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Abstract: Maintenance is an essential activity in every manufacturing establishment, as manufacturing effectiveness
counts on the functionality of production equipment and machinery in terms of their productivity and operational life.
Maintenance cost minimization can be achieved by adopting an appropriate maintenance planning policy. This paper
applies the Markovian approach to maintenance planning decision, thereby generating optimal maintenance policy from
the identified alternatives over a specified period of time. Markov chains, transition matrices, decision processes, and
dynamic programming models were formulated for the decision problem related to maintenance operations of a cable
production company. Preventive and corrective maintenance data based on workloads and costs, were collected from
the company and utilized in this study. The result showed variability in the choice of optimal maintenance policy that
was adopted in the case study. Post optimality analysis of the process buttressed the claim. The proposed approach is
promising for solving the maintenance scheduling decision problems of the company.
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Nomenclature

T = type of machine for maintenance

R = number of different types of machines for maintenance

7, = number of machines for preventive maintenance

<, = number of machines for corrective maintenance

tap = average time spent on preventive maintenance per machine

ta/c = average time spent on corrective maintenance per machine

n, = number of incidences of preventive maintenance on a machine per month, (a random variable)
n, number of incidences of corrective maintenance on a machine per month, (a random variable)
Qp = total hours spent on preventive maintenance of machines per month

Qc = total time spent on corrective maintenance of machines per month

Cq = spare parts and material costs per month

Cu = utility costs per month

@] = labour costs per month

*Corresponding author’s e-mail: karbil2002@yahoo.com
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1. Introduction

A number of optimization techniques have been
applied in solving maintenance planning problems.
The mathematical programming techniques are useful
in finding the minimum of a function of several vari-
ables under a prescribed set of constraints. Stochastic
process techniques have been used to analyze prob-
lems which are described by a set of random variables
with known probability distributions. The statistical
methods enable one to analyze maintenance data and
obtain, from the result, the most accurate representa-
tion of the physical situation.

Researchers have applied optimization techniques
to develop a sustainable framework for effective plan-
ning and optimization of maintenance systems in pro-
duction organization. Optimization techniques uti-
lized include: dynamic programming (Ozgur-Unluakin
and Bilgic 2006; Ming et al. 2004), simulation based
on genetic algorithms (Azadivar and Shu 1998), and
failure and reliability models (Sheik et al. 1989;
Inegbenebor and Adeniji 2002). The aforementioned
techniques were used to plan and optimize mainte-
nance systems separately instead of following a given
maintenance policy such as preventive, predictive, or
corrective policy. An approach that will be flexible and
at the same time provide switching mechanisms
among the maintenance policies is required in order to
allow searching for alternative maintenance policies
that can be carried out at a reduced cost.

Previous studies have identified the Markovian
approach as a popular approach which has adequate
elements of a switching mechanism. Based on this,
Markovian approaches have been used by researchers
in studying dynamic change in vegetation types
(Debussche et al. 1977), characterizing ecological
successions (Usher 1979), forecasting air pollution
levels (Anthony and Taylor 1977) estimating land use
changes (Vandeveer and Drummond 1978) recogniz-
ing speeches (Rabinar 1989) estimating the service life
of bridge elements (Ansell ez al. 2001) planning for
manpower (Elliott and Siu, 2009; Tsao et al. 2009;
Forbes and Batholomew 1979) recognizing human
activities (Duong et al. 2009) and solving hidden
aspects of human endeavours including imaging,
tracking and favoritism (Bayraktar and Ludkovski
2009; Aas et al. 1999).

There have been scanty efforts in using the
Markovian approach in solving generalized mainte-
nance problems. The approach that is employed in
maintenance planning and optimization in this study is
a stochastic approach called the Markov decision
process (MDP). MDP comprises sets of states, actions,
and transition probability matrices that depend on the
choice and reward of actions taken within a given state
from which future actions are determined. This

process is used for forecasting maintenance activities
from which an optimal cost-efficient maintenance
planning policy, is selected in a given finite horizon.
The rest of the paper is as follows: a review of past
work on maintenance planning and the Markovian
approach is in Section 2; a formulated model for main-
tenance planning in the production industry is given in
Section 3 and Section 4 presents a plan for model
implementation using a cable production company as
an example scenario. Results, discussion, and conclu-
sions are respectively detailed in Sections 5 and 6.

2. Literature Review

A lot of effort has been expended by past researchers
in the areas of maintenance planning. Ozgur-
Unluakin and Bilgic (2006) applied a dynamic proba-
bilistic approach known as dynamic bayesian net-
works (DBN) to develop a predictive maintenance
model for system components with a constant failure
rate. This study planned maintenance along the line of
predictive policy only. A simulation-optimization pro-
cedure based on genetic algorithms was also devel-
oped by Azadivar and Shu (1998) for optimization of
maintenance policies. The study failed to include a
maintenance policy switching mechanism. Sheik et al.
(1989) modeled the average rate of occurrence of fail-
ures which provides the means of predicting mainte-
nance tasks. In this model, there is a high tendency
toward overestimation or underestimation of mainte-
nance tasks, since failure rates are not always constant.
A solution methodology based on the stochastic
dynamic programming model was developed by Ming
et al (2004). In this study, transition probability from
one maintenance environment to the other has not
been addressed. Inegbenebor and Adeniji (2002) also
presented an analysis of the optimal production and
corrective maintenance planning problem for failure
prone manufacturing systems. Though work-linked
production and maintenance activities are generally
addressed together, only the solution to static correc-
tive maintenance planning policy problems was
addressed. Many of the identified efforts planned
and/or optimized for maintenance systems are
expressed through a given maintenance policy such as
preventive, predictive, or corrective maintenance.
There is a need to investigate the possibility of deter-
mining an optimal maintenance policy from the iden-
tified policies to be adopted in an organization within
a given finite time horizon. This study extends the past
work to include an optimal choice from amongst dif-
ferent policies that will optimize the economics of
maintenance of machinery/equipment in the manufac-
turing industry at a given finite horizon using the
Markovian approach.
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One of the early applications of the Markovian
approach was outlined by Debussche ef al. (1977) in
their study of vegetation. They formulated a model
based on mapping of vegetation types, and studied
dynamic changes among key vegetation species.
Usher (1979) suggests that complex non-random or
Markovian processes are likely to characterize all eco-
logical successions. The use of Markov models in
forecasting air pollution levels was also explored by
Anthony and Taylor (1977). Vandeveer and
Drummond (1978) applied Markov processes for esti-
mating land use changes, most especially where a
major impact is imposed upon an existing system.
Rabinar (1989) applied hidden Markov models in the
area of speech recognition. Markovian based models
have been applied in manpower planning in the manu-
facturing industries in the areas of optimal portfolio
choice (Elliott and Siu 2009), promotion effects on
retention rates (Tsao ef al. 2009), and human activity
recognition (Duong et al. 2009). Practical applications
of the Markovian method in manpower planning were
also suggested by Forbes and Batholomew (1979).
More recently the Markovian approach has been
extended to solve hidden aspects of human endeav-
ours including imaging, tracking, and favoritism
(Bayraktar and Ludkovski 2009; Aas et al. 1999).
Ansell et al. (2001) present a Markov approach in esti-
mating the service life of bridge elements, while risk-
based inspection maintenance was also modelled by
Corotis et al. (2005). None of the aforementioned
studies have applied the Markovian process to mainte-
nance planning except those of Ansell et al. (2001)
and Corotis et al. (2005), and those studies are limit-
ed to service life estimation and risk-based inspection,
respectively. There has been little effort in the area of
application of the Markovian approach in solving a
generalized maintenance problem where global main-
tenance policies (preventive, predictive, and correc-
tive) are considered. This study applies the Markovian
approach to establish the economic choice of mainte-
nance policy in the production organization, by taking
into consideration the stochastic nature of industrial
maintenance workloads.

