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ABSTRACT: In this work we introduced a bi-objective mathematical model using the GAMS software. Besides we calculate
the cost associated with the impact of service level on the optimization. Through this current exercise we introduced a new bi-
objective mathematical model to determine an optimized maintenance-routing policy, simultaneously. Basically the first
objective function minimizes the total costs due to traveling and a delay in start time of a Preventive Maintenance (PM)/
Corrective Maintenance (CM) operation. The next intended function considers the service level which is measured based on
waiting times before beginning of the CM operations. In the proposed model, we consider time windows in repairing the
machines and skill-based technician assignment in performing PM/CM operations. Thus the new framework is modeled as a
mixed-integer linear program and is solved by using the software GAMS.
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1. Introduction

Regularly planned and scheduled maintenance is a critical requirement to reduce the occurrence of an unforeseen failure and
keeping the equipment running at peak efficiency. Maintenance scheduling becomes complex when the machines are geographi-
cally distributed. In this case, in addition to assigning the maintenance operations to technicians, it is needed to find the best set
of routes for technicians’ visits. In fact, it is necessary to study the maintenance and the routing scheduling decisions simulta-
neously. Such a joint decision problem is known as the maintenance-routing problems.
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In the literature there are various studies which investigate combination of maintenance and routing problem [1]–[5]. In the most
of these studies, authors have two initial assumptions:

• The replacement would be done immediately, if an unforeseen failure occurs for the machines. In fact the authors do not
consider waiting time for performing a CM operations. While considering the waiting time is important especially where the
machines are geographically distributed and the number of technicians and machines are limited.

• The scheduling is predefined and authors try to assign the technicians to machines considering skill of technician, time
windows and etc. An unforeseen failure causes changes of the maintenance scheduling. In this case, maintenance scheduling
and routing should be done simultaneously.

To the best of our knowledge, few studies attempted to investigate the simultaneous maintenance scheduling and vehicle
routing problem and consider two described assumptions. López-Santana et al. [6] combine maintenance and routing problems
to schedule maintenance operations for a set of geographically distributed machines and plan to assign a set of technicians to
perform preventive maintenance at the customer sites. The authors use a distribution function for taking into account failures
of machines as an uncertain parameter. In this study, they use two-step iterative approach to solve the model which causes
minimizing the total maintenance and routing cost, waiting time at each customer and failure probability.

In this study, we propose a new framework to model and to establish the trade-off between the service level (measured based on
waiting times before beginning of the CM operations) and different maintenance costs by taking into account the presented
issues.

2. Problem Description

In this section, a bi-objective mathematical model is proposed to determine optimized routing-maintenance policy. In this model,
first objective function minimizes the total costs due to traveling, delay in start time of a Preventive Maintenance (PM)/
Corrective Maintenance (CM) operation at customer while second objective function attempts to minimize the waiting times
before beginning of the CM operations.

In this study, we consider a system with geographically distributed customers, where each customer has one machine that
should be visited and repaired by technician in different cycles. The PM operations are scheduled with a certain frequency to
reduce the occurrence of unforeseen failure in the long term. Regarding the previous experiences, the time of unforeseen failure
occurrence is known for each machine at each customer, but its repairing can be postponed until defined period. The time
interval between occurrence of unforeseen failure and its repairing named waiting time. The set of technicians, who need to visit
the set of machines to perform the PM/CM operations to prevent the system failure. The technician are different in duration time
of doing a PM/CM operation which causes different in salary. A central depot is concerned as the point of departure and final
destination. Since each technician should travel to perform PM/CM operation at the customer location, the distance between
each two customer is defined. The main aim of this study consist of determining a joint routing-maintenance policy for all
machines taking into account making a balance between the waiting time and total cost of system. The optimized maintenance
policy determines in which periods the PM and CM operations should be performed at each customer. The optimized routing
policy determines that which technician is assigned to which customers and in which sequence should visit and perform PM
and CM operations at each period.

The detailed conditions of system are summarized as follows:

• The time required to perform a maintenance operation depends on the skill of the assigned technician.

•  More skilled technicians receive more salary.

