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Reliability Centered Maintenance (RCM) is a well-known methodology for the optimized design of the 
maintenance plans in industry, whose fundamental elements are the functional analysis of the systems and their 
reliability quantification. From its application, a list of maintenance activities of different type is obtained (e.g., 
preventive or corrective), also with recommendations for the time at which the activities should be executed. 
Subsequently, this information is passed to management for the planning of the maintenance equipment, 
scheduling and for grouping the activities in feasible packages. The grouping must seek simultaneous performing 
opportunism, so that, the window of the time requested to the production area (equipment possession planning) as 
many activities as possible are executed. Several researchers have studied this problem and proposed optimization 
models. However, due to the complexity of the interactions of the activities and the planning horizon, it has been 
necessary to introduce simplification criteria. Typically, the studies focus on determining the optimal maintenance 
plan, seeking to minimize total maintenance costs with respect to the desired level of reliability in a 
multicomponent/equipment system. This paper presents an optimization model that seeks to schedule and group a 
plan of preventive maintenance activities for a single machine, minimizing its unavailability and respecting 
tolerance criteria in the periodicity of execution (advance or delay). The proposed model is continuous and solved 
within the mixed-integer linear programming paradigm. 
 
Keywords: Preventive maintenance, opportunistic maintenance grouping, maintenance activities planning, mixed-
integer linear programming. 
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1. Introduction 
One of the most recognized methodologies in 
maintenance engineering, and widely applied in 

the industry, is Reliability Centered Maintenance 
(RCM). Its main objective is the definition of 
appropriate maintenance policies so that the 
assets deliver the required levels of functionality. 
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Indirectly, RCM also seeks to reduce 
maintenance costs focusing on the system and 
avoiding unnecessary maintenance operations. 
RCM proposes an effective way to address the 
problem of unplanned detentions, pursuing cost 
reduction, and providing crucial information for 
planning activities. It is essential to mention that 
both RCM and other methodologies are not 
responsible for the planning and programming 
processes of the maintenance activities, i.e., do 
not necessarily integrate the designing and 
scheduling of the list of activities to execute. 
 The design of a maintenance plan 
includes different tasks that seek to manage the 
resources that the organization owns in the best 
way, determining when and how maintenance 
activities should be executed. Expert opinions, 
historical data, benchmarking, recommendations 
of manufacturers, among other elements, often 
guide this. The design must be understood as a 
process of continuous improvement that is 
flexible and adaptable to dynamic demands that 
the productive system demands. The question 
then arises as to how to use the RCM output (or 
equivalent) for planning and programming 
maintenance activities looking for opportunities 
to simultaneously perform them in order to 
reduce system interruptions and consequently 
inefficiency costs. This problem is trivial when 
the execution frequencies of preventive activities 
are multiples of each other, resulting in simple 
programming of activities where the activities 
are grouped into the least common multiple of 
their periodicities. However, when this 
multiplicity in the frequencies of execution is not 
available, programming becomes complex and 
unsystematic. 
To address this problem and take advantage of 
the opportunities of grouping activities, 
maintenance plans that consider certain tolerance 
in the execution of activities can be developed, 
that is, with a delay or advance at the execution 
time. In this way, activities can be grouped 
without the need for their frequencies to be 
multiples of each other. However, grouping 
possibility also depends on the ability to program 
the simultaneous execution of the activities, i.e., 
their feasibility of being simultaneously 
performed, and also, the sufficient availability of 
resources. For example, in Fig. 1 activities 1 and 
2 are detailed and executed with execution 
periodicities of �� and ��, respectively. It is 
detailed how activity 1 must be delayed in order 
to be performed simultaneously with activity 2, 
deducing that the first grouping of both activities 
will occur in ��. However, it is considered that 
there is a limit of delay and/or advancement of 
activities given by performance tolerances. The 
execution of grouped activities seeks to generate 
as much as possible packages to improve 

production efficiency, which means reducing 
process interruptions and thus minimize 
unavailability. 
 
 
 

 
 
 
 

Fig. 1. Two activities performed with different periodicities, 
being able to be delayed and /or advanced. 
 