3. Model Formulation

This comprises a detailed analysis of procedural
steps and the approach taken in achieving the end
results. Considering preventive, predictive, and cor-
rective maintenance policies, volume of work is cate-
gorized based on time spent on the maintenance car-
ried out. In many production industries, such as brew-
eries, beverages manufacturers, and cable production
companies, the production process involves a number
of stages. Each stage has one or more machines or
pieces of equipment that executes operation(s) pecu-
liar to that stage. Whether failure is predicted or not,

preventive and corrective maintenance are carried out
on these machines whenever required, and cost is
incurred directly or indirectly for the maintenance
operations that are carried out. Based on this, only pre-
ventive and corrective maintenance functions are con-
sidered in this study. Also, simultaneous performance
of both preventive and corrective maintenance actions
on the machines at a given time is discouraged. The
parameters considered in formulating the model are
presented in the following section.

3.1 Time and Cost Analysis

To determine the maintenance workload and corre-
sponding cost of maintenance, time aggregates and
incurred maintenance costs are determined. Assuming
that the total budgeted preventive maintenance time
for all machines is not exceeded, then the average pre-
ventive maintenance time t, spent on each machine is
given by:

_ 7p
% T,7 X tap 3.1)

Similarly, if corrective maintenance action is per-

formed, the average corrective maintenance time t,
spent on each machine is given by:

te=17"X tue (3.2)
Therefore, total preventive maintenance time, s
and corrective maintenance time, ¢, spent on each

machine per month are respectively expressed by
Eqns. 3.3 and 3.4:

4= t, xn, (3.3)

q.= Lxn 3.4
By substituting Eqn. 3.1 into Eqn. 3.3, it gives the
total preventive maintenance time:
4 =T, xtupyxny 3.5)
Similarly, total corrective maintenance time can be
calculated as follows:

=T, Xtuexn (3.6)
Therefore, the total time spent on preventive main-
tenance of all machines per month, Q, is:
R

Q=D (@)

T=1

(3.72)

For a quarterly estimate (three months, k =1, 2, 3),
total time spent on preventive maintenance of all
machines, Q, is:
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3

Q= Z Qpx

k=1

(3.7b)

Similarly, the total time spent on corrective main-
tenance of all machines per month, Q, is:

R
Q=2

T=1

(Qc)T (3.8&)

For a quarterly estimate (three consecutive months,
k=1,2,3), Q.is:
3

Q= Z Qcx

k=1
Spare parts cost C, per month and calculation by:

c-Y (©)

where i = 1,2,...,s as a counter for number of spare
parts. Labour cost per month (C)) is given as:

!
G= Zl: (G

where 1 = 1,2,...,] as a counter for the amount of
labour. Utility cost per month (C,) is given as:

C,= Z (G
i

where 1=1,2,...,u, as a counter for the number of util-
ities. Maintenance cost per month (C,) for preventive

(3.8b)

(3.9)

(3.10)
(.11

maintenance policy is given as:
Cp:(Cs+Cl+Cu )p (3123)

The corresponding quarterly estimate, C,,, is

3
¢ = ;Cj?k

Maintenance cost, per month (C.) for corrective

(3.12b)

maintenance policy is given as:

Cc:(Cs+Cl+Cu)c

(3.13a)
The corresponding quarterly estimate, C; is
2 (3.13b)
C’ = chk .
k=1

In many developing countries such as Nigeria, the
maintenance workload is usually preplanned quarterly
(that is every three months). Since simultaneous per-
formance of both preventive and corrective mainte-
nance functions is not allowed if preventive mainte-
nance is scheduled for this quarter, any other correc-

tive maintenance function will be contracted out (if
critical) or delayed to the next quarters (if not critical).
Anually, there are four quarters in which either preven-
tive or corrective maintenance can be carried out.
Based on the quarterly maintenance workload esti-
mates of past years, the outcomes, transition mainte-
nance costs and workload probability matrices are
used to determine future maintenance costs under a
preventive, or corrective maintenance policy. The pol-
icy and quarter corresponding to minimum mainte-
nance cost is chosen as optimal. The following sec-
tions explain how transition chains and matrices are
formulated.

3.2 Transition Chain

Corrective and preventive maintenance are grouped
into four states or quarters, S, S,, S3, and S, accord-
ing to maintenance workload, and using time spent on
maintenance practice and costs (Eqns. 3.7, 3.8, 3.12
and 3.13). On the basics of these equations, transition
probability matrices are estimated based on a time-
based maintenance workload. The maintenance work-
load transition process is in Figure 1.

3.3 Transition Matrix

A transition probability matrix M, is formed using
the transition probabilities of the four quarterly states
(Figure 1) as follows where y represents maintenance
alternatives:
(my)ir (my)iz (my)s (my)4
(my)21 (my)zz (my)23 (my)24
(my)3| (my)n (my)33 (my)34 (3.14a)
(my)4| (my)4z (my)43 (my)44

In this equation, y = 1, and 2, is assumed for pre-
ventive, and corrective maintenance policies, respec-
tively. Simultaneously, i, j represent transition among
quarterly states (S, S,, S;, S,) of the workload prob-
ability, (my;, (Figure 1).

