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Abstract: Equipments used in production need to be maintained effectively with the 
objectives of realizing multiple goals related to: availability, maintenance cost and earning 
rate. But it is difficult to evolve commonly accepted maintenance policies to satisfy all 
these goals. To this effect, a collaborative system is developed, enhancing the basic model 
proposed by Kay and Weibull analysis, to arrive at suitable maintenance policy. This 
system evaluates the preferability of preventive maintenance over breakdown maintenance 
on collaborative basis by using different measures. In this system, various trade-offs are 
resolved using numerical techniques and graphical plots. The details of the system with 
application on four different cases are reported in this paper, along with appropriate results 
and discussion. 
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1. Introduction 
 

Manufacturing productivity has been found to be influenced by greater availability of 
physical resources, improvements in the quality of the human resources and improved 
manufacturing methods and techniques. Maintenance management is a holistic system, as 
it encompasses economics, engineering and science, detection and prediction of 
faults/failures, diagnostics and prognostics, new maintenance management concepts and 
legal issues. Maintenance is an integral part of a business operation that spans the whole 
spectrum of activities from acquisition to retirement of a plant and equipment. 

       Although proper planning of maintenance activities increases the profitability of the 
processes, there are obvious trade-offs between process profitability and maintenance 
costs. Therefore, the maintenance optimization problem is described as trying to identify 
maintenance strategies which yield process availability levels that maintain balance 
between process revenue and maintenance cost which maximizes process profitability. 
Generally, maintenance refers to those activities required to keep up a facility in as built 
condition, so that it continues to have its original productive capacity. In this paper an 
attempt is made to develop and provide a system which resolves appropriate maintenance 
policies in case of repairable systems. It also enables to get the optimal maintenance 
interval to carryout preventive maintenance when the maintenance policy is resolved into 
preventive maintenance.
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The system is put under test on four different cases for the three criteria: availability, 
maintenance cost rate and revenue earning rate. 

1.1. Notation  

f (t) : Probability density function (pdf) of Time to failure  
R (t) : Reliability function 
M : Mean Time Between Failures (MTBF) 
BDM : Breakdown maintenance 
PM : Preventive maintenance 
m : Mean Time To Repair (MTTR) or Mean maintenance time, in case of BDM 
ms : MTTR, Mean maintenance time of PM 
T : Scheduled period 
T* : Optimal schedule 

T  : Mean time between two consecutive PMs 
h(t) : Hazard rate function 
p : Net earnings per unit time = total revenue/unit time – cost per unit  time 
c : Maintenance cost per unit time for BDM 
cs : Maintenance cost per unit time for PM 
C : Average effective maintenance cost rate for BDM 
Cs : Average effective maintenance cost rate for PM 
P : Average effective earning rate for BDM 
Ps : Average effective earning rate for PM 

α 1≤=
M

T  

γ = ms/m ≤ 1 

δ = cs/c ≤ 1 

µ = m/M ≤ 1 
ω = C/P 
cp : Cost of scheduled replacement 
cf : Replacement cost on failure 
β : Shape parameter of Weibull distribution 
θ : Scale parameter of Weibull distribution 
A : availability in case of BDM 
AS : availability in case of PM 
σ : standard deviation 

2. Literature Review 

Maintenance operations can be broadly classified into preventive maintenance (PM) and 
breakdown maintenance (BDM). There is a common problem which normally occurs 
while performing PM program. The PM task is right, but too conservative. This problem 
is usually associated with the task frequency. It seems to be especially true for major 
overhaul tasks where there is some substantial evidence to suggest that 50% or more of 
the PM overhaul actions are performed prematurely. There are only two pieces of 
information that are required to define the ideal PM program. Specifically, it should be 
identified: i) what PM tasks are to be done and ii) when should be done. It becomes more 
important and vital for making right maintenance decision. A number of models dealing 
with optimal maintenance policy have been published in literature. 

 In [1], Vaurio develops unavailability and cost models for periodically inspected and 
maintained units to minimize the cost rate by proper selection of optimal inspection 
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interval using bisection procedure. Reference [2] analyzes a policy for optimal scheduling 
replacement intervals of technical systems on the basis of maintenance cost parameter. 
The author validates the policies proposed using Raleigh and Maxwell distributions. In  
[3], author proposes a method to obtain optimal replacement time of a complex system 
based on the lifetime distribution function and repair cost of the components. Reference 
[4] surveys literatures from 1976 to 1990 and presents an overview of optimal 
maintenance and replacement models. In [5], Wu and Croome develop maintenance 
policies considering up and down states. The costs considered for upstate include the 
business losses and PM costs, whereas, those at down state includes only the maintenance 
costs. 

