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Abstract. Elaborating some Master Scheduling Programs to maximize
the customer product demands in respect to the different logistics costs
and optimizing maintenance policies are classically addressed indepen-
dently by two scientific communities whose interests may in some cases
diverge. The objective of this paper is to build, based on recent contribu-
tions from the field of maintenance optimization, an integrated optimiza-
tion approach for tactical production plans and maintenance decisions.
This goal of integrating as much information as possible into more holis-
tic approaches and more relevant decisions is clearly one of the challenges
that can be found in the precepts of the “Industry of the Future”. In this
paper, we propose, through a modeling of the effects of the degradation
of the production system on its production efficiency, to show a benefit
of the simultaneous consideration of both concerns. Feasibility criteria
are also proposed to ensure the robustness of given tactical plans against
the hazards of degradation and failure of the production system.

Keywords: Tactical planning · Predictive maintenance · Faisability cri-
terion · Stochastic Simulation-based approach

1 Introduction

Tactical Production Planing problems are often modelled by so-called “Lot-
Sizing” models which are based on an estimated capacity of the production
system. This leads to plans that are at best sub-optimised, at worst unfeasible,
and many studies have attempted to refine this estimate by taking into account
operational constraints, in particular by integrating scheduling constraints [1].
Nevertheless, few researches take into account the impact of the ageing of this
system and the loss of capacity caused by maintenance operations, whether pre-
ventive or curative. Moreover, when maintenance is considered, it is only seen as
a capacity-consuming activity (when maintenance models are based exclusively
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on lifetime laws, block or age-based policies can be used to define periodicity con-
straints that facilitate capacity reservation [2]). Planning maintenance therefore
amounts to determining the best compromise between minimising disruption to
production and guaranteeing reliable performance at the lowest cost. But, if we
consider that ageing performance can vary according to the use and the opera-
tions carried out, it is possible to differentiate degradation behaviours according
to the items whose production is planned. Thus, we see an interdependence be-
tween the two types of planning: maintenance decisions are made according to
the planned production as planned production is a function of the maintenance
decisions. Thus, just like the production planning process, maintenance plan-
ning is also a performance lever for the production system and it makes sense
to consider them into an integrated process.

In the search for performance and the associated instrumentation of produc-
tion tools, conditional type approaches for which the maintenance decision is
defined according to a health state estimated with the information collected on
the system [3], are based on state indicators (typically the performance level of
the system) or prognosis indicators such as the Residual Lifetime (RUL). These
indicators allow to define optimality structures for maintenance decision policies.
The use of the Residual Lifetime clearly serves as a basis for predictive mainte-
nance whose importance is growing in the context of Industry 4.0. That is why,
from [4], we propose a new methodology based on this indicator (more precisely
on a reliability threshold estimated over a production period instead of a limit
degradation level).

2 Problem modeling

In order to provide feasible production plans, tactical production planning re-
quires a good estimate of production capacities. However, these estimates may
vary throughout the planning horizon, especially due to degradation of produc-
tion resources that may lead to decreases in machine efficiency but also to a range
of breakdowns. Thus, in a first part we give a general lot sizing model with finite
capacities which allows to obtain different production plans (end items as well
as components). It is known to be the classical model which extends material
requirements planning (MRP) concept by taking into account production ca-
pacities [5]. Then we will detail in a second part the way we model the loss of
performance related to the degradation of machines.