Many researchers have addressed this problem 
by developing optimization models. Because of 
the number of activities and the planning 
horizon, the proposed models turn out to be 
highly complex due to their combinatorial 
nature. For this reason, assumptions for the 
problem simplification must be made.  
For example, Doostparast, Kolahan & 
Doostparast (2014) focus on determining an 
optimal maintenance plan minimizing total 
maintenance costs looking for a certain level of 
reliability in a multi-component system with 
some constraints such as available resources and 
system reliability. Maatouk, Jarkass, Châtelet & 
Chebbo (2017) address the problem using a GA, 
then apply a local search algorithm (LS) in order 
to increase the searching speed of the optimal 
local solution building 4 different algorithms to 
compare their efficiencies in obtaining the 
optimal intervals to execute PM actions in a 
series-parallel system. On the other hand, Dahia, 
Z., Bellaouar, A., & Billel, S. (2018) prefer to 
use a model that considers a deterioration in the 
components of the system. The assumption that 
the machines remain “As Good As New” when 
performing PM activities is known as “perfect 
maintenance” and aims to reduce the complexity 
of the problem. However, authors such as Xia, 
Xi, Zhou & Lee (2012) emphasize that this 
assumption goes too far with reality. Considering 
this, Sachdeva, Kumar & Kumar (2008) 
developed a multi-objective model that seeks to 
maximize availability and minimize costs 
simultaneously for a paper production system 
through a GA and Simulink (Matlab). In Zhou, 
Xi & Lee (2009), seek to be more realistic, 
incorporating the duration of activities and the 
assumption of imperfect maintenance. Tambe et 
al. (2013) consider imperfect maintenance in a 
productive system, taking into account a limit 
time for performing maintenance. The authors 
demand certain availability in the system, adding 
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a factor for possible delays in the system 
production. Laggoune et al. (2010), discretize the 
possible moments of the execution of activities 
in order to minimize total maintenance costs. 
The authors model a multi-component system 
using the Weibull distribution to model the 
lifecycle of the components through Monte Carlo 
simulation.  
Thomas (1986) points out that in the literature, 
three types of dependencies have been studied 
mainly between the components of a system: 
economic dependence, structural dependence, 
and stochastic dependence. Some authors focus 
only on economic dependence (Do & Barros, 
2017), or combine others as structural and 
economic (Moghaddam & Usher, 2011), 
stochastic and economic (Do, Assaf, Scarf & 
Iung, 2019). For example, Chalabi, Dahane, 
Beldjilali & Neki (2016) focus on economic 
dependence, presenting an algorithm based on 
particle swarm optimization (particle swarm 
optimization (PSO)). On the other hand, there 
are different considerations to the problem. 
Sheikhalishahi, Eskandari, Mashayekhi, and 
Azadeh (2019) seek to obtain a maintenance plan 
considering machines production. Likewise, 
Besnard et al. (2017) seek the planning of PM 
and CM activities for wind generators taking into 
account energy production levels, seeking to 
minimize maintenance costs, transportation 
costs, duration of activities, and a penalty for 
overtime use of the human resource. Mishra, 
Shrivastava, and Vrat (2019) present a 
metaheuristic called “Jaya algorithm” that obtain 
optimal instants of execution of preventive and 
corrective maintenance activities in several 
components/equipment in series, looking for 
opportunistic groupings in order to reduce 
possible inefficiency costs. Another perspective, 
authors such as Hosseini, Kalam, Barker & 
Ramirez-Marquez (2019) consider that activities 
can be delayed and/or advanced in their 
executions in order to make groupings for 
reducing unproductive costs. The authors wish to 
know what activities should be delayed and/or 
advanced, taking into account a certain 
periodicity of execution from RCM or other 
tools. To do this, they seek to minimize costs, 
which consist of equipment inefficiency costs, 
penalty costs for the delay and/or advance of the 
activities, and costs for execution of activities. 
The authors propose a Greedy Heuristic-Based 
Local Search Algorithm (GHLSA) to find the 
global solution. Plus, more variables can be 
added to the problem as in Aquino, Chagas & 
Souza (2018), in which the authors add the 
technical team responsible for executing the 
maintenance in order to execute the largest 
number of PM activities minimizing the number 
of technical work teams to use.  

This research proposes a model for planning a 
set of preventive maintenance activities for a 
single machine within a defined time horizon. 
The activities can be delayed or advanced in 
their executions to take advantage of the 
opportunity to make groupings or packages of 
activities. The model is more effective in its 
resolution than other models found in the 
literature, allowing grouping a higher amount of 
activities on a longer horizon. This highlight is 
achieved by formulating a continuous-time 
Mixed-Integer Linear Programming (MILP) 
model that allows finding the instants of time in 
which the activities are executed, maximizing 
the number of groups (or clusters) to be formed 
without having to discretize the entire time 
horizon.  
 

