S. This policy will become two independent age
replacement policies if L= 0. Zheng and Fard (1991) examine
an opportunistic maintenance policy based on failure rate
tolerance for a system with k different types of units. A

unit is replaced either when the hazard rate reaches L or at
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failure with the failure rate in a predetermined interval L-u.
Kulshrestha (1968) presented policy in which there are two
classes of units. Class 1 contains M standby redundant units so
that upon the failure of the currently operating class-1 units, a
standby takes over. When all the class-1 standbys have failed,
the system suffers catastrophic failure. The class-2 units, on
the other hand, form a series system; if one of them fail, the
system suffers a minor breakdown. When a minor breakdown
occurs, there is a chance for opportunistic repair of class-1
units which have failed. Pham and Wang (2000) propose two
new (1, T ) opportunistic maintenance policies for a k-out-of n
system. In these two policies, minimal repairs are performed
on failed components before time t and CM of all failed
components is combined with PM of all functioning ones after
1. The policy decision variables are t and T. They extended
these two policies by including the third decision variable
the number of failed components to start CM, considering
the k-out-of-n system may still operate even if some of its
components have failed. Dagpunar (1996) introduces a
policy where replacement of a component within a system
is available at an opportunity. Rander and Jorgenson (1963)
and Wang (2001) investigated an opportunistic preparedness
maintenance of multi-unit systems with (n+1) subsystems.
Wang. (2001) examine such a preparedness policy: (i) If
subsystem i fails when the age of subsystem 0 is in the time
interval (0, ti) replace subsystem i alone at a cost of Ci and at
atimeof Wi( i=1,2... N). (i) If subsystem i fails when
the age of subsystem 0 is in the time interval (ti T) replace
subsystem i and do perfect PM on subsystem 0i i=1,2. ..
N ) The total maintenance cost is COi and total maintenance
time is wOi (iii) If subsystem O survives until its age x =T
perform PM on subsystem 0 alone and at a maintenance time
of w0 (at x =T PM is imperfect).

XI. OPTIMAL MAINTENANCE POLICIES

Maintenance aims to improve system availability and
MTRBEF, to reduce failure frequency and downtime. However,
since maintenance incurs cost, to reduce maintenance cost
is also necessary. Generally, an optimal system maintenance
policy may be the one which either (a) minimizes system
maintenance cost rate, (b) maximizes the system reliability
measures, (¢) minimizes system maintenance cost rate
while the system reliability requirements are satisfied, or
(d) Maximizes the system reliability measures when the

requirements for the system maintenance cost are satisfied.
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Fig. 2 shows various factors which may affect an optimal
maintenance policy. It is noted that for a series system there

exist some shut-off rules.
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Fig. 2 Maintenance policy and its influence factors

Besides, it is worthwhile to mention the following points:
1. All these methods for a single-unit system will be the basis
for the analysis of a multicomponent system. 2. In most
existing literature on maintenance theory, the maintenance
time is assumed to be negligible. This assumption makes
availability, MTBF and MTTR modeling impossible or
unrealistic. 3. The structure of a system must be considered
to obtain optimal system reliability performance and optimal
maintenance policy.

X. CoNCLUSION

The foregoing survey describes the literature related to
maintenance policies for multi and single unit systems. The
methods of finding the surveyed papers include journal,
conference paper and books search. Although the authors
of this survey have tried to reference as many articles as
possible, still there are other relevant papers which should
have been included. Also, in some cases a brief description
has been given. The survey has three distinct features.

1. Emphasis on work done in different periods. 2. Covers
most maintenance policies. 3. Alternative ways to review
a paper of his /her interest for future survey. The paper
will help to have a basic knowledge about the maintenance
policies and policy appropriate to their organization and the
policy is available from reference list.

REFERENCES

[1] Berrade Badi and Campos, “Optimization of inspection intervals
based on cost”, J of Appl Probab, Vol. 38, pp. 8§72-81, 2001 and
Barlow and Hunter, “Optimum preventive maintenance Policies”,
Operational Research, Vol. 8, pp. 236-244, 1960.

[2] Hunter Barlow and  Proschan, “Optimum redundancy when
components are subject to two kinds of failure”, J. SIAM, Vol. 11, pp.
64-73, 1963.