2.1 The tactical planning model

The dynamic multi-level capacitated lot-sizing problem (MLCLSP) was intro-
duced in [6]. Here, we detail the formulation given by [7]. Parameters and decision
variables of the model are summarized in Table 1.
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Table 1. Notations of the MLCLSP

Index sets
N : Set of items, N = {1, · · · , N}
T : Set of periods, T = {1, · · · , T}
Si : Set of direct successors of item i in the Bill Of Material (BOM)
Parameters
aij : Quantity of item i directly required to produce one unit of item j
Ct : Available capacity of production system at period t
Di,t : External demand of item i at period t
hi : Unitary holding cost of item i per unit and period
si : Setup cost of item i
pi : Production time per unit of item i
bi : Setup time of item i
li : planned lead time for item i
Variables
Xi,t : Binary setup variable of item i at period t
Qi,t : Production quantity of item i at period t
Ii,t : Inventory of item i at the end of period t

Thus, we can write the model as follows:

Minimize
∑
t∈T

∑
i∈N

(siXi,t + hiIi,t) (1)

s.t.

Ii,t = Ii,t−1 +Qi,t−li −
∑
j∈Si

aijQj,t −Di,t ∀(i, t) ∈ N × T (2)

∑
i∈N

(piQi,t + biXi,t) ≤ Ct ∀(k, t) ∈ K × T (3)

Qi,t ≤ CtXi,t ∀(i, t) ∈ N × T (4)

Qi,t, Ii,t ≥ 0 ∀(i, t) ∈ N × T (5)

Xi,t ∈ {0, 1} ∀(i, t) ∈ N × T (6)

(1) is the logistic costs we seek to minimize. (2) is the inventory balance con-
straint and (3) is the capacity constraint concerning production and setup time.
(4) ensures that production of item i takes place at period t, only if the resource
is setup for this item. (5) and (6) are positivity and integrity constraints.

In such a model, it can be seen that pi, the capacity consumed to produce
one item i, is independent of the performance level of production system. The
aim of the next section is to explain the way we use to tackle fill this gap.

2.2 Modeling of the performance degradation for production
system

Here, we consider that the production system degrades as it is used: this degra-
dation results in a loss of real capacity by increasing operating times. We denote
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xτ the effective performance rate at workload level τ since the last preventive
maintenance, which we assume to be measurable for all τ . We also assume that
the degradation of this rate is a continuous, workload-dependent, increasing
stochastic process and that its expectation is a function of the load induced by
the manufactured product (its unit processing time).

More formally, we note {Xτ , τ > 0} the stochastic process modeling the evo-
lution of the degradation of the performance rate of the production system where
τ represents the workload already processed by the production system. We as-
sume that at the new state (X0) the rate is equal to 1 and that the process is
strictly decreasing until 0 (state in which the machine is so degraded that it is
not able to produce anymore). We suppose that on an interval [τ, τ +∆τ ], the
loss of performance is modeled by a random variable which follows a Gamma dis-
tribution Γ (α∆τ, β) where α and β were previously estimated. This modelling
in the form of a homogeneous gamma process is classical in maintenance [8].
However, as the operating times are particularly low with respect to the plan-
ning horizon, we assume in our modeling that the performance rate is constant
during the manufacturing of a product unit and that its evolution only occurs
at the end of the production of this unit.

As previously mentioned, we also take into account the increase in the dura-
tion of the operating times as a function of the level of the performance rate of
the system. More precisely, if xτ represents the performance rate of the produc-
tion system at the load level τ , we note pi (xτ ) the unit production capacity of
an item i associated with this rate and we will thus have, for a non-maintained
system, pi (xτ ) the production capacity of an item i associated with this rate :

– xτ+pi(xτ ) < xτ ,

– pi
(
xτ+pi(xτ )

)
≥ pi (xτ ).

We also take into account the failures (breakdowns) of the production sys-
tem, failures that we always assume to be cataleptic and requiring corrective
maintenance (that takes CCorr units of capacity) to get the system back on line.
We assume that these failures are distributed according to a failure rate λ (x)
which depends on the performance rate of the system. Moreover, we assume that
this rate decreases in x. Thus, the lower the performance rate of the system, the
higher the probability of failures. Since we have made the assumption that the
performance rate is constant during the manufacturing of an item, it will be the
same for the failure rate and if the manufacturing of an item i starts at workload
level τ , then the expected number of failures during its manufacturing will be
λ (xτ ) pi (xτ ).

