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Abstract

Reliable operation of contemporary complex systa&legends on selecting efficient maintenance policy,
which often must take into account not only théaf®lity, but also economic factors. In this wovke present
an approach which allows evaluation of various fbssnaintenance scenarios with respect to thege tw
areas. The method is based on the concept of @ulifee and discounted cost used to study the effect
equipment aging under different maintenance stregdedhe deterioration process is first describgdab
Markov model and then its various characteristresused to develop the equipment life curve argltmtify
other reliability parameters. Based on these d#facts of various “what-if” maintenance scenareas be
examined and their efficiency compared. Simple difieves are combined to model equipment deter@rati
undergoing diverse maintenance actions, while ceimguwther parameters of the model allows evaluatid
additional critical factors, such as probability equipment failure. Additionally, the paper dealghwthe
problem of the model adjustment so that the contpfrerjuencies are close to the historical valudsghvis
very important in practical applications of the hual.

1. Introduction The purpose of the development described in this

. - _ work is to provide acomputer tool for a person
Selection of an efficient maintenance strategy glay deciding about the maintenance activities, which

a very important role in the management of today's,, |4 help to evaluate both the risks and the costs
complex systems. When searching for an optimalyggqciated with the selection of various possible
strategy, numerous issues must be taken into aCCOURaintenance strategies. Rather than searching for
and, among them, reliability and economic factors, gqytion to a problem: “what maintenance strategy
are often equally important. On the one hand, for,q 14 |ead to the best reliability and dependapilit

obvious reasons, in ' successfu[ system Operatiorbarameters of the system operation”, in this apgroa
failures should be avoided and this opts for eX¥@NS itterent maintenance scenarios can be examined in

and frequent m_aintenance activities. O_n the othery o «yhat-if’ type of studies and then, using tbelt
superfluous maintenance may result in large anQyejr reliapility and economic effects can be
unnecessary costs. Finding a reasonable balancg,iomatically estimated so that the persons magagin
between these two factors is the key pointin ®fit ~ yhe maintenance is assisted in making informed
maintenance management and to facilitate f'nqmg%icisions ([10], [17]).
such a balance some measures should be availabg§, method has been presented initially in [4] #sid
that allow for quantitative evaluation of the gnacific extensions were further described in [13],
deterioration process of a system which is Sulbecte 141 ang [15]. In this work, we summarize the
to various maintenance actions (inspections, repair (,rrent state of the development and include an
replacements, etc.). original study of an application that illustrates
potential of this method in practical applications.
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Figure 1. Structure of the state-transition model which espnts the deterioration process together with
inspection and repair events (an example with fped of repairs is shown).

load level of the equipment, its anticipated loawkl
2. Modeling deterioration and maintenance and so on.

The.re are threg mz_aljor_ .factors 'that decide 'apoubl. Construction of the model

equipment deterioration: its physical characterssti

operating practices, and the maintenance policy. OAIl the necessary assumptions about the aging
these three aspects, especially the last one sdlate process and maintenance activities can be
the events and actions that should be properlyncorporated in an appropriate state-space (Markov)
modeled. model ([6], [7], [8], [11], [12], [16]). It consts of
The proposed method uses the model that assumdise states the equipment can assume in the process,
that the equipment will deteriorate in time anchot  and the possible transitions between them. In a
maintained, will eventually fail. If the deterioi@t Markov model, the rates associated with the
process is discovered, preventive maintenance isransitions are assumed to be constant in time.
performed which can restore the condition of theThe method described in this work uses a model of
equipment. Such a maintenance activity will returnthe Asset Maintenance Planner (AMP) ([2], [3]). The
the system to a specific state of deterioration, AMP model is designed for equipment exposed to
whereas repair after failure will restore to “ashe deterioration but undergoing maintenance at
condition ([1], [9]). The maintenance policy prescribed times. It computes the probabilities,
components that must be recognized are: monitoringrequencies and mean durations of the states ¢f suc
or inspection (how the equipment state isequipment. The basic ideas in the AMP model are
determined), the decision process (which determineshe probabilistic representation of the deteriorati
the outcome of the decision), and finally, the process through discrete stages, and the provigion
maintenance actions (or possible decision outcames) link between deterioration and maintenance. For
In practical circumstances, an important requirdmenstructure of a typical AMP model see Figure 1.