3. Basic Model  

The model developed by Kay [6] offers considerable scope to derive collaborative 
maintenance decisions. The schedule maintenance is to mitigate the failure of machinery, 
during its assigned operating time by means of scheduled overhauls. It has long been 
accepted that a reasonable criterion by which the effectiveness of PM can be addressed via 
availability. This is so because the relative increase in availability that can be obtained by 
PM compared to BDM is rather limited. Practical cases reveal that the usual criterion of 
choice between PM and BDM, on availability, is restrictive in the sense that the 
improvement is, even in ideal circumstances, in the order of just 4%. As observed by 
Vassiliadis and Pistikopoulos [9], economic considerations will do better job and hence 
three criteria: availability, maintenance and revenue earning will be a better deal.  

 Equations for availability, maintenance cost rate and revenue earning rate have been 
derived in respect of preventive and breakdown maintenance. Availability under 
breakdown maintenance is 

 A = M/(M+m) = 1/ (1+µ)              (1) 
and under preventive maintenance is 
 
 
Maintenance cost rate under breakdown maintenance is 
 
 
And under preventive maintenance is 
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Average earning rate under breakdown maintenance is 

 
and under preventive maintenance is 
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Hence the criteria for preventive maintenance to be attractive are: As-A > 0 or Cs-C < 0 or    
Ps-P > 0. The following conditions have been derived using the above criteria, to ensure 
that the preventive maintenance scheduled in time T offers maximum benefit than the 
breakdown maintenance.  
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 α > 1-kR(T)            (8) 

where k = k1=1-γ for maximizing availability, k = k2 = (1-δγ) + µγ(1-δ) for minimizing 

maintenance cost and k = k3 = (k1+ ωk2)/(1+ω) for maximizing revenue earning per unit 
time. As failure processes can be safely modeled as Weibull distribution, (7) can be 
evaluated after Weibull analysis on the data collected. As the integrand in (7) is 
transcendental but real valued analytic function, a graphical approach would be more 

feasible to evaluate the finite integral. Equation (8) resolves into α-curve and a straight 
line [1-k.R(T)]. These two components are superimposed as shown in Fig. 1, which is 
referred to as “Decision diagram” in this paper. Finally, Kay proposed ways to yield three 
different estimates for the optimal schedule to carryout PM, if found preferable: using the 

point of intersection of [1-kR(T)] line and α-curve, the gap between α-curve and [1-
kR(T)] line and criterion function expressed in either (2) or (4) or (6) as the case be. The 
pictorial view of the three optimal values is as shown in Fig. 2. 
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Fig. 1: Decision Diagram 
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Fig. 2: Location of three T* values  

α-curve 

Criterion function 

From max gap 

1-kR(T) 



Collaborative Maintenance Decisions for Manufacturing Facilities 

 

229

3.1. Problem on Hand 

Most of the researchers and practitioners, selected few of whom mentioned in §2, 
attempted the maintenance decisions either as minimizing cost or maximizing availability. 
These are essentially quantitative studies covering theoretical and mathematical aspects of 
maintenance, are seldom directly useful to practitioners. Though the Kay’s model 
considers three criteria, it suffers from the following limitations: 

i. It considers only one parameter Weibull distribution  
ii. It provides three optimal schedule for PM, if found preferable and there is no 

mention of obtaining a single value.   
iii. The criteria considered are limited up to: availability, maintenance cost rate and 

revenue earning rate.  

 Therefore, there is an urgent need to develop an approach that is capable of resolving 
collaborative decision. Failure processes can be effectively modeled as Weibull 
distribution with two parameters as reported in [7]. A typical two-parameter Weibull 
distribution is of the form 
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where, β and θ are shape and scale parameters, respectively.  

4. Development of Collaborative System 

Using the two parameters of Weibull distribution, the equations of optimal schedule to 
carryout preventive maintenance are modified and accordingly the decision diagram is 
obtained in this paper. It may be noted that the decision diagram presented in Fig.1 uses a 

code written in MATLAB, Version 7.0. From (8), it is clear that for any given value of β, 

if the point of intersection leaves a significant part of α-curve on its right side then PM is 

preferable. Since the straight line α =1-k.R(T) resolves the decision, hereafter, the straight 
line will be referred to as “decision line”. In fact, there will be three such straight lines as 
regards to the criteria considered. 1-k.R(T) will have its Y-intercept as (1-k) and passes 
through (1, 1) which is common to α curve and the decision line. It means that keeping the 
common point as pivot, rotating the decision line till the line intersects its Y intercept    
(1-k), will be used to resolve appropriate maintenance policy for the criterion under 
consideration. 

 Equations (2) or (4) or (6) depends on the criterion, with (7) and (8) will give three 
optimal schedules for PM, if found preferable. But a single value for a given criterion will 
be scientific and more meaningful. This calls for a collaborative decision. Another 
meaningful criterion, known as optimal schedule for minimum unit replacement cost is 
introduced to make the multi-criteria situation versatile. Using the first principles of 
replacement policies, an optimal period for age replacement policy is derived for two 
parameter Weibull distribution as in [8]. 
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4.1 Selection of Optimality 

Now among four schedule periods, one is to be selected. To this effect, an iterative 
procedure is developed to get a unique optimal value. The iterative mechanism picks up 
the greater T* values among T* values obtained from intersection, maximum gap, 
criterion function and additional criterion and then terminates the iteration when no 
further improvement is possible in T*. The iterative formula is expressed in (11). 
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For the initial value to start with the iteration, the mechanism uses T* values obtained 

from: point of intersection, maximum gap between α and decision line (as per the 
criterion of interest) and minimum replacement cost (additional criterion). It was found 
that greater value of them terminates the iteration faster.  
 