Fig. 1 illustrates the modeling of the performance rate for a given production
period, considering the system as new at the beginning of the period. It can be
seen from this model that the integration of the system degradation implies
taking into account the sequencing of the production lots.
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Workload τ
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Fig. 1. Example of a scenario of the realization of a production plan according to the
evolution of the performance degradation

2.3 The performance indicator: the ε-reliability

In this section, we define a feasibility indicator that ensures the robustness of
the production plan with a certain level of probability ε. Based on the ε-feasible
indicator provided by [4], we recall the concept of ε-feasibility for one period and
we define the ε-reliability indicator on which we base our proposal.

Definition 1 (ε-feasible Period). A period t ∈ [1, T ] is said to be ε-feasible if
and only if the probability of not exceeding the production capacity (taking into
account all the capacity consumption, including maintenance) is greater than or
equal to ε.

Using this indicator, [4] qualify a production plan as ε-feasible if all its periods
are T
√
ε-feasible. This definition allows them to develop an algorithmic solution

based on the simulation of the entire production plan. However, the obligation
to have an identical probability of success at each period induces a rigidity that
we propose to remove thanks to the ε-reliability
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Definition 2 (ε-reliable production plan). A production plan is called ε-

reliable if and only if each production period t ∈ [1, T ] is εt-feasible and

T∏
t=1

εt ≥ ε.

Indeed, by using such a definition, we allow more flexibility on the distribution
of the robustness over the periods of the planning horizon while ensuring the
same overall level of robustness of the production plan.

3 Our approach

Conditional maintenance approaches allow maintenance to be organised as best
as possible, essentially on the basis of the degradation state of the system itself.
A predictive strategy can be seen as conditional maintenance for which the
decision variable is usually a residual life. This residual lifetime is characterised
by a conditional reliability that is a function of this same state. In [4], authors
studied a conditional scheme for which the decision threshold was optimised to
guarantee the best compromise between performance rate and available capacity.
The maintenance decision can then be made at any time during production,
regardless of organisational constraints. Here, we propose to develop a predictive
maintenance policy allowing a restoration of the production system according
to its state of performance while taking into account the customer’s requests
translated in the tactical plan. We will consider that this maintenance can be
done at most once per period and can be carried out either at the beginning
or at the end of the production period, thus joining a number of operational
practices.

Our maintenance policy is based on the ε-reliability indicator. Therefore, at
the beginning of each period t, this allows us to adjust its εt-feasibility according
to the previous periods according to the allocation principle defined below.

Definition 3 (Feasibility allocation).
For each period t ∈ [1, T ], we define

εt = T−(t−1)
√
ε

t∏
j=1

FRj (xj−1) (7)

where FRj (xj) is the probability of achieving the production plan at period j
knowing the performance level xj−1 of the production system at the end of man-
ufacturing in precedent period.

Thus, we propose to define a predictive maintenance strategy based on the
estimation of the ability of the system to achieve its production plan at each
period. The maintenance decision is no longer defined on the basis of lifetime or
calendar parameters but is a function of the current state of the system estimated
after the production of each item. Even if its implementation in an operational
context is more difficult than traditional approaches, these predictive approaches,
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which are similar to conditional maintenance under certain assumption, offer real
potential for improving performance, particularly in economic point of view [9].

Then, our methodology can be summarized into five iterative steps :

Step 1 : The datas are readen and the lot-sizing model is initialized with the esti-
mated production capacities Ct for each period t. The effective performance
rate for the production system at the beginning is x0.

Step 2 : Thanks to the lot-sizing model, an optimal production plan is elaborated
(by using, for instance, a mixed integer linear program or an optimization
method), t← 1.

Step 3 : 1. εt is computed thanks to the feasibility-allocation formula (7)
2. The production plan is simulated at period t according to the perfor-

mance rate xt−1 (the performance rate at the beginning of period t).
The probability of achieving the production plan at period t FRt (xt−1)
is then computed.