2. Problem definition  
There is a set of preventive maintenance 
activities to be performed on a machine. The 
execution instant of each activity is established 
by a previously defined frequency or periodicity, 
for instance, from the RCM application. It is 
necessary to plan the execution of the activities 
on the machine, taking into account a specific 
tolerance of advancing or delaying the execution 
of one or more activities in order to form groups 
or packages. The problem corresponds to 
determining the execution instants of each 
activity generating the largest number of 
groupings in order to stop the machine as little as 
possible, so that, reduce associated inefficiency 
costs. 

 

 

 

 
Fig. 2. Two activities grouping with known tolerances. 
 

The above paragraph is schematized in Fig. 2. A 
set of two activities must be executed 
periodically on a productive machine in a 
planning horizon. These activities, indexed as 1 
and 2, must be executed every �� and ��  units of 
time, respectively. Tolerances associated with 
execution periodicities are e_1 and e_2 and are 
defined as a percentage of �� and ��. It may be 
observed how the execution of activity 1 should 
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be advanced and activity 2 delayed to achieve 
groups that reduce the total amount of 
interventions in the machine. In this way, if the 
activities are not grouped, there would be 4 
interventions; however, the number of 
interventions is reduced to 2 when activities are 
grouped by their tolerances. There is a change in 
the decisions of future execution of activities in 
the planning horizon by delaying or advancing 
these tasks; therefore, the problem has the 
characteristic of being dynamic through time. 
For the problem formulation, the following 
notation is used: 

Parameters: 

�: Planning horizon for maintenance activities, finite 
number. 
�: Set of activities to execute on a machine. 
��: Number of executions of activity � on the horizon �, 
��� � ����� � � � � ����� 
��: Conjunto de intervalos de tiempo posibles para ejecutar la 
actividad � en el horizonte �, ��� � � ����� � � � � ��� 
�: Set of possible groups of activities on the horizon �. 
��: Periodicity of the activity �, ��� � � ����� � � � � ����� 
�: Large enough number. 
��: Tolerance execution of the activity �, ��� � � ����� � � � � ����� 
 

Decision variables: 

����  : Instant of the ��� execution of the activity �. ��� �
������� � � � � ���� ��� � � ����� � � � � ����. 
�������� �  1 if the ��� execution of the activity � is part of the 
grouping by the ��� execution of the activity �. 
�� �� �� ��� � ��� 
                  � �� otherwise.  
���� �  1 if the ��� execution of the activity � is part of the 
grouping. ����� �� ���� � ���   
                  � � otherwise. 
 

It is considered a machine with � � �� 
maintenance activities. Each activity needs to be 
executed with a fixed periodicity ��. Each 
activity has a e_i tolerance for being able to be 
advanced or delayed. In this way, every time it is 
required to execute the activity i, there is a time 
window in which it can be executed within 
��� � ����� � �� ��, as seen in the Fig. 2. The 
execution of activity can only be advanced or 
delayed when it is possible to form a grouping 
with another activity (or activities); otherwise, it 
must be executed as its periodicity �� indicates it. 
It is not necessarily an advance or delay in the 
execution of events for being grouped. Each 
activity is performed times during the planning 
horizon; therefore, the number of performances 
of the activity i is given by equation (1). 

�� � ����� � � ���� ����� � ��������� 

Due to the possible delays or advances in the 
activities execution, the planning may differ 
from the planning horizon �; however, the 
variation in the duration of this planning will 
depend fundamentally on the tolerance ��. In Fig. 
3, �� executions of the activity i are observed 
during the horizon �, with �� � �. 

 
Fig. 3. Number of executions of the activity i 
 

If activity � is delayed due to grouping with some 
other activity, the planning horizon should be 
extended depending mainly on �� and ��, 
represented in Fig. 4. In the figure, the activity � 
is delayed, therefore, grouped with some other, 
causing that the activity � to perform beyond 
what is stipulated by horizon �. 

�

Fig. 4. Modification of the duration of the planning horizon 
due to tolerances. 