[3] Beichelt, “A general preventive maintenance policy”, Mathematische
Operations forschung und Statistik Series,Statistics, Vol.7, pp. 927—
932, 1976.

[4] Berg, “A proof of optimality for age replacement policies”, Journal of
Applied Probability, Vol. 13, pp. 751-759, 1976.

[5] Berg and Epstein, “A modified block replacement policy”, Naval
Research Logistics, Vol. 23, pp. 15-24, 1976.

[6] Bergman, “Optimal replacement under a general failure model”,
Advances in Applied Probability, Vol. 10, No.2, pp. 431-451, 1978.

[7] Chun-Yuan Cheng, ‘A reliability model of daily maintenance service
for age-dependent equipment’, Journal of the Chinese Institute of
Industrial Engineers, Vol. 19, No. 1, pp. 57-62 . 2002

[8] Dekker, ‘Applications of maintenance optimization models: A review
and analysis’, Reliability Engineering and System Safety, Vol. 51,
No.3, pp. 229-240, 1996.

[9] Dekker and Roelvink, “Marginal cost criteria for preventive
replacement of a group of components”, European Journal of
Operational Research, Vol. 84, No.2, pp. 467-480, 1995.

[10] Dekker and Smeitink, “Opportunity-based block replacement”,
European Journal of Operational Research,Vol.53,pp.46-63, 1991.

[11] Dekker et al, ‘A review of multi-component maintenance models
with economic dependence’, Mathematical Methods of Operational
Research, Vol. 45, No.3, pp.411-435, 1997.

[12] Drinkwater and Hastings, “An economic replacement model”,
Operational Research Quarterly,Vol.18, pp. 121-138, 1967.

[13] Garg and Singh ‘Availability analysis of core veneer manufacturing
system in Plywood industry’, Proceedings of the International
Conference on Reliability and Safety Engineering, IIT Kharagapur,
pp-497-508, 2005.

[14] Garden and Nonant, “Entretien et renouvellement d’un parc
de machines”, Revue Franc aise de Recherche Operationelle,
Vol.7,pp.5-19, 1963.

[15] Hong-Fwu Yu, et al, “A mixed inspection policy for CSP-2 and precise
inspection under inspection errors and return cost”, Journal of the
Chinese Institute of Industrial Engineers, Vol. 27, No. 4, pp.304-315,
July 2010.

[16] Jack, “Repair replacement modeling over finite time horizons”,
Journal of the Operational Research Society, Vol. 42, No.9, pp.759-
766, 1991.

ARME Vol.1 No.1 January - June 2012

Asis Sarkar and E. Suresh Kumar

[17] Jack and Dagpunar, “Optimal imperfect maintenance policy over a
warranty period”, Microelectronics and Reliability, Vol.34, No.3,
pp.529-534, 1994.

[18

[}

Jayabalan and Chaudhuri, “Optimal maintenance and replacement
policy for a deteriorating system with increased mean downtime”,
Naval Research Logistics, Vol.39,pp. 67-78, 1992.

[19

—

Jui-Hsiang Chian and John Yuan, “optimal maintenance policy for
a deteriorating production system under inspection”, Journal of the
Chinese Institute of Industrial Engineers, Vol. 18, No.6, pp.73-8,
2001.

[20

[

Kijima and Nakagawa, “Replacement policies of a shock model with
imperfect preventive maintenance”, European Journal of Operations
Research, Vol.57, pp.100-110, 1992.

[21

—

Morimura Kijima and Suzuki, “Periodical replacement problem
without assuming minimal repair”, European Journal of Operational
Research, Vol.37, No.2, pp.194-203, 1988.

[22] Koshimae et al, “Graphical statistical approach to repair limit
replacement problem”,. Journal of the Operations Research Society
of Japan, Vol.39, No.2,pp.230-246, 1996.

[23] Panday Kumar and Singh, “Behavior analysis of paper production
system with different repair policies”, Microelectronics Reliability,
Vol. 31, pp.45-51, 1991.

[24

=

Love and Guo, “Utilizing Weibull failure rates in repair limit analysis
for equipment replacement/preventive maintenance decisions”,
Journal of the Operational Research Society Vol.47,No.11, pp.1366-
1376, 1996.

[25

—

Makis and Jardine, “Optimal replacement of a system with imperfect
repair”, Microelectronics and Reliability, Vol.31, No.2-3,pp.381-388,
1991.