()i (e (¢ (€
(Cy)Zl (Cy)zz (Cy)23 (Cy)24
(et ()2 (c)33 (Cyhss
() (e)n (¢)as ()

Each maintenance alternative is accompanied by
maintenance costs (or rewards). Matrix C, correspond

to my;, and is presented by Eqn. 3.14b:

My = (my)i.i =

C=( )= (3.14b)

ij>

3.4 Decision Process Optimization Model

The appropriate maintenance policy corresponding
to minimum maintenance cost is obtained using the
Markovian process based on dynamic programming.
The problem is to find maintenance policies (y) (y =1,
2) and state(s), in quarters S;, S,, S;, and S, of stage x,
that minimize(s) maintenance cost (C,) over a planned
finite time horizon (N).
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Mua

Figure 1. Maintenance workload markov chain.

Let
w = number of states, j for each year
X = stage or year
N = maximum number of stages (years) under consi-
deration
y = maintenance option
f«(1)= optimal expected maintenance cost of quarter, i,
in stage x
(Vy)i = expected maintenance cost of quarter, i, given
option y
C, = annual maintenance budget
C, = quarterly maintenance budget
f = inflation factor

The backward recursive equation relating f, and
fxi1, for determining optimum expected maintenance
cost of quarter i in stage X is written as:

fx (1) = min. y{ Z (rny)ij [(Cy)ij +fx+l (])] } (315)

J=1

The expected maintenance cost in quarter i of j's at
a given option y is expressed as:

w

Wy)i: Z [(my)ij (Cy)ij]

J=

(3.16)

The optimum expected (actual) maintenance cost of
stage N is given as:

Sy ()= min.y {(V,)i} (3.17)

By substituting Eqn 3.16 into equation 3.15, it
gives:

fh=miny ((V)i+ D, m); f@)y G189

J=1

For a specified period of N years, Eqns. 3.17 and
3.18 give an iterative approach for selecting an appro-
priate economic maintenance planning policy, ie.,
optimal policy to ‘be adopted at minimum cost over
the planned time horizon, N). It is pertinent to note
that full implementation of a preventive or corrective
maintenance policy, or both policies, in all quarters of
the year, may not be economical in the long run.
Instead, the cost of maintenance can be reduced by
balancing the preventive and corrective maintenance
activities. The problem is to find which quarter(s) that
the preventive and/or corrective maintenance work-
loads can be scheduled in order to minimize costs.
Based on 4 x 4 matrices of the quarterly maintenance
programs considered in this study, there are sixteen
(16) possible scheduling alternatives. They are:

* practice preventive maintenance in the first quarter
and corrective maintenance in the second, third,
and fourth quarters (PCCC).

* practice corrective maintenance in the first quarter,
preventive maintenance in the second quarter and
corrective maintenance in the third and fourth
quarters. (CPCC).

*  practice corrective maintenance in the first and sec-
ond quarters, preventive maintenance in the third
quarter, and corrective maintenance in the last
quarter (CCPC).

* practice corrective maintenance in the first three
quarters and correctives maintenance in the fourth
quarter (CCCP).
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* practice corrective maintenance in all four quarters
(Ccco).

* practice corrective maintenance in the in the first
quarter and preventive maintenance in the second,
third, and fourth quarters (CPPP).

* practice preventive maintenance in the first quarter,
corrective maintenance in the second quarter, and
preventive maintenance in the third and fourth
quarters (PCPP).

* practice preventive maintenance in the first two
quarters, corrective maintenance in the third quar-
ter, and preventive maintenance in the fourth quar-
ters (PPCP).

* practice preventive maintenance in the first three
quarters and corrective maintenance in the fourth
quarters (PPPC).

* practice preventive maintenance in all the four quar-
ters (PPPP).

* practice preventive maintenance in the first two
quarters and corrective maintenance in the last
two quarters (PPCC).

* practice corrective maintenance in the first two
quarters, and preventive maintenance in the last
two quarters (CCPP).

* practice preventive maintenance in the first and
third quarter and then corrective maintenance in
the second and fourth quarters (PCPC).

*  practice corrective maintenance in the first and
third quarter, then preventive maintenance in the
second and fourth quarters (CPCP).

* practice preventive maintenance in the first and last
quarter, then practice corrective maintenance in
the second and third quarters (PCCP); and

* practice corrective maintenance in the first and last
quarter, then preventive maintenance in the sec-
ond and third quarters (CPPC).

To verify whether optimal maintenance options
obtained at every quarter of each stage can be prac-
ticed by a particular company, optimal expected main-
tenance cost of quarter, i in stage X, fi(i), is further
compared with the company's quarterly maintenance
budget, C, for a given annual budget of C,, where
stage, x (year) =1,2,..,N. determines the future annual
budget under inflation, f (%), arrangement. The
expected annual maintenance budget under influence
of inflation is computed from:

Cq= C, (1 +1D (3.19a)

The corresponding quarterly estimate (comprises

four quarters per year) is given as:

C,= C, (I+f )< /4 (3.19b)

By carrying out post optimality analysis, perform-

ance ratio (P,) is determined for each maintenance
option in every quarter of each year, based on the actu-
al quarterly maintenance cost:
P.= actual cost/ budget (3.20)
Deviation from the maintenance budget is obtained
by finding the difference between the budgeted and
actual cost of maintenance.
Deviation = Budget - Actual cost 3.21)
The positive value of Eqn. 3.21 is an indication of
budget surplus, which means that money remains left
after maintenance which can be spent on other produc-
tive activities. The negative value means that the bud-
geted money is not enough to complete maintenance

activities; hence, supplementary budgeting may be
necessary.