for the determination of the remaining life of the In the model, the deterioration progress is
equipment is establishing its current state ofrepresented by a chain déterioration state®1 ...
deterioration. Even though at the present state oDK which then leads to thiailure stateF. In most
development no perfect diagnostic test existssituations, it is sufficient to represent deteriimna by
monitoring and testing techniques may permitthree stages: an initial (D1), a minor (D2), and
approximate quantitative evaluation of the state ofa major (D3) stageK(= 3). This last is followed, in
the system. It is assumed that four deterioratiordue time, by equipment failure (F) which requires
states can be identified with reasonable accuracyextensive repair or replacement.

(@ normal state, (b) minor deterioration, In order to slow deterioration and thereby extend
(c) significant  (or major) deterioration, and equipment lifetime, the operator will carry out
(d) equipment failure. Furthermore, the statemaintenance according to some pre-defined policy.
identification is accomplished through the use ofIn the model ofFigure 1, regular inspectionds) are
scheduled inspections. Decision events generallperformed which result in decisions to continuehwit
correspond to the inspection events, but can beninor (Msl) or major Ms2) maintenance or do
triggered by observations acquired throughnothing (more than two types of repairs can also be
continuous monitoring. The decision process well b included). The expected result of all maintenance
affected by what state the equipment is in, and als activities is a single-step improvement in the
by the external factors such as economics, currentleterioration chain; however, allowances are made
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for cases where no improvement is achieved or evestate.

where some damage is done through human error i(2) Running FPT analysis on the model, find the
carrying out the maintenance, which results indistributionsDg(t) and Ds.(t) of first passage time
returning to the stage of more advancedfrom the current stateDs and the subsequent
deterioration. deterioration statB(s+1), to the failure state.

The choice probabilities (at transitions from (3) Interpreting the state progress as a weighthvhi
inspection) and the probabilities associated whi t balances the current equipment condition betvizen
various possible outcomes are based on user inp@nd D(s+1), estimate the final value of the
and can be estimated, e.g., from historical records probability as:

operator expertise.

Mathematically, the model irFigure 1 can be PoF = D4T)-(1 —SP + Dg.(T)-SP Q)
represented by a semi-Markov process, and solved

by the well-known procedures. The solution will 3. Automatic adjustment of the model

yield all the state probabilities, frequencies amehn _ o
durations. Another technique, employed for Preparing the Markov model for some specific

computing the so-called first passage times (FPTEJUIPMENt is not an easy task and requires expert
between states, will provide the average times fofntervention. The goal is to create the model

first reaching any state from any other statehé t representing closely the real-life deterioration
end-state isF, the FPTs are the mean remaining PrOCess known from the records that usually describ

lifetimes from any of the initiating states. equipment operation under a regular maintenance
policy with some specific frequencies of inspecsion

and repairs. The model itself permits calculatidn o
the repair frequencies and compliance of the
computed and recorded frequencies is a very
A convenient way to represent the deteriorationdesirable feature that verifies its trustworthine$s
process is by théife curve of the equipment ([1]). the model.

Such a curve shows the relationship between assén this point, we will describe briefly a method of
condition, expressed in either engineering ormodel adjustment proposed in [13] and [14] that
financial terms, and time. For examples pleaser refeaims at reaching such a compliance. It can be used
to Figure 2in chapter 4 where life curves will be also for a different task: fully automatic genesatof
used in a case study presenting various types of model for a new maintenance policy with modified
analysis carried out for evaluation of the frequencies of repairs which is required very often
maintenance scenarios. during the evaluation of various maintenance
As pointed out above, computing the average firstscenarios.