[26

=

Makis and Jardine, “Optimal replacement policy for a general
model with imperfect repair”, Journal of the Operational Research
Society,Vol.43,No.2,pp.111-120, 1992.

[27

—

Makis and Jardine, “A note on optimal replacement policy under
general repair”, European Journal of Operational Research, Vol.69,
pp.75-82, 1993.

[28

[t

McCall, “Operating characteristics of opportunistic replacement and
inspection policies”, Management Science, Vol.10 ,No.l, pp.85-97,
1963.

[29

[}

McCall, “Maintenance policies for stochastically failing equipment: A
survey”, Management Science, Vol.11,No.5, pp.493-524, 1965.

[30

=

Sadhu Mohanta and Cakrabarti, “Safety and reliability optimization
of captive power plants using intelligent maintenance scheduling”,
International Journal of Reliability and Safety, Vol. 1, No.1-2, pp.155-
167, 2006.

[31] Morimura and Makabe, “On some preventive maintenance policies”,
Journal of the Operations Research Society of Japan,Vol.6, pp.17-43,
1963.

ARME Vol.1 No.1 January - June 2012

22

[32] Morimura, “On some preventive maintenance policies for IFR”,
Journal of the Operations Research Society of Japan, Vol.12, No.3,
pp.94-124, 1970.

[33] Zuo Monga and Toogood, “Reliability based design of systems
considering preventive maintenance and minimal repair”,
International Journal of Reliability, Quality and Safety Engineering,
Vol.4,No.1,pp.55-71, 1997.

[34] Ming-Yuh Chen and Ruey Huei Yeh, “Optimal preventive warranty
policy for repairable products with age-dependent maintenance costs”,
Journal of the Chinese Institute of Industrial Engineers, Vol. 19, No.
4, pp.11-16 , 2002.

[35] Muhammed Ucar and Robin G.Qiu, “E-maintenance in support of
e-automated manufacturing systems”, Journal of the Chinese Institute
of Industrial Engineers, Vol. 22, No. 1, pp. 1-10, 2005.

[36] Muth, “An optimal decision rule for repair vs. replacement”, /EEE
Transactions on Reliability, Vol.26, No.3, pp.179-181, 1977.

[37] Muhammed Ucar and Robin G.Qiu, “E-maintenance in support of
e-automated manufacturing systems”, Journal of the Chinese Institute
of Industrial Engineers, Vol. 22, No. 1, pp. 1-10, 2005.

[38] Nakagawa and Osaki, ”’he optimum repair limit replacement policies”,
Operational Research Quarterly, Vol.25, pp.311-317, 1974.

[39] Nakagawa, “Periodic inspection policy with preventive maintenance”,
Naval Res Logist Quart, Vol. 31, pp.33-40, 1984.

[40] Nguyen and Murthy, “A note of the repair limit replacement policy”,
Journal of Operational Research Society, Vol.31, pp.1103-1104,
1980.

[41] Nguyen and Murthy, “Optimal repair limit replacement policies with
imperfect repair”, Journal of Operational Research Society, Vol.32,
pp.409-416, 1981.

[42] Nguyen and Murthy, “Optimal replace-repair strategy for servicing
products sold with warranty”, European Journal of Operational
Research, Vol.39, No.2, pp.206-212, 1989.

[43] Pham and Wang, “Imperfect maintenance”, European Journal of
Operational Research Vol.94, pp.425-438, 1996.

[44] Phelps, “Replacement policies under minimal repair”, Operational
Research Society Journal, Vol.32,No.7, pp.549-554, 1981.

[45] Pierskalla and Voelker, “A survey of maintenance models: the control
and surveillance of deteriorating systems”, Naval Research Logistics
Quarterly,Vol. 23, pp.353-388, 1976.

[46] Sherif and Smith, “Optimal maintenance models for systems
subject to failure-A review”, Naval Research Logistics
Quarterly,Vol.28 No.1,pp.47-74, 1981.

[47] Singh, “A complex system having four types of components with
preemptive repeat priority repairs”, Microelectronics Reliability, Vol.
29, No. 6, pp.959-962, 1989.

[48] Stadje and Zuckerman, “Optimal surveillance of a failure system”,
Annals of Operations Research, Vol.91,pp.281-288, 1999.