In this way, the specific problem corresponds to 
the optimal planning of the executions of 
preventive maintenance activities in order to 
minimize inefficiency within an operational 
horizon �. Each activity has a certain execution 
tolerance ��  ; therefore, the moments in which 
the activities are executed must be determined 
considering the groups formation. For the 
groupings to be justified, the costs associated 
with inefficiency must be significant. Due to the 
problem complexity, a series of assumptions will 
be made in order to simplify the number of 
variables involved and be able to solve it in 
reasonable computational times. Thus, we 
assume that there are sufficient resources to 
carry out independent activities, and can be 
grouped in any way. In the same way, duration 
of activities are not considered in the model in 
order to simplify the complexity of 
computational resolution; however, they can be 
analyzed after results. On the other hand, we 
consider a machine that operates under a regime 
of 24 hours a day, so that the machine must stop 
its operations to execute any activity. Several 
models in the literature discretize the planning 
horizon T since the combinatorial nature 
problem. So they look at each point of the 
discretize horizon by making thorough 

0

Activity i
Ti - ei 

Ti
Ti + ei 

T2Ti 3Ti 4Ti

|Ji| - execution



Proceedings of the 30th European Safety and Reliability Conference and
the 15th Probabilistic Safety Assessment and Management Conference 2919

Activity i

0 Ti + ei  2Ti - 2ei  Ti - ei  2Ti + 2ei  |Ji|Ti - |Ji|ei  |Ji|Ti + |Ji|ei  T

comparisons. That is why the optimization 
problem is modeled through a linear-mixed 
(MILP) full-time continuous programming 
model, in such a way to find the instances of 
time in which activities are executed without 
having to go through each point discretized 
horizon. The continuous-time model is limited to 
looking only at the possible intervals of 
executions of the activities; in this way, groups 
of a higher number of activities are determined. 
However, despite the increase in comparative 
efficiency, the "combinatorial explosion" that 
occurs as the number of activities continues. In 
this context, sets �� and � are defined and used 
to further improve the way of comparing 
instances of execution between activities and 
thus increase the number of activities for which 
the model can be solved in a reasonable amount 
of time. 

The set �� contains the intervals of all possible 
executions of activity �, which is defined in 
equation (2). In this way, the ends of the 
intervals contain the maximum arrears and 
advances of the executions of the activity �, 
given by the respective tolerance considered �� �  

�� � � ��� �� � �� � ��� �� ������� ������ � ���� ���� � �������

� � � �� �� � �� � ��� �� � �� �������� � �������� 

 

For example, if activity � is overdue, it will be 
executed in �� � �� . If the next execution is 
overdue again, it will be executed in ��� � ���, 
and so on, obtaining the analogous when 
advancing. So then, the activity i will be 
executed in a mandatory way within theses 
intervals since that higher delays or advances are 
nor allowed, as seen in Fig. 5. 

Fig. 5. ��  set construction 

As shown in Fig. 5. The first execution of 
activity i will be between time instants �� � �� 
and �� � ��. Then, since this execution of activity 
i can be advanced to �� � ��, the second possible 
execution can be advanced, at most, to 
��� � ��� ��and so on until |��� |-nth execution. It 
should be noted that each time activity i is 
executed, the next interval in set N will have a 
greater amplitude. There is an analogous 
situation for the case in which the executions of 
the activity � are delayed. 

4. Problem formulation 

Given a set � of preventive maintenance 
activities with periodicities �� and tolerances ��, 
where � � ����� � ���� The objective is the 
planning of activities on the � horizon, 
minimizing interventions, and, consequently, the 
inefficiency of the machine. For this, the 
following assumptions are considered: 
a. Duration of activities is not considered, that is, 
the machine is repaired instantly. This 
assumption is used to simplify the number of 
variables involved in solving the problem. 
b. There are enough resources to carry out the 
activities individually and grouped in any way, 
so there is no limiting factor in performing any 
specific activities grouping. This assumption 
facilitates activity grouping. Besides, there are 
no infeasible solutions due to insufficient 
resources. 
c. Maximizing the number of grouping 
maintenance activities is equivalent to 
minimizing the inefficiency of interventions. It is 
considered that, with the grouping of a higher 
number of activities at a given moment, the 
machine must be less intervened favoring a 
decrease in the unproductivity of the machine. 
The validity of this assumption depends 
fundamentally on the fulfillment of the 
assumption about the duration of activities. 
 
The formulation of the MILP proposed model is 
presented as follows: 
 

���� ��������
������� ���

����� 

  �� � 

���� � ������� � �  (5) 

���� � ������ � �� � �� � �� ������� � ����� � ������ 

���� � ������ � �� � �� � �� ����� � ����� � ������ 

���� � ������ � �� � � � � ��������
������� ��� ��� � ��� �

� ���������
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���� � ��
�
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�������� � ��� ��� �� �� �� � �� ���������� 

 
 
The objective function (4) seeks to maximize the 
number of elements that can be grouped, and 
consequently, the number of groups. The 
constraint (5) is a border constraint which 
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indicates that no activity has been executed; 
hence, all activities will be executed at the 
instant equal to 0. (6), (7), (8) and (9) detail the 
mobility of the activity execution, that is, in case 
of no grouping.  The activity execution will 
depend only on its frequency; otherwise, the 
activity may move within its tolerance. (10) 
Restricts the set of activities that will be grouped 
with a particular activity; so there is an activity 
that forms the grouping while other activities 
belong to it. (11) details that in order for an 
activity to form a grouping, there must be a 
specific activity grouped into it. (12) And (13) 
show that the activities belonging to a group 
must be performed simultaneously. Finally (13) 
and (14) declare the nature of the decision 
variables. 