passage time (FPT) from the first deterioratiortesta

(D1) to the failure stateH) yields an average lifetime 3.1. The method

of the equipment, i.e., the length of its life ceir®On
the other hand, solving the model for the state
probabilities makes possible computing the expecte

state durations, which are used to determine th

shape of the curve (some additional decisions aréqgigtgn:r?geﬁ)'rl Str?)tk()a:bﬁﬁltssgnrz(gu:ﬁi:efclasggt:;t;r
required as to how the deterioration states ar%S ) =P y 9

mapped to ranges of the asset condition values)®M inspection g (situation when no maintenance is

Simple life curves obtained for different maintecan scheduled as a result of the inspection). Thenallor
policies can be later combined if constructing states=1...K:

composite life curves which describe various
maintenance scenarios are requirédgire 3 in
Chapter 4).

Having the model and the life curve, one can| ot F re . .

. . A presents the frequency of repaiacquired
compute the probability of failurd>0F) within given g1 solving the model. The problem of model
time periodT for the equipment which is in some tuning can be formulated as follows:

specific asset condition. The procedure is as\iallo

2.2. Using the model to estimate the life curve
and the probability of failure

Let K represents the number of deterioration states
nd R the number of repairs in the model under
gonsideration. Also, let®P= probability of selecting

PP+ PT=1 (2)

(1) For the current asset condition, find from life Given an initial Markov modelM,, con-
curve the corresponding deterioration stBi and structed as above and producing the
then compute a state progre3B (%), i.e. estimate frequencies of repairsF, :[FS,F(},...FOR],
how long the equipment has already been inOke adjust the probabilities*Pso that some goal
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frequencies- are achieved. This assumption also significantly reduces
The vector Fg usually represents the observed ](cjlmensmnzilltylof thi problerg, as nowborﬁ{]}scaltljng
historical values of the frequencies of variousaiep ~ 1aCtOrS Xiwa=[ X, XPy, ... Xy ] must be found to

i+1
In the proposed solution, a sequence of tuned rmodelget all new probabilities for the modd|..:
Mo, M1, M5, ... My is evaluated with each consecutive

model approximating desired goal with a better B, =X{,R, r=1.R, s=1.K (6)
accuracy. The procedure consists of the following
steps: Moreover, although the frequency of a repair

depends on the probabilities of all repairs (madify
probability of one repair changes, among others,
state durations in the whole model; thus, it change
2° Evaluate an error oM; as a distance between the frequency of all states) it can be assumed iat
vectorsF¢ andF;. a case of asingle-step small adjustment, its
3°If the error is within the user-defined limit, dependence on repairs other tiharan be considered

considen; as the final model and stop the proceduren€dligible and
(N =1); otherwise proceed to the next step.

1° For modelM; compute the vector of repair fre-
quencied;.

_ F=F (x5 x2.xR)=F(x) 7)
4° Create a new mod#i;.; through tuning values of

0 H . . .
P*", then correcB™ according to (2). With these assumptions, generation of a new model
is reduced to the problem of solvirg) non-linear

_ . _equations in the form of' (X{):FGT. This can be
The error computed in step 2° can be eXpressed.'ﬁccomplished with one of the standard root-finding

may ways. As the frequencies of repairs may vary 'nalgorithms
a broad range within one vecter, yet the values of ]

I ianifi . del i . héati Development described in this work has been
all are significant in model interpretation, théatere implemented and verified on practical examples with

5° Proceed to step 1° with the next iteration.

measures work best in practice: the following three approximation algorithms:
o Newton method working on a linear approximation
IFs _E“zlz F /R, _]4 (3) of F'(), the secant method and the false position
Ri= (falsi) method.
or (A) Newton method on linear approximation
(NOLA)
IFs —|:iH:ma>#|:i'/|:é —# (4)  In this solution, it is assumed thaf() is a linear
r

function defined by pointsF'(X;) (obtained after

The latter formula is more restrictive and it wagdi  Solving the model in step 1°) ang (0) (which is
in the numerical implementation of the method. always zero). Then simply