3.5 Sofitware Development

A computer software package, which carefully exe-
cutes the decision process, was developed in Microsoft
Visual Basic (VB Redmond, Washington, USA,
Version 6.0) programming language. Computer pro-
gramming was carried out for easy implementation of
the model in the industry, where an analytical
approach could lead to waste of man-hours.
Spreadsheets software such as Microsoft Excel tem-
plate can also be used (Taha 2008). Excel software,
apart from cost, requires special training and may be
cumbersome for maintenance personnel. The comput-
er software developed using VB is interactive, user-
friendly and easy to use by ordinary people. The algo-
rithms developed for the program are as follows:

1 Start

2 Input array dimension, w

3 Input values for preventive maintenance probabili-
ty matrix (m,) ij

4 Input values for preventive maintenance cost
matrix (C) ij

5 Input values for corrective maintenance probabili-
ty matrix (m,) ij

6 Input values for corrective maintenance cost
matrix (C,) ij

7 Specify the number of stages/years of maintenance
for consideration, N

8 Initialize y to 1

9 Whileyis <=2 begin

10 Initialize i to 1

11 While i <= w, begin

12 Let (Vy)itemp = 0

13 Initialize j to 1

14 While j <= w, begin
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15 Compute (Vy)itemp = (my)ij*(C,)ij + (V)itemp

16 Increment j (i.e.,j=j+ 1)

17 If j <=w goto 14

18 Let (Vy)itemp = (V)i

19 Print (V)i

20 End if

21 Increment i (i.e., i =i +1)

22 Ifi<=w goto 11

23 End if

24 Incrementy (i.e.,y=y + 1)

25 Ify <=2 goto 9

26 End if

27 Initialize i to 1

28 While i <= w, begin

29 Determine the minimum maintenance cost f,(i) by
comparing (V)I with (V,)i, then select the mini-
mum (i.e., (i) = miny{ (V,)i})

30 Print fy(i)

31 Increment i (i.e., i=i+1)

32 Ifi <= w goto 28

33 End if

34 Let x =N-1

35 While x > =1, begin

36 Initialize y = 1

37 While y <=2 begin

38 Initialize ito 1 and j to 1

39 While i <= w, begin

40 Let (Vy)itempl =0

41 While j <=w, begin

42 Compute (Vy)itempl = (Vy)itempl + (my)ij*
f+1(G)

43 Incrementj (ie.,j=j+ 1)

44 1f j <=w goto 41

45 End if

46 Let (V*))i= (Vi + (Vy)itempl

47 Print (V*)i

48 Incrementi (i.e., 1 =i +1)

49 Ifi<=w goto 39

50 Endif

51 Incrementy (ie.,y =y + 1)

52 Ify <=2 goto 37

53 Endif

54 Initialize i to 1

55 While i <=w, begin

56 Determine the minimum maintenance cost f,(i) by

with (V*,)i, then select the
minimum (i.e., f,(i) = miny{ (V*))i})

57 Print f,(i)

58 Increment i (i.e., i= i+1)

59 If i <=w goto 55

60 End if

61 Decrement x by 1 (i.e., x = x-1)

62 Ifx >=1 goto 35

63 End if and goto 64

64 Stop.

comparing (V*))i

The developed algorithm has three major phases.
The first phase (steps 2 to 7) constitutes the user-inter-
face where the user of the software is welcomed and
can input all the required data. The second phase is an
execution phase where the program processes all the
data entered in the first phase. The third phase is an
output phase that gives the forecast of the optimal
maintenance policy to be adopted over the period
specified for consideration in the first phase. The effi-
cacy of the computer software was tested by compar-
ing its outputs with the results obtained from an ana-
lytical approach. The comparison was carried out
using paired t- test statistical tool, Statistical Package
for the social Sciences (SPSS IBM, Illinois, USA,
Version 15.0).

4. Model Implementation with Case Study

The maintenance department of a cable production
company situated in Lagos State, Nigeria, was select-
ed for this study. The cable company is famous for the
production of different sizes of both power transmis-
sion and communication cables. It has an established
maintenance department that handles the maintenance
of the production machines and equipment, which are:
extruders, T;; drawing machines, T,; coiling
machines, T;; tubular stranding machines, T,; PVC
producing plants, Ts, and power generating plants Tg.
The company is practicing both preventive and correc-
tive maintenance policies. Preventive maintenance is
carried out based on advice from the manufacturer of
the machines. Corrective maintenance is carried out as
the need occurs. There is no arrangement for predict-
ing corrective maintenance, that is, corrective mainte-
nance is unplanned. This means at every period both
preventive and corrective maintenance policies are
carried out. This has resulted to high total annual
maintenance costs for which a supplementary budget
is sometimes required to fully perform maintenance
functions in the company. High maintenance costs
may be due to multiple set-up costs in the procurement
of maintenance facilities. Stochastically planned
scheduling based on grouping of preventive and cor-
rective maintenance activities will likely reduce the
cost incurred during maintenance. This is obtained by
balancing both preventive and corrective maintenance
activities.

Preventive and corrective maintenance data were
obtained using a questionnaire, personal interviews
and observation of maintenance records in the organi-
zation. Monthly equipment maintenance data includ-
ing costs recorded by the cable production company
were obtained. Table 1 shows the monthly equipment
maintenance (preventive and corrective) data from the
company, and Table 2 is the corresponding mainte-
nance cost records for both preventive and corrective
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Table 1. Monthly maintenance time analysis for the year 2005

Month T T, Tnp ) Tnc tup, tak n, n . qc
January T, 6 5,6 25,36 4,7 500, 1512
T, 5 5,4 40, 36 3,6 600, 864
T, 6 5,5 60, 51 5,7 1500, 1785
T, 4 4,4 50, 43 3,6 600, 1032
Ts 1 1,1 40, 87 2,2 80, 174
T, 5 4,3 35,63 5,4 700, 756
R=6 3980, 6123
February T, 6 55 35, 36 5,5 875, 900
T, 5 4,5 40, 36 6,4 960, 720
T; 6 6,4 55,51 5,6 1650, 1224
T, 4 3,3 55,43 7,7 2310, 903
T 1 1,1 40, 87 2,3 80, 261
T, 5 3,3 30, 63 3,4 270,756
R=6 6145, 4764
March T, 6 44 30, 36 3,7 360, 1008
T, 5 4,3 40, 36 5,6 800, 648
T, 6 6,5 60, 51 58 1800, 2040
T, 4 3,4 60, 43 4,6 720, 1032
Ts 1 1,1 45,87 1,2 45,174
T, 5 4,3 35,63 3,4 420, 756
R=6 4145, 5658
April T, 6 6,6 30, 36 5,5 900, 1080
T, 5 4,4 35,36 6,3 840, 432
T 6 3,5 60, 51 5,6 900, 1530
T, 4 3,2 55,43 58 825, 688
T, 1 1,1 40, 87 1,2 40, 174
Ts 5 3,4 35,63 3,3 315,756
R=6 3820, 4660
May T, 6 5,4 25,36 5,4 625,576
T, 5 4,3 35,36 3,7 420, 756
T, 6 4,4 55,51 6,8 1320, 1632
T, 4 4,4 55,43 5,8 1100, 1376
Ts 1 1,1 40, 87 4,4 160, 348
T, 5 3,2 35,63 4,3 420, 378
R=6 4045, 5066
June T, 6 6,5 30, 36 5,5 900, 900
T, 5 55 45,36 5,7 1125, 1260
T, 6 6,4 60, 51 7,7 2520, 1428
T, 4 4,4 55,43 58 1100, 1376
T, 1 1,1 45, 87 4,3 180, 261
Ts 5 4,3 30, 63 4,5 480, 945
R=6 6305, 6170
July T, 6 4,5 40, 36 4,4 640, 720
T, 5 4,5 40, 36 5,7 800, 1260
Ts 6 5,6 55,51 5,8 1375, 2448
T, 4 4.4 60,43 4,7 960, 1204
T, 1 1,1 40, 87 2,2 80, 174
T, 5 3,3 30, 63 6,5 540, 945

