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Abstract:- This work includes part of the results of 1.W.Soro on performance evaluation of Multi-State Systems
(MSS) about the preventive maintenance policy. It was to assess the availability and the rate of production of a
multi-state system based on a rate of transitions in the level of B degradation. The formalism of calculation
based on Markov chains used and Chapman-Kolmogorov equations induce as many calculations as possible
cases of B transition rates to deduce the one that brings the best drift of the availability curves and production
rates. Moreover, the representation of multi-state system by a Markov graph quickly becomes dense and
difficult to use. In this paper, it will first be presented formalization of the transition process of multi-state
system (MSS) by Bayesian Networks (especially compact) and the rules governing promotion from the Markov
graph. In a second step, it will be exhibited, the cost function of preventive maintenance and the best method for
identifying the P transition rates and thus the best preventive maintenance policy to adopt. The optimization has
done by reinforcement learning.
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l. INTRODUCTION

Today, the complexity of industrial systems and production requirements prompt maintenance services
to make a management even more rigorous in their task and a continuous search for improvement of
maintenance strategies. That will require the availability of tools for decision support on the choice of these
strategies according to indicators, notably the cost and the productivity.

Commonly, to satisfy production requirements such as productivity improvements, the production
machines are forced to operate continuously under several levels of performance with the least possible
downtime. This operating mode called "multi-state” will cause multiple damage (fatigue, wear, physico-
chemical alterations, etc..) without the input of a process of national policy maintenance (preventive and
corrective).

It is in this context that is currently oriented researches on the reliability, the modeling and optimization
of the preventive maintenance of Multi-State Systems (MMS).

Our objective of this paper is, firstly, to present our work on the formalization of various system states
by the Dynamic Bayesian Network from a degradation model by Markov chain and on the other hand, the
formulation evaluation of the availability, the cost function and the preventive maintenance method for
identifying the best combination of B transition rates and thus the best preventive maintenance policy to adopt
continuously. The remain of the paper is organized as follows. Section 2 is devoted to a review of the MSS.
Section 3 compares the formalism of Dynamic Bayesian Network (DBN) to the Markov chain. Section 4
presents the proposed approach. Section 5 is the application of the approach with the results. Section 6 provides
a conclusion of the work.

1. STATE OF THE ART

2.1 Concept of Multi-State

In the classical concept, in binary mode systems worked either in perfect condition or completely failed
state. The theory of this binary system in [1] paved the way to the mathematical theory and statistical reliability.
In practice with production issues, we realized the need of another mode of operation that may confer to
production services and maintenance flexibility of operating their facilities therefore to have the desired
availability and maintenance costs reasonable. The system will