Maintenance Policies of Single and Multi-Unit Systems in the Past and Present

[49] Suresh and Chaudhuri, “Preventive maintenance scheduling
for a system with assured reliability using fuzzy set theory”,
International Journal of Reliability, Quality and Safety Engineering,
Vol.1,No.4,pp.497-513, 1994.

[50] Tahara and Nishida, “Optimal replacement policy for minimal repair
model”, Journal of Operations Research Society of Japan, Vol.18
,No.3-4, pp.113-124, 1975.

[51] Tango, “Extended block replacement policy with used items”, Journal
of Applied Probability, Vol. 15, pp.560-572, 1978.

[52] Todinav, “Risk based reliability allocation and topological
optimization based on minimizing the total cost”, International
Journal of Reliability and Safety, Vol. 1, No. 4, pp.489-512, 2007.

[53] Valdez-Flores and Feldman, “A survey of preventive maintenance
models for stochastically deteriorating single-unit systems”, Naval
Research Logistics, Vol.36, pp.419-446, 1989.

[54] Vaurio, “Optimization of test and maintenance intervals based on risk
and cost”, Reliability Engineering and System Safety, Vol 49, pp.23-
26, 1995.

[55] Yun and Bai, “Cost limit replacement policy under imperfect repair”,
Reliability Engineering, Vol.19, No.1,pp.23-28, 1987.

[56] Yun and Bai, “Repair costs limit replacement policy under imperfect
inspection”, Reliability Engineering and System Safety, Vol.23 No.1,
pp.59-64 , 1988.

[57] Zhang, “Reliability analysis of an (N+1)-unit standby system with
preemptive priority rule”, Microelectronics Reliability, Vol. 36, No. 1,
pp.19-26 , 1996.

[58] Berg, “General trigger-off replacement procedures for two-unit
systems”, Naval Research Logistics, Vol.25, pp.15-29, 1978.

[59] Barlow and Proshan, Statistical Theory of Reliability and Life Testing,
Holt, Rinehart and Winston, New York 1975.

[60] Gertsbakh, Reliability theory with applications to preventive
maintenance, Springer, Berlin, pp.23-190, 2000.

[61] Singh, Reliability Technology — Theory and Applications, K.
International, New Delhi. 2007.

[62] Barlow and Proschan, 1967, Mathematical theory of reliability, John
Wiley and sons, Sydney1967; pp.46-117.

[63] Barlow and Proshan, Mathematical Theory of Reliability, Wiley, New
York,1965.

[64] Gertsbakh, Models of Preventive Maintenance, North-Holland,
Amsterdam ,1977.

[65] Langberg Block and Savits,1990, “Comparisons for maintenance
policies involving complete and minimal repair”, in Henry , Allan
and Thomas (Eds.), Proceedings of the Symposium on Dependence
in Proba-bility and Statistics, Somerset, Pennsylvania, August 1-5,
1987; IMS Lecture Notes Monograph Ser. 16, Inst. Math.Statistics,
Hayward, CA.

23

[66] Morse, Queues, Inventories, and Maintenance, Wiley, New York,
1958.

[67] Hudes, Availability theory for systems whose components are
subjected to various shut-off rules, Ph.D. dissertation, Department of

Statistics, University of California, Berkeley, 1979.

[68] Jensen, ‘Stochastic models of reliability and maintenance: an
overview’, In Ozekici, S. (Ed.), Reliability and maintenance
of complex systems, NATO ASI series, vol- Springer, Berlin,
Proceedings of the NATO Advanced Study Institute on Current
Issues and Challenges in the Reliability and Maintenance of Complex
Systems, Kemer- Antalya, Turkey, June 12-22, pp. 3-36, 1995.

[69] Beichelt, ”A new approach to repair limit replacement policies”, In:
Transactions of the Eighth Prague Conference on Information Theory,
Statistical Decision Functions,Random Processes, Vol. C, Prague,
pp.31-37, 1978.

[70] F.Beichelt, “A generalized block-replacement policy”, [EEE
Transactions on Reliability, Vol. 30 , No.2,pp.171-173, 1981.

[71] Beichelt, “A replacement policy based on limits for the repair cost
rate”, I[EEE Transactions on Reliability, Vol. 31, No.4, pp.401-402,
1982.

[72] Beichelt and Fischer, “General failure model applied to preventive
maintenance policies”, IEEE Transactions on Reliability, Vol.29,No.1,
pp.39-41, 1980.