5. Case Studies 
 

The collaborative system developed is applied to four equipments, the details of which are 

presented in Table 1. Parameters γ δ, ω, µ are part of data collection, while, β, θ are the 
results of Weibull analysis carried out. The results obtained using Kay’s model and the 
system developed are presented in Table 2.  

Table 1: Data of Four Cases 
 

Case details Data of up and down state Parameters 

Case 1 
Switch gear plant 
Mechanical 
Power press-1 

Time to Failure 

Mean, σ = 430, 240 hrs 
Down Time 
Mean BDM time = 1.83 hrs 
Mean PM time = 0.5 hrs 

γ  = 0.27, δ  = 0.3 

ω = 0.05, µ = 0.0063 

β = 2, θ = 488.64 

Case 2 
Paper pulp mill-1 

Time to Failure 

Mean, σ = 542.17, 223.8 hrs  
Down Time 

Mean, σ = 3.42, 1.12 hrs 

γ  = 0.6, δ  = 0.5 

ω = 0.1, µ = 0.0043 

β = 2.75, θ = 609.18 

Case 3 
Paper pulp mill-2 
 

Time to Failure 

Mean, σ=300.87, 188.67 hrs 
Down Time 
Mean, σ = 2.4, 2.51 hrs 

γ  = 0.6, δ  = 0.5 

ω = 0.2, µ = 0.008 

β = 2, θ = 341.9 
 

Case 4 
Paper pulp mill-3 

Time to Failure 
Mean = 430, 240 hrs 
Down Time 
Mean BDM time = 1.83 hrs 
Mean PM time = 0.5 hrs 

γ  = 0.27, δ  = 0.3 

ω = 0.05, µ = 0.0063 

β = 1.5, θ = 542.9 

6. Results and Discussion 

From the decision diagram, maintenance policy can be resolved. If, for a criterion, PM is 
preferred, the collaborative system will provide a single value for that criterion. This is 
because of the fact that the iterative expression developed in the mechanism searches the 
optimality. Mere using the plot of criterion function with the help of either established 
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software or algorithm developed; to arrive at optimal value is not at all recommended. 
This is solely because of the fact that such a thing will amount to an unconstrained 
optimization without a check on preferability of PM over BDM. Thus, this mechanism 
evaluates decision between PM and BDM also. Along with the single optimal schedule for 
the cases where, PM is opted, the relative gains for the respective criterion are displayed 
in Table 2. It can be noted that for all the cases, the optimal schedule gives positive gain in 
maintenance cost rate. That too, they are substantial. At the same time in Cases 2 and 4 
reveal that the relative gains for the availability criterion are negative, but with marginal 
values. This fact conforms to the reported literature that are presented in § 3 

Table 2: Summary of Results 
  

Case Criteria 
Values of T* 

(Kay’s) 
T*  

(system)  
Decision  

% 
change 

Availability 186.09 380.33 313.39 313.39 PM 0.0166 

Maint.cost rate 77.75 298.54 180.33 159.22 PM -50.866 1 

Earning rate 186.09 380.33 331.13 313.39 PM 0.0858 

Availability 454.29 616.61 600.71 598.7 PM -0.2316 

Maint.cost rate 206.86 447.85 378 376.06 PM -63.74 2 

Earning rate 294.95 591.65 566.27 565.67 PM 0.0499 

Availability - - - - BDM - 

Maint.cost rate 142.76 277.52 236.82 237.7 PM -9.2682 3 

Earning rate 284.65 431.7 417.92 420.22 PM 0.0178 

Availability 280.3 492.01 447.73 414.63 PM -0.0543 

Maint.cost rate 84.9 303.15 148.54 152.0 PM -29.136 4 

Earning rate 280.3 492.01 447.73 414.63 PM 0.0235 

7. Conclusion 

Any repairable equipment for which maintenance policy is to be resolved needs collection 
of relevant data like life time, down time, cost as primary inputs. Putting the life data 
under Weibull analysis will give shape parameter, β which in turn helps to fix α curve in 
the decision diagram. The cost data will provide slope of the decision line, using which 
the decision line can be fixed. Using these two components, maintenance policy can be 
derived and if PM is preferred over BDM, the collaborative system will give a single 
optimal schedule to carryout PM. 
   

 As the decision diagram plays a basic role, closer estimation of Weibull parameters 
will make the decision more effective. It is expected that bath tub shape hazard rate 
modeling can do better job in this direction, which can be taken as future work. The 
number of cases considered in this paper is limited to four and for making general 
inference on effectiveness of the system developed, a simulation study with statistical 
adequacy is needed.   
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