3.1. Approximation of the model probabilities Xy =F I F (8)

Of all the steps outlined in the previous sectibig
clear that adjusting probabilitie®> in step 4° is the

heart of the whole procedure.
In general, the probabilities represeKltR free

It should be noted that important advantage of this
approach lies in the fact that no other point ttten

current frequencyr'(X,) is required to compute the

parameters and their uncontrolled modification doul next approximation, so errors of the previous steps
lead to serious deformation of the model. To avoidOIO not a_ccumulate and the convergence is good from
this, a restrictive assumption is made: if thethe first iteration.

probability of some particular maintenance must be(B) The secant method

modified, it is modified proportionally in all

deterioration states, so that at all times In this standard technique, the function is

approximated by the secant defined by the last two
approximations in pointx;_, X/ and a new one is

r.p2r. pKr _ plr .p2r . -pKr
o I = P":P*:...:P (5) computed as:

for all repairs(=1..R).
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has one advantage over its more sophisticatedsrival
(Fir - Fcr;) (9)  since it does not depend on previous approximations
! selection of the starting point is not so importand
After that, X[, is discarded andk{,; and X{ are  the accuracy during the first iterations is oftesttér
considered in the next iteration. than in the secant éalsi methods. Superiority of the
To begin the procedure two initial points are nekde latter methods, especially of thialsi algorithm,
In this method, the first point is chosen as thgaln  manifests itself in the later stages of the
frequency of the modd¥, (x;=1), while the second approximation when the potential problems with an

point is computed as in NOLA method above; initial selection of the starting points have been

ro_ Xir _Xir—l

Xir+l = Xi
Fr _|:II'_1

X' =F | diminished.
tooen e Another important issue is how the adjustment
(C) The false positiorfdlsi) method modifies behavior of the Markov model in addition

. . . to reaching the desired repair frequencies and how
In this approachx;,, is computed as in (9) but the the model should be constructed in order to

difference lies in choosing the points for the nextaccommodate the modifications without undesired
iteration. While in (B)X [, is always dropped, now side effects. For discussion of this topic pleasferr
X, is paired with that one ok!, X', which lies  to[15].

on the opposite side of the root. In this way, w@n

is applied, the solution is bracketed betweenand 4. Evaluating reliability and cost for different

X{, (which is the essence of tfasi method). maintenance strategies

As in (B), the two initial points are needed butnno The methodology presented above will be illustrated

they must lie on both sides of the root, i.e. by an example of some specific piece of equipment
with a model which has been created and fine-tuned
(Fé —Fé)EﬂFI _,:é)<0 (10) SO that it represents the actual reliability and

maintenance parameters found in the authentic
historical records. According to them, the average
avoid multiple sampling, it is proposed to select equipment life has peen found to reac_h 18.7 years o
X' =1 (as previously) and then to compug like operation before failure. The model includes three
ro ) deterioration states and represents the default
in NOLA method but with some "overshoot" that maintenance policy with three possible repair types
would guarantee (10): corresponding to, respectively, minor, medium and
major repairs.

Choosing such points may pose some difficulty. To

xi=(F/IR) (12)
4.1. Life curves

V"f']fh tp$rhameterah>t 1 (iOtl)']tl’O”If?.g. thtet overihoot Figure 2 presents life curves computed for this
effect. The overshot must be sufficient to ensaf ( equipment with various repair policies. The

but, on the other _hand, should not produce too m.uchightmost one represents the standard (historical)
of an error as this would deteriorate approximation

process during the initial steps and would proolucetpollcy with all three repairs implemented with thei

. ; . » ypical frequencies, while the leftmost one -
extra |te.re.1t.|ons of the method. If (10) is not ) corresponding to the average equipment life of
by the initial value ofX;], (11) can be re-applied

approx. 10 years — has been created from the model
with an increased value af, although it should be with all repairs removed (so called “do nothing”
noted that each such correction requires solving @olicy). As it is shown, in this specific case, rtimg

new M; model and in effect this is the extra off all the maintenance actions results in shortgni
computational cost almost equal to that of the whol of the equipment life by 46% and this fact can be

iteration. compared to expected economic savings. The other
three curves represent the following mid-range