R=6 4395, 6751
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Month T T, T? Tf tps Lo
August T, 6 55 25,36
T, 5 3,3 35,36
T, 6 4,4 50, 51
T, 4 4,3 60, 43
Ts 1 1,1 35,87
T, 5 3,3 30, 63
R=6
September T, 6 6,4 30, 36
T, 5 4,3 35,36
T, 6 6,5 55,51
T, 4 3,4 50,43
T, 1 1,1 45,87
Ts 5 3,4 35,63
R=6
October T, 6 6,5 30, 36
T, 5 4,4 45,36
T, 6 55 60, 51
T, 4 4,3 55,43
T 1 1,1 40, 87
T, 5 4,3 35,63
R=6
November T, 6 55 2536
T, 5 5,5 40, 36
T, 6 3,4 60, 51
T, 4 4,3 60,43
T 1 1,1 40, 87
Ts 5 3,4 35,63
R=6
December T, 6 4,5 35, 36
T, 5 4,3 35,36
Ts 6 53 60, 51
T, 4 3,2 50,43
T, 1 1,1 35,87
T, 5 3,3 40, 63
R=6

n,, n, qpﬂ 9.

P>

5,6
3,8

625, 1080
315, 864
800, 1020
1440, 774
70, 261
450, 945
3700, 4944
900, 1008
840, 648
1650, 2040
600, 1376
90, 174
420, 1260
4500, 6506
1260, 900
540, 432
1200, 1530
880, 1032
120, 261
560, 945
4560, 5100
500, 720
1200, 1260
900, 1632
720, 903
120, 348
315, 1008
3755, 5871
420, 900
700,432
1800, 459
600, 430
70, 261
360, 756
3950, 3238
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maintenance activities. By using these data, mainte-
nance workloads, total time spent on maintenance, and
minutes, (q,, q,) for each machine per month are com-
puted using Eqns. 3.5, and 3.6, respectively, for pre-
ventive and corrective arrangement, while Eqns. 3.7a
and 3.8a are used to estimate monthly maintenance
workloads on all the machines (Q,, Q). The corre-
sponding monthly costs for carrying out the preventive
and corrective maintenance policies (C,, C,) are com-
puted using Eqns 3.12a and 3.13a, respectively, and
the results are presented in Table 2. The same proce-
dure was used to analyze maintenance data for the year
2006. The resulting maintenance workloads and costs
from the analysis (year 2006) are shown in Tables 3
and 4, respectively. In all cases, the maintenance
data/outcomes are tabulated with each sub-heading
according to the parameters denoted in the nomencla-
ture given in the previous section.

The monthly outcome data obtained for the both
preventive and corrective maintenance for years 2005
and 2006 were used to compute quarterly workload
Qs Q) and cost (C,', C,) using Eqns 3.7b, 3.8b,
3.12b and 3.13Db, respectively. The quarterly outcome
data are further analyzed via the developed
Markovian-based model (Eqns. 3.14-3.21) using ana-
lytical and computer software methods. The results
obtained from the analyses are presented and dis-
cussed in the following section.

5. Results and Discussion

In order to obtain both preventive and corrective
transition probability matrices, and their correspon-
ding cost matrices, maintenance data obtained are
processed as shown in this section.
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Table 2. Monthly maintenance cost for the year 2005

Month Spare parts and Labour Cost Utility Cost Total Cost
materials Cost, C,, C,, (N) C,, G.(N) C, G (N) C,,C.(N)
January 80500, 116000 113750, 113750 1500,2000 195750, 231750
February 134650, 170000 113750, 113750 2500, 1800 250900, 285550
March 92250, 84500 113750, 113750 1700, 1800 207700, 200050
April 105400, 60000 113750, 113750 2000, 1500 221150, 175250
May 95440, 110350 113750, 113750 1800, 1800 210990, 225900
June 184760, 95000 113750, 113750 2200, 1600 300710, 210350
July 88600, 60000 113750, 113750 1600, 1500 203950, 175250
August 114250, 80000 113750, 113750 1800, 1500 229800, 195250
September 130000, 185000 113750, 113750 2000,2500 245750, 301250
October 92440, 105000 113750, 113750 1800, 2000 207990, 220750
November 156750, 180000 113750, 113750 2200, 2200 272700, 295950
December 112950, 95500 113750, 113750 2000, 1500 228700, 210750
Table 3. Monthly maintenance time analysis for the year 2006
Month T T, ij , Tnc tap, L n, n, q,. 9
January T 6 4,5 30, 36 3,5 360, 900
T, 5 4,5 40, 36 5,7 800, 1260
T, 7 7,4 60, 51 6,7 2520, 1428
T, 4 3,3 60, 43 4,9 720, 1161
Ts 1 1,1 40, 87 1,3 40, 261
T, 5 3,3 30, 63 6,5 540, 945
R=6 4980, 5955
February T, 6 55 30, 36 5,4 750, 720
T, 5 5,3 45,36 5,7 1125, 756
T, 7 6,3 60, 51 7,8 2520, 1224
T, 4 4,2 55,43 5,8 1100, 688
T, 1 1,1 50, 87 3,4 150, 348
Te 5 3,3 35, 63 4,3 420, 567
R=6 6065, 4303
March T, 6 6,4 25, 36 5,6 750, 864
T, 5 3,3 40, 36 3,6 360, 648
T; 7 3,4 60, 51 4,8 720, 1632
T, 4 4,4 60, 43 5,5 1200, 860
T, 1 1,1 45,87 2,2 90, 174
T, 5 3,2 35,63 5,5 525, 630
R=6 3645, 4808
April T, 6 6,5 30, 36 6,6 1080, 1080
T, 5 3,5 40, 36 2,8 240, 1440
T, 7 4,6 50, 51 4,5 800, 1530
T, 4 3,3 60, 43 5,6 900, 774
Ts 1 1,1 40, 87 1,3 40, 261
T, 5 3,3 35,63 4,5 420, 945