• All technicians are able to perform any PM/CM operation.

• The technicians start in the central depot in the beginning of each period and should return to the central depot by the end of
the period.
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• Each machine should be repaired by only one technician at each period. It means if the machine should be repaired in the specific
period, only one technician should be assigned to the machine.

• The PM operation should be performed on all the machines at the first period.

• If no unforeseen failure occurs on the machine at planning horizon, the PM operations will be performed regarding the defined
frequency. The frequency is defined regarding planning horizon and the duration of the interval between two consecutive PM
operations.

• In the case of unforeseen failure occurrence on the machine, no predictive maintenance can be scheduled and performed before
performing CM operation. In this case, CM operation should be scheduled to assign a technician on the machine until maximum
L period. Moreover, next PM operation will be scheduled and performed after λ period.

• After performing a CM operation, the machine returns to the good condition and no unforeseen failure occurs until the next
repairing that will be a PM operation in λ period. It means two unforeseen failure cannot occur consequently.

• The time required to perform a CM operation is longer than the time required to perform a PM operation on each machine.

• The CM cost is larger than the PM cost.

• The machines impose time windows on the system which means the technician should start maintenance operation before the
latest possible start time. In cases where this time windows is not respected, a delay penalty applies if the technician starts after
the latest allowed time.

• The travel time between two customers depends on the speed of the vehicle in the rout at each period.

2.1 Mathematical Formulation
The following notations are used in the proposed model.

Sets

M set of customers, index for customers (1,2,…, m)

M’ set of customers and central depot, (0,1,2,…, m+1)

K index for technicians (1,2,…, k)

t, t’, t” index for period (1,2,…, T )

Parameters

ck one unit time cost of a PM/CM operation by technician k

pmk time required to perform a PM operation by technician k

cmk time required to perform a CM operation by technician k

λ duration of the interval between two consecutive PM operations

L allowed duration to repair occurred unforeseen failure

zit a binary parameter which determines occurrence of unforeseen failure in
customer i at period t

tij traveling time between customer i and j

r transportation cost per unit time

[ai, bi] earliest and latest possible start time of a PM/CM operation at customer i
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pi penalty cost of one unit time delay due to start time of a PM/CM operation at customer i after
latest possible arrival time

G a large value number

Variables

xijkt 1 if customer j is visited exactly after customer i by technician k at period t, otherwise 0

yit 1 if PM operation is planned in customer i at period t, otherwise 0

uit’t 1 if a CM operation is planned in customer i at period t for the an occurred unforeseen failure
at period t’, otherwise 0

βitt’ 1 if delay occurred in visiting customer i at period t, otherwise 0

μikt 1 if customer i is visited by technician k at period t to perform a PM operation, otherwise 0

π ikt 1 if customer i is visited by technician k at period t to perform a CM operation, otherwise 0

Tikt Start time of an operation by technician k in customer I, period t

dit Delay in start time of a PM/CM operation in customer i at period t

The mathematical model associated with the presented framework is provided in this section. Each equation in this model is
detailed below.
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The first objective function (1) minimizes the total cost which consist of traveling cost between customers, penalty cost due to
start time out of time windows and the wages of technicians for PM/CM operations. The second objective function (2) optimizes
the customer satisfaction level by minimizing the waiting times until performing a CM operation in the case where an unforeseen
failure occurs.

Constraint (3) checks number of PM operations on the machine of each customer should not be exceeded. Constraint (4)
guarantees that if the unforeseen failure occurred, then the PM cannot be scheduled and performed for the same period. Equation
(5) determines that at the first period, PM operation should be performed on the all the machines. Equation (6) guarantees that
 performing a CM operation return the machine to as good as new condition again and no PM operation is needed until next λ
eriods. Constraint (7) ensures that when a PM operation is performed at the period t and no unforeseen failure occurs on the
machine until the next λ periods, then a PM operation should be scheduled and performed at the period of t + λ. Constraint (8)
checks that when a CM operation is performed, then a PM operation can be scheduled at the interval of λ periods or an unforeseen
failure can be occurred until next λ periods. Equation (9) determines in which period a CM operation should be scheduled and
performed to repair the occurred unforeseen maintenance. Moreover, this equation checks that CM operation should be sched-
uled in a way to assign a technician on the machine until maximum L period after the failure. Equation (10) calculates the waiting
time until performing a CM operation in the case where an unforeseen failure occurs. Equation (11) ensures in case of unforeseen
failure occurrence, the CM operation should be performed once. Constraint (12) guarantees that CM operation and PM operation
cannot be scheduled and performed for the same period, simultaneously. Equations (13) and (14) determine that visiting the
customer is related to a PM operation or a CM operation.
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According Table 2, the total cost from 1,053 to 402 causes increasing 57% in waiting time (from 6 to 14). It means the best  value
of waiting time can be reached by increasing 62% in total cost.