3.3. Comparison of the approximation scenarios which were selected in this work as #jpic

methods examples of the solutions that may be considered in

, _ the real-world applications:
For a _detglled evaluation of the three proposed turning off the major repair without changing the
approximation methods please refer to [13] and.[14] fequencies of the remaining two ones (minor and
It is shown that although simplifications of the medium), which has been evaluated to reduce the

NOLA solution may seem critical, in practice it 5y erage equipment life to 14.7 years (i.e. by 21%),
works quite well. As it was noted above, this metho _ keeping only the medium repair with minor and
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major ones removed (equipment life reduced by 28%the initial asset value, which corresponds to the

to 13.4 years), equipment ca. 8 year old, the curves run down to
- reducing by half the frequencies of all threeaiep  72% during the first three years and then splihat
(equipment life reduced by 40% to 11.3 years). moment of the action. For the “do nothing” action

It should be stressed that in the three mid-rarges
the curves have been computed using models thaoo *

were tuned to required repair frequencies with the y
numerical procedure described in the previous *

section. 6 | e

— — —Cont. as before
—— Do nothing

7 —@&— Repl. & do nothing

100 40

i
1

{

/

/
/
/
/
/
e

—&— Refurbish &
med.repair only

80 - 20 A

60 - —&— Default maintenance 0
—.—MajorOFF 0 2 4 6 8 10 [years]
—— Only medium
20 —@—Freq./2 . i i i
\N\ \"\' \ =5 Do rating Figure 3.Life curves for different maintenance
" scenarios over a time horizon of 10 years.
0 : \« > \.\. \e deterioration rate speeds up, while for the twaepth
0 5 10 15 20 [years]

actions the asset condition is first increased as
Figure 2.Life curves for equipment with different @ result of the replacement or refurbishment and,
repair policies. then, a new reduced repair policy is applied, which
again causes a higher rate of deterioration. The
Having such models not only the shape and length ofhapes of the curves make possible a quantitative
the curves can be evaluated, but also other signifi comparison of these processes and allow evaluation
reliability characteristics, with the probabilityf o Of their effects. _ ) o
failure within the specific time horizon being oog It can be noted that, in the case of “do nothing

within the time horizon under consideration. While
4.2. Maintenance scenarios in such acase, different actions (repairs or

replacements) may take place, in this specific
The models and the life curves for different repairscenario it is assumed that the equipment will be
policies can be used in evaluation of variousrepaired with its condition restored to 85%,, biliteo
maintenance scenarios. As examples, we willcourses of action can also be modeled.
consider a situation when, with initial equipment
deterioration estimated as 80% of “as new”4 3. Probability of failure
condition, some specific actions — a repair or just B ] o ) )
achange in maintenance policy — will take p|aceProbab|I|ty of failure W|_th|n the tlme. honzpn _
after a 3 year delay while the effects will be computed for the strategies under consideration is
evaluated for a 10 year time period. The actions in
the scenarios will be as follows: ]
- adopting “do nothing” policy, which means just e
stopping all inspections and repairs; in case itdria T S oo s e
the equipment will be repaired and its condition
restored to 85%,
- replacing the equipment with “as new” one and o - Refuisha
then switching to the “do nothing” policy, e T medrepair ony
- performing a major refurbishment of the equipment e
which restores its condition to 85% and then ¢
continuing with a medium repair only.
Figure 3 shows the composite life curves createdFigure 4.Probability of equipment failure within
over a period of 10 years for the above scenands a a period of 10 years as a function of action delay.
compares them to the “continue as before” policy.shown in Figure 4. Values on the graphs are
The composite curves were constructed with thepresented as functions of the action delay time

appropriate segments of the basic curves form Bigur(100% = 3 years) and they are compared against the
2. Starting form the initial asset condition of 8@