R=6 3480, 6030




56

Optimizing Maintenance Planning in the Production Industry Using the Markovian Approach

Month T T, T;ll’ ]';C tps Tare n,, n Qp; Jc
May T, 6 6,5 30, 36 6,7 1080, 1260
T, 5 5,5 35,36 4,6 700, 1080
T; 7 7,5 50, 51 6,8 2100, 2040
T, 4 4,4 55,43 5,8 1100, 1376
T, 1 1,1 45, 87 1,5 45, 435
T, 5 4,3 30, 63 7,6 840, 1134
R=6 5865, 7325
June T, 6 5,6 30, 36 55 750, 1080
T, 5 4,4 35,36 6,3 840,432
T, 7 5,4 55,51 5,6 1375, 1224
T, 4 4,2 50, 43 5,8 1000, 688
T 1 1,1 45, 87 1,2 45,174
T, 5 3,2 35,63 4,3 420, 378
R=6 4430, 3976
July T, 6 6,6 25, 36 8,5 1200, 1080
T, 5 4,3 40, 36 5,4 800, 432
T, 7 5,5 60, 51 6,4 1800, 1020
T, 4 4,3 60, 43 7,5 1680, 645
Ts 1 1,1 40, 87 1,3 40, 261
T 5 3,3 35,63 5,3 525, 567
R=6 6045, 4005
August T, 6 4,6 30, 36 55 600, 1080
T, 5 5,3 45, 36 5,4 675,432
Ts 7 3,5 55,51 3,5 495, 1275
T, 4 3,3 50, 43 4,7 600, 903
T; 1 1,1 45, 87 1,3 45, 261
T 5 3,3 35,63 5,4 525,756
R=6 2940, 4707
September T, 6 6,6 30, 36 6,7 1080, 1512
T, 5 5,3 35, 36 6,5 1050, 540
T, 7 4,6 50, 51 5,6 1000, 1836
T, 4 3,4 50, 43 3,8 450, 1316
T; 1 1,1 45, 87 1,5 45, 435
T, 5 4,3 30, 63 4,4 480, 756
R=6 4105, 6395
October T, 6 6,6 30, 36 6,7 1080, 1512
T, 5 5,4 45, 36 6,6 1350, 864
T, 7 6,5 60, 51 4,8 720, 2040
T, 4 4,4 55,43 2,6 440, 1032
Ts 1 1,1 40, 87 1,2 40, 174
Ts 5 4,3 30, 63 7,3 840, 567
R=6 4470, 6189
November T, 6 6,5 30, 36 6,7 1080, 1260
T, 5 53 40, 36 7,7 1400, 756
T; 7 6,5 55,51 6,4 1980, 1020
T, 4 3,4 60, 43 4,7 720, 1204
T, 1 1,1 45, 87 1,1 45, 87
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Month T T, T? T¢ taps  tak np, N Op> qc

December T, 6 3,5 35, 36 4,4 420,720

T, 5 3,3 35, 36 2,5 210,540

T, 7 5,5 60, 51 55 1500, 1275

T, 4 4,4 60, 43 4,4 960,688

Ts 1 1,1 45, 87 1,2 45, 174

T, 5 3,3 35, 63 3,4 315,756

R=6 3450, 4153

Table 4. Monthly maintenance cost foer the year 2006
Month Spare parts and Labour Cost Utility Cost Total Cost
materials Cost, C,, C, (N) Cp, C.(N) Cip, G (N) C,C.(N)

January 62250, 300000 113750, 113750 1000,3250 177000, 417000
February 155780, 70000 113750, 113750 2500,2250 272030, 186000
March 90950, 85000 113750, 113750 2000,3000 206700, 201750
April 90940, 55000 113750, 113750 1800,2500 206490, 171250
May 129280, 90000 113750, 113750 1800,3050 244830, 206800
June 196870, 102000 113750, 113750 2000,2075 312620, 217825
July 57500, 239000 113750, 113750 1200,2575 172450, 355325
August 140000, 45000 113750, 113750 2500,2300 256250, 161050
September 95400, 42000 113750, 113750 1500,2600 210650, 158350
October 105000, 115000 113750, 113750 2000,2300 220750, 231050
November 113000, 120000 113750, 113750 1800,2200 228550, 235950
December 160000, 185000 113750, 113750 1800,2200 275550, 300950

5.1 Preventive Maintenance

Table 5 shows the quarterly maintenance workload
(in minutes) obtained for preventive maintenance, Q,'
in the years 2005 and 2006, respectively, for the cable
company. The transition probability of the mainte-
nance workload from 2005 to 2006 is determined from
the ratio of the absolute difference between workloads
of respective quarters of years 2005 and 2006 to the
total workload for the years. The summation of the
values in each column is given in the last row. Each of
the quarterly transition workload results is divided by
the total sum in the last row. This gives a total proba-
bility of one for each column, as presented in Table 6.

Therefore, preventive maintenance (y=1) workload
transition probability matrix M, is written as follows:

Quarterly preventive maintenance cost, C ', are

presented in Table 7. Transition cost elements are
obtained by taking the average of the quarterly cost
transitions from 2005.

Preventive maintenance cost matrix is written as:

0.167 0.196 0.468 0.169
M, =(m); = 0224 0170 0.466 0.140
0417 0235 0.099 0.249
0383 0283 0.130 0.249

5.2 Corrective Maintenance
The quarterly transition probability and cost matri-
ces for corrective maintenance between the years 2005

and 2006 of the company are estimated using methods
similar to that of the preventive maintenance policy.
The quarterly workload results (in minutes) Q. are
presented in Table 8, while its corresponding probabil-
ities are in Table 9.