3. if FRt (xt−1) ≥ εt then go to Step 4 else
∗ if there is no preventive maintenance at the beginning of period t,

schedule one: xt−1 = 1. Go back to 2.
∗ if there is a preventive maintenance at the beginning of period t, Ct

is the decreased and the lot-sizing model is updated. Got to Step 2.
Step 4 : xt is computed as the the median of all observed performance rates at the

end of period t thank to the simulation model. t← t+ 1. Go to Step 5
Step 5 : If t = T + 1 then Stop (a feasible plan has been elaborated) else go to Step

3.

At each period t, in the simulation process two kinds of maintenance are con-
sidered:

– If a failure occurs, minimal corrective maintenance (with no effect on the
performance rate of the production system) is performed (in this case a ca-
pacity consumption corresponding to the maintenance time) and a corrective
maintenance cost is added.

– If a preventive maintenance occurs, then a capacity consumption correspond-
ing to the maintenance preventive is taken into account and a preventive
maintenance cost is added.

Fig. 2 sketches our methodology.

4 A software tool

To improve the applicability of our approach in an industrial context or at least
to get their feeling, the algorithm is directly implemented in a computer program
with an ergonomic and user-friendly interface. The final results are numerically
and graphically presented.

This interface is divided into four modules:

1. a data management module for loading, saving or importing data from an
external database;
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Begin

Reading initial capacities

Getting a production plan

t← 1

Simulation of period t

FRt (xt−1) ≥ εt

Preventive Maintenance
at the beginning of
period t: xt−1 ← 1

Simulation of period t

FRt (xt−1) ≥ εt

Reappraising of
capacity at period t

t← t+ 1

t = T + 1

End

No

Yes

No

Yes

No

Yes

Fig. 2. Optimization scheme for the considered predictive maintenance policy

2. a tactical planning process module for building and optimising the mathe-
matical model based on instances using, for instance, the Cplex solver;

3. a simulation module for estimating the feasibility of production plans;

4. a graphical interface for the specification of the problem with all the param-
eters (capacities, costs, degradation, etc.), the presentation of the intermedi-
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ate results obtained during the optimisation procedure and the final solution
through different graphs presenting the associated indicators (Fig. 3).

Fig. 3. The GUI of the planning tool

5 Conclusion and further research

In this paper, a new methodology for integrating tactical planning and mainte-
nance has been presented. Using a model of the performance level of the pro-
duction system thanks to degradation or ageing of the production system on
the capacity consumed for manufacturing, and based on a new indicator called
ε-reliability, an original maintenance strategy, based on considerations devel-
oped in a predictive maintenance context, has been proposed. A Feasibility-
Allocation process has been designed in order to ensure a certain robustness
level for elaborated tactical plans. Thus, our model extends classical approaches
combining production and maintenance essentially focused on the unavailability
times generated by preventive maintenance, with a stronger contribution on the
interaction between the system degradation and its productivity. This has been
integrated into a demonstration software platform for industrial purposes.

The model presented opens up many areas of development for future work in
both the modelling and optimisation fields. One of the first points that would be
interesting to address is the possibility of modulating the maintenance decision
rules in order to offer the possibility of an optimised positioning of preventive
maintenance according to opportunities linked, for example, to changes in series
time or others. As we pointed out that scheduling has an impact on the per-
formance level of the production system, integrating sequencing decision on the
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manufacturing of each production lot could be an interesting area of improve-
ment. Another perspective of research could be to develop a model for which
the preventive maintenance decision is not restricted to a total recovery of per-
formance but to define the effectiveness of the operation to be implemented
according to the capacities not consumed by the production plans, the effective-
ness being able to be correlated with an effective maintenance time. On the field
of optimisation and more precisely on the criteria to be taken into account, even
if the feasibility partially captures the volatility of the global planning problem,
it could be interesting to extend the average maintenance criteria.
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