70
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probability of failure for the unmodified standard should also be used in this kind of studies because
maintenance (“continue as before”). The value f th maintenance decisions on aging equipment include
probability has been computed to be 42%. timing, and the time value of money is an important

It can be seen in case of all three scenariosdhate  consideration in any decision analysis. The cost
the new maintenance policy after the action is moredifference is often referred to as the Net Present
or less reduced, the more the action is delayes, thvValue (NPV). In the case of maintenance, the NPV
less probable equipment failure becomes. For evidencan be obtained for several re-investment options
reasons adopting “do nothing” policy leads to thewhich are compared with the “Continue as before”

highest values of the failure probability, while
replacing the equipment and “doing nothing”
afterwards turned out to be a less dangerous gyrate
(in terms of failure probability) than refurbishiagd

policy.

Cost evaluation for any maintenance scenario
involves calculation of the following three
fundamental classes of components:

then keeping only the medium repair. Whether thel. cost of the maintenance activities,
differences in the economic expenses of these tw@. cost of the selected action (i.e. refurbishment
possible strategies justify this discrepancy in thereplacement),

reliability parameter or not — remains an open

3. cost associated with failures (cost of repairs,

question in further cost analysis and generallysystem cost, penalties).
depends on the costs associated with the equipmefito compute the PV, inflation and discount rates are

failures.

Total
— — — Before action

After action

Probability [%]

0 25 50 75 100 125 150 175 200  [% of delay]

Figure 5.Probability of equipment failure before and
after the action for “do nothing” scenario.

One interesting observation can be made about the

curve for “do nothing” strategy: its decrease ig no
strictly monotonic and there is a local minimum at
the level of 61% for the delay equal to 164% (4.9
years) after which the probability begins to rise
slowly. To explain this rise, the two componenke t
probability of failure before and after the action
should be investigated and they are showRigure

5.
expected: the later the action takes place, thikehig
the probability of failure before and the lower
probability of failure after the action but theestof
these two flows — increasing and decreasing —@ire n

required for the specified time horizon. The oofst
maintenance over the time horizon is the sum of the
maintenance costs incurred by the original
maintenance policy for the duration of the delay
period (up to the action), and the costs incurred b
the new policy for the remainder of the time honizo
(after the action). The costs associated with the
equipment failure over the time horizon can be
computed similarly except that the failure costs
before and after the action should be multiplied by
the respective probabilities of failures, and the t
products added.

250

200

Total
— — —Failure

Maintenance

*| [=__- - Action

50

0

. .
150 175 200  [%of delay]

In general, these two components behave a$igure 6.Estimated cost of “replace & do nothing”

scenario (total value and the three components).

Figure 6 presents the plots showing the cost analysis
for the scenario “replace and then do nothing”.iAga

constant and do not sum up into a monotonic(as it was in the case of probability of failuréet

decrease. In this case, the probability of failafter
the action falls down to some extent slower afiver t

values are visualized as functions of the actidayde
varying in the range & 200% of user-specified

point of 164% and this causes the local minimum inreference value. The cost of replacement (“Actipn”)

the total probability of failure.

4.4. Cost analysis

In financial evaluations the costs are expressed a
present value (PV) quantities and this approact}1
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although does not depend on the delay, is not
constant on the plot due to the PV calculationss It
also evident that delaying the action causes more
repairs to be performed as elements of the present
Fepair policy before “do nothing” becomes effective
ence several noticeable leaps appear in the
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maintenance cost flow.

5. Conclusion

The purpose of the method presented in this paper i
to help the maintenance supervisor in choosing an

effective yet cost-efficient
Based

maintenance policy.

on the Markov models

deterioration process, the equipment life curve a
other reliability parameters can be evaluated. Gnce

database of equipment models is prepared, the end-

user can perform various studies with different

maintenance strategies and compare expected

outcomes. As the results are visualized through the
relatively simple concept of a life curve, no dietdi

expert
parameters or configuration is required.

knowledge about internal reliability
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