0.295 0.157 0.287 0.261
M, = (m,); 0.224 038 0.212 0.178
0.312  0.086 0.307 0.295
0.145 0.529 0.152 0.174

Corrective maintenance (y = 2) probability matrix,
M,, is written as:

Table 10 presents the corresponding quarterly cor-
rective maintenance cost, C,' associated with each
transition probability. This is obtained in similar way
as preventive policy.

Thus, the corrective maintenance cost matrix is:

761.050 656.613 696.038 742.650
708.125 603.688 643.113 677.075
738.250 633.813 673.238 719.850
760.100 661.663 701.088 747.700

Cz = (Cz)l_] =

For a 10-year maintenance plan (N = 10), using ana-
lytical and software methods, the outcome matrices
were input into the developed Markovian based
dynamic programming model, the optimal policy
results obtained are presented in Table 11. The paired
t-test results of the comparison of the maintenance cost
generated by software and manual mathematical com-
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Table 5. Quarterly preventive maintenance workload analysis

Q,’ Year 2005 Year 2006 S, S, S, S,
S, 14,270 14,690 420 520 2095 2425
S, 14,170 13,775 495 395 1180 1510
S; 12,595 13,090 1180 1080 495 825
S, 12,265 13,845 425 325 1250 1580
2520 2320 5020 6340
Table 6. Quarterly preventive workload transition probabilities
To S, S, S; S, Total
2006
S, 0.167 0.196 0.468 0.169 1.0
From 2005 S, 0.224 0.170 0.466 0.140 1.0
S; 0.417 0.235 0.099 0.249 1.0
Sy 0.383 0238 0.130 0.249 1.0
Table 7. Quarterly preventive maintenance cost transition
G’ Year 2005 Y ear 2006 S, S, S, S,
S 654,350 655,730 655,040 694,290 667,560 682,560
S, 732,850 763,940 709,145 734,895 721,720 736,665
S; 679,500 639,350 646,850 686,100 682,800 674,370
Sy 709,390 724,850 689,600 728,850 704,175 717,120
Table 8. Quarterly Corrective Maintenance Workload Analysis
Q’ Year 2005 Year 2006 S, S, S, S,
S, 16,545 15,066 1479 830 3135 857
S, 15,896 17,331 786 1435 870 3122
S; 18,201 15,107 1438 789 3094 898
S, 14,209 15,236 1309 660 2965 1027
5012 3714 10,064 5904
Table 9. Corrective maintenance workload transition probabilities
To 2006 S, S, S, S, Total
S 0.295 0.157 0.287 0.261 1.0
S, 0.224 0.386 0.212 0.178 1.0
From 2005 S, 0.312 0.086 0.307 0.295 1.0
S, 0.145 0.529 0.152 0.174 1.0
Table 10. Quarterly corrective maintenance cost transition
C;’ Year 2005 Year 2006 S, S, S, S,
S, 717 350 804,750 761,050 708,125 738,250 766,100
S, 611,500 595,875 656,613 603,688 633,813 661,663
S; 671,750 674,725 696,038 643,113 673,238 701,088
S, 727 A50 767,950 742,650 677,075 719,850 747,700

putation show that there is no significant difference
between them (that calculated value of t, 4.09 x 10-6,
is far less than the table value of t, at 2.704). This
means that the developed software can adequately
replace the computation using analytical method,
which is somewhat tedious to accomplish. Through
software calculations, the computations was accom-
plished within 2 minutes, while it took several hours to
get results from manual calculation.

The result in Table 11 shows that the optimal main-
tenance planning policy would be one adopted over a
period of ten years where preventive maintenance is
practiced in the first and third quarters of every year,
while corrective maintenance is practiced in the sec-
ond and fourth quarters of every year. This recommen-
dation is based on the fact that the cost of maintenance
is minimized in those quarters.

The Company's annual maintenance budget is
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Table 11. Optimal maintenance policy results

. Optimal Optimal
Year/Stage  States Expected me:mtenance cost maintenance  maintenance
(N°000) cost option y’
Quarter y = 1, preventive y = 2, corrective ty () N
()
1 1 667.652 721.193 667.652 1
2 702215 648.503 648.503 2
3 690.926 703.882 690.926 1
4 736.127 696.900 696.900 2
2 1 1347386 1400.152 1347386 1
2 1381.553 1318.903 1318.903 2
3 1363.665 1385.660 1363.665 1
4 1438.712 1363.050 1363.050 2
3 1 2019.720 2072.868 2019.720 1
2 2054.538 1991.134 1991.134 2
3 2037.130 2058.437 2037.130 1
4 2142.101 2034.419 2034419 2
4 1 2692401 2745.257 2692401 1
2 2727247 2663.497 2663497 2
3 2709311 2730.826 2709311 1
4 2844568 2706.702 2706.702 2
5 1 3364.719 3417.641 3364.719 1
2 3399.584 3335.878 3335.878 2
3 3381.770 3403.207 3381.770 1
4 3547266 3379.069 3379.069 2
6 1 4037.123 4090.023 4037.123 1
2 4071986 4008.258 4008.258 2
3 4054.128 4075.588 4054.128 1
4 4249885 4051.450 4051450 2
7 1 4709498 4762.404 4709.498 1
2 4744362 4680.640 4680.640 2
3 4726517 4747.969 4726517 1
4 4952530 4723.830 4723830 2
8 1 5381.880 5434.785 5381.880 1
2 5416.745 5353.022 5353.022 2
3 5398.896 5420.351 5398.896 1
4 5655.167 5396.213 5396.213 2
9 1 6054261 6107.167 6054261 1
2 6089.126 6025.402 6025402 2
3 6071.278 6092.733 6071.278 1
4 6357.805 6068.595 6068.595 2
10 1 6726.644 6779.548 6726.644 1
2 6761.506 6697.783 6697.783 2
3 6743.659 6765.114 6743.659 1
4 7060.444 6740.976 6740976 2

N5.85 million (N, is the symbol for Nigeria’s curren-
cy, the naira), while Nigeria’s inflation rate is 25%
(Akanbi et al. 2001). To further verify the company's
capability of adopting this maintenance policy with its
available resources, the quarterly maintenance budget
for the old method was compared with the quarterly
optimal maintenance cost from the current schedule.
The results obtained (Table 12) show that the compa-

ny can actually adopt the proposed policy. The results
show that out of the sixteen scheduling arrangements,
only PCPC (practice preventive maintenance policy in
the first and third quarters, and then corrective mainte-
nancne in the second and fourth quarters), is optimal.
With this optimal scheduling, a surplus in the mainte-
nance budget would be achieved as shown in the last
column of Table 12. This shows that the company’s
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Table 12. Cost comparison for old and new scheduling approach