Equation (15) makes a connection between routing and maintenance variables. This equation checks when a PM/CM should be
performed on the machine, a technician should be assigned to the machine.

Constraint (16) guarantees that only one technician should be assigned on the each machine at each period. Constraint (17)
ensures that technician leave the current customer to the next one, after finish the PM/CM operation. Equation (18) determines the
start time on the machine, which is calculated as the start time of the immediate previous customer, increased by the PM/CM
operation time and the traveling time between the two customers. Equation (19) checks the time windows constraint and calcu-
lates the delay. Finally, (20) and (21) impose bounds on the variables.

3. Resolution Method

In this section we firstly introduce the instance generation method and solution procedure, briefly. Then, a numerical analysis is
presented which derives managerial results.

Problem instances have been generated by a random generator. In this way, parameters of the problem are generated using
random numbers by a discrete uniform distribution. Then, to solve the problem, we use the weighted sum method [7]. Under this
method, the problem is solved by considering each objective function separately in both the maximization and the minimization for
finding extreme points of each objective function. Then, a new single objective is considered that aims to minimize the weighted
sum over the normalized and non-dimensional objective function.

In order to show the feasibility and applicability of proposed model, a small size problem is generated and it is solved based on
generated instance problem. It is assumed that there are 6 customers (m = 6) where 3 periods are defined as duration of the interval
between two consecutive PM operations (λ = 3) and 2 periods are considered as allowed duration to repair occurred unforeseen
failure (L = 2) by using 3 types of technicians (k = 3) during 10 periods. To solve this problem, the “GAMS v22.2” optimization
software using solver CPLEX v10.1 is used.

At the beginning, the problem is solved without considering the second objective. In this case the total cost is optimised. The
results show that minimum value of total cost is 402 while waiting time in this situation is 14. In the next step, the first objective
function is relaxed and model is solved by minimizing the second objective function. The obtained results shows when the
minimum value of waiting time (second objective function) is 6, the value of total cost is 1,053. Table 1, shows the minimum and
maximum value of objective functions.

Minimum value Maximum Value

First objective 402 1,053

Second objective   6     14

The bi-objective model can be converted to a MILP model with one objective function using the equation (22).

Table 1. Min. and Max. value of objective functions

In this equation, α presents the importance degree of each objective function and varies between 0 and 1.

Furthermore, the Objective Functions Value (OFV) by changing α value is introduced in Table 2.

 (22)
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The variation of objective functions value by changing of α value is presented in Figure 1. In this figure, X-axe shows value of
total cost and waiting time while Y-axe presents different value of α. By this figure changes of total costs and waiting time is
visualized against variation of α.

4. Conclusion

In this paper the integration of maintenance and routing problem is investigated by taking into account waiting time for perform-
ing a CM operation when unforeseen failure occurs. For this Purpose, a bi-objective mathematical model is proposed to find the
optimized policy of maintenance and routing problems and make a trade-off between maintenance costs and service level which
is measured by waiting time for performing a CM operation. In the proposed model the time windows is considered for starting
maintenance operation on the machine by technicians. Moreover, the technician’s skill regarding required time to perform a
maintenance operation is considered. Our results for a small size instance show that to decrease by 57% of the waiting time, we
have to increase the costs by 62%.

Our future research in this area includes the consideration of stochastic parameters and proposing an efficient solution approach.
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