[73] Canfield, “Cost optimization of periodic preventive maintenance”,
IEEE Transactions on Reliability, Vol. 35,No.1, pp.78-81, 1986.

[74] Chan and Shaw, “Modeling repairable systems with failure rates that
depend on age and maintenance”, JEEE Transactions on Reliability,
Vol.42, pp.566-570, 1993.

[75] Grall et al., “Continuous-time predictive maintenance scheduling for a
deteriorating system”, IEEE Transactions on Reliability, Vol. 51, No.
2, pp.141-150, 2002.

[76] Jayabalan, and
scheduling for a system with assured reliability”, IEEE Transactions
on Reliability, Vol. 41, No.1, pp.21-26, 1992.

Chaudhuri, ”Cost optimization of maintenance

[77] Jayabalan and Chaudhuri, “Replacement policies: a near optimal
algorithm”, IIE Transactions, Vol. 27, pp.784-788, 1995.

[78] Khalil, “Availability of series systems with various shut-off rules”,
IEEF Transactions Reliability, Vol.34, pp.187-189, 1985.

[79] Lie and Chun, “An algorithm for preventive maintenance policy”,
IEEE Transactions on Reliability, Vol.35,No.1,pp.71-75, 1986.

[80] Malik, “Reliable preventive maintenance policy”, AIIE Transactions,
Vol.11,No.3,pp.221-228, 1979.

[81] Muth, “An optimal decision rule for repair vs. replacement”, /EEE
Transactions on Reliability, Vol. 26, No.3, pp.179-181, 1977.

[82] Nakagawa, “Optimum preventive maintenance policies for repairable
System”, IEEE Tranactions on Reliability, Vol.26, No.3,pp.168-173,
1977.

ARME Vol.1 No.1 January - June 2012

Asis Sarkar and E. Suresh Kumar

[83] Nakagawa and Yasui, “Periodic-replacement models with threshold
levels”, IEEE Transaction on Reliability, Vol. 40, pp.395-407, 1991.

[84] Osaki and Nakagawa, “Bibliography for reliability and availability
of stochastic systems”, [EEE Transactions on Reliability, Vol. 25,
pp.284-287, 1976.

[85] Vergin and Scriabin, “Maintenance scheduling for multi-component
equipment”, AIIE Transactions, Vol. 9, pp.297-305, 1977.

[86] Zhao, “Availability for repairable components and series systems”,
IEEE Transactions on Reliability, Vol. 43, No.2, 1994.

[87] Zheng and Fard, “A maintenance policy for repairable systems
based on opportunistic failure rate tolerance”, /[EEE Transactions on
Reliability, Vol.40,pp.237-244, 1991.

[88] B. Beichelt, “Replacement policies based on system age and
maintenance cost limits”, Mathematische Operations forschung
und Statistik Series, Statistics, Vol.12, No.4, pp.621-627, 1981.

[89] Lam, “A note on the optimal replacement problem”, Advances in
Applied Probability,Vol. 20, pp.479-482, 1988.

ARME Vol.1 No.1 January - June 2012

24

[90] Van and Schouten, “Maintenance policies for multicomponent
systems”, In: Ozekici, Reliability and maintenance of complex
systems, NATO ASI series, Springer, Berlin, Proceedings of the
NATO, Vol.154, 1996.

[91] Pham and Wang, “Optimal opportunistic maintenance of a k-out-
of-n, G system with imperfect PM and partial failure”, Naval Research
Logistics, Vol.47, pp.223-239, 2000.

[92] Wang ,Pham and Zundu, “Optimal preparedness maintenance of
multi-unit systems with imperfect maintenance and economic
dependence”, In: Pham, H. (Ed.), Recent Advances in Reliability and
Quality Engineering, World Scientific, New Jersey, pp.75-92, 2001.

[93] Beichelt, “A general preventive maintenance policy”, Mathematische
Operations Forschung and Statistik Series, Statistics, Vol. 7, pp.927-
932, 1976.

[94] Makis Liu and Jardine, “A replacement model with overhauls and
repairs”, Naval Research Logistics,Vol.42, pp.1063-1079, 1995.

[95] http://www.newhousenews.com/archive/macpherson0  21103.html

retrieved on 20/10/2010.