Year Quarterly budget  Quarter (i) Optimal costs  Deviation
N) (Actual) (Surplus)
£ ) N) N
1 1,400,000 1 667, 652 732,348
2 648,503 751,497
3 690,926 709,074
4 696,900 703,100
2 1,750,000 1 1,347,386 402,614
2 1,318,903 431,097
3 1,363,665 386,335
4 1,364,050 385,950
3 2,187,500 1 2,019,720 167,780
2 1,991,134 196,366
3 2,037,130 150,370
4 2,034419 153,081
4 2,734,375 1 2,692,401 41,974
2 2,663,497 70,878
3 2,709,311 25,064
4 2,706,702 27,673
5 3,417,969 1 3,364,719 53,250
2 3,335,878 82,091
3 3,381,770 36,199
4 3,379,069 38,900
6 4,272,461 1 4,037,123 235338
2 4,008,258 264,203
3 4,054,128 218,333
4 4,051,450 221,011
7 5,340,576 1 4,709,498 631,078
2 4,680,640 659,936
3 4,726,517 614,059
4 4,723,830 616,746
8 6,675,720 1 5,381,880 1,293,840
2 5,353,022 1,322,698
3 5,398,896 1,276,824
4 5,396,213 1,279,207
9 8,344,650 1 6,054,261 2,290,389
2 6,025.402 2,319,248
3 6,071,278 2,273,372
4 6,068,595 2,276,055
10 10,430,813 1 6,726,644 3,704,169
2 6,697,783 3,733,030
3 6,743,659 3,687,1%4
4 6,740,976 3,689,837

traditional method of maintenance has not been eco-
nomical. Therefore, the company has been advised to
adopt the new PCPC approach to avoid supplementary
budgeting for maintenance activities.

By carrying out post optimality analysis, a perform-
ance ratio was obtained for each maintenance option in
every quarter of the year, using the results of the actu-
al quarterly maintenance cost obtained in Table 11 for
a period of 10 years (Table 13). Figure 2 displays a
graphical illustration of the performance ratios for
both preventive and corrective maintenance during a
10-year period. For years 1 and 2, preventive mainte-
nance has a fairly high performance ratio (P,), which is

higher than corrective maintenance during quarters 1
and 3, while the P, of corrective maintenance is high-
er for quarters 2 and 4. There is a slight difference in
the P, of preventive and corrective maintenance during
quarters 2 and 3 of year 3, but there is a greater mar-
gin in quarter 4 with corrective maintenance having a
higher P,. In year 4, the P, is zero for preventive
maintenance in quarter 2 and has a negative value in
the fourth quarter. The implication of this is that pre-
ventive maintenance actions during these quarters has
a great cost disadvantage to the organization; instead,
corrective maintenance is economical during these
quarters.
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Table 13. Performance ratio (P,) for preventive and corrective maintenance

Year Quarter P, (Preventive) P, (Corrective)
1 1 0.52 048
2 0.50 0.54
3 0.51 0.50
4 0.47 0.50
2 1 0.23 0.20
2 0.21 025
3 0.22 021
4 0.18 0.22
3 1 0.08 0.05
2 0.06 0.07
3 0.07 0.06
4 0.02 022
4 1 0.02 0.00
2 0.00 0.03
3 0.01 0.00
4 -0.04 0.01
5 1 0.02 0.00
2 0.01 0.02
3 0.01 0.00
4 -0.04 0.01
6 1 0.06 0.04
2 0.05 0.06
3 0.05 0.05
4 0.00 0.05
7 1 0.12 0.11
2 0.11 0.12
3 0.11 0.11
4 0.07 0.12
8 1 0.19 0.19
2 0.19 0.20
3 0.19 0.19
4 0.15 0.19
9 1 0.27 027
2 0.27 0.28
3 0.27 027
4 0.24 027
10 1 0.35 035
2 0.35 0.36
3 0.35 035
4 0.32 0.35

The most cost efficient maintenance option in quar-
ter 1 of year 5 is preventive maintenance while that of
quarter 4 is corrective. Preventive maintenance in
quarter 4 of year 6 has a P, of zero; therefore correc-
tive maintenance stands out as the better option to be
taken for quarter 4 of that year. In years 8, 9, and 10
preventive and corrective maintenance exhibit the
same P, in quarters 1 and 3, but with disparity in quar-
ter 4 where corrective maintenance has a higher P,.

The illustrations in Figure 2 further support the effi-
cacy of the optimality results presented in Table 11 the
cable production company should practice pure pre-
ventive maintenance in the first and third quarters and

pure corrective maintenance in the second and fourth
quarters. This will prevent over-spending in some
areas of maintenance set-up.

6. Conclusions

The Markovian approach applied in the determina-
tion of an optimal maintenance planning policy could
be useful not only in production industries, but also in
industries that provide services to customers. The pro-
cedure involves critical analysis of maintenance activ-
ities relating to workload and cost. This study provides
a good approach to maintenance planning for either
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Figure 1. Maintenance performance ratios

production or service industries which have mainte-
nance departments that handle the maintenance of
their equipment and machines. However, its effective-
ness can only be appreciated if there has been proper
documentation of maintenance work in th past, since
data analyses are essential to arriving at an accurate
result.

Since it becomes impracticable to completely ignore

a particular maintenance alternative over a certain
period of time, there is a need to determine optimal
maintenance policies to follow over that period. This
will solve the problem of overspending on mainte-
nance, especially when eliminating of multiple set-up
costs. Other factors, such as, personnel/manpower,
utilizastion, and materials and spare part management
contribute to the effectiveness of maintenance plan-
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ning in the production industry. The proposed
approach is promising to solving the problem of over-
budgeting for maintenance activities in the production
industry. Further work on testing the model using an
infinite time horizon will likely yield steady state opti-
mal results in which a corrective maintenance policy is
likely to be prominent. In this case, a conditional fail-
ure probability analysis for the components of the
machine is essential in which additional constraints
must also be considered. For such a study, the objec-
tive could be to establish period(s) when the failure
rate of component(s) will minimize the cost of correc-
tive maintenance on the machine.
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