 

Results 
 

The resolution of the MILP model presented in 
the previous section was implemented in the 
Python programming language using the Pyomo 
library. The solver used corresponds to Gurobi, 
and the case studies run on a computer of @ 2.7 
GHz 2.9 GHz with 16 GB of RAM. The 
resolution performance of the model depends on 
the planning horizon, the tolerances considered, 
and the activity with less periodicity of 
execution. This last factor is more shocking on 
the resolution times since it is a higher number 
of executions of an activity, the greater will be 
the number of comparisons made to find the 
optimal solution. 
A series of experiments were performed to test 
the model and analyze the impact on the 
reduction of inefficiency. The experiments focus 
on finding the optimal semiannual planning of 5 
preventive maintenance activities (PM) on a 
continuously functioning machine (it works 
24/7) by looking for time instants in which they 
must be executed to stop the equipment 
operation as little as possible. The experiments 
consider 3 possible cases: 
Case I: The execution periodicities of the activities are 
multiples of each other. 
Case II: The execution periodicities of the activities 
are not multiples of each other 
Case III: The combination of the previous cases. 
 
These cases seek to simulate output information 
after some methodology application as RCM in 
order to use it as an input for the model. The 
model seeks to reach the scenario in which the 
intervals of the execution of the activities are 
multiples of each other, as it occurs in case I. In 
Fig. 6 it is observed how Case I is optimized 
since inefficiency cannot be more reduced 
because all activities have multiplicity between 

their periodicities. The model allows to obtain 
benefits in the most realistic case (case III) as the 
best case (case II); however, this decrease is 
affecting the tolerance considered. This tolerance 
was defined given a percentage of the periodicity 
of the activities, but it can be defined for any 
positive real number. It should be noted that 
tolerance can be incorporated that takes different 
values in each execution of the activities; that is, 
tolerance can be different in each instant of time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Decrease of inefficiency in different cases. 

 
The model allows being flexible in the 
measurement units for the planning horizon; it 
can be measured in hours, km, kW, etc. 
However, all activities must be measured in 
equal measurement units. The model compares 
the executions of activities in pairs so that they 
can be grouped, which makes an increase in the 
activities number and consequently in the 
comparisons number. However, one of the 
critical factors of the model is the periodic 
activity of lower value since it is the one that is 
executed the most times within the planning 
horizon, and therefore, must be compared with a 
higher number of times. 
 

Conclusions 
 
Undoubtedly, having adequate maintenance 
management has become one of the fundamental 
tasks of organizations with a high endowment of 
assets; these organizations are continuously 
seeking better performance at the lowest possible 
cost. In this sense, the correct design of a 
maintenance plan for its consequent process of 
planning, programming and execution, should be 
understood as a strategic task within the 
maintenance management and the assets of the 
companies. Different methodologies such as 
RCM support the design process of maintenance 
policies; however, they do not necessarily 
address the problem of future planning and 
programming of recommended maintenance 
activities.  Besides, some criteria allow the 
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creation of a maintenance plan, such as the 
recommendation of the manufacturers, 
benchmarking, experience of the technical 
suppliers, etc. On the other hand, there are 
criteria defined in the scientific literature 
incorporated through mathematical models that 
allow for optimal maintenance plans, such as 
maintaining some levels of reliability and 
availability required in the systems or reducing 
costs due to the unproductivity of the 
components. These models are not trivial to 
implement or solve due to the number of 
variables involved and the problem complexity 
to be defined. This paper aims to develop an 
optimal maintenance plan using as criteria a 
certain level of tolerance for the execution of 
activities already defined in the maintenance 
policy (input) through the use of a mathematical 
optimization model. The model considers a set of 
PM activities from the RCM application or other 
methodologies in order to generate work 
packages or groupings of tasks in order to reduce 
the number of stops on the machine. For this, a 
MILP was developed to achieve rapid solutions 
considering only three input parameters: 
planning horizon, periodicities, and tolerances of 
the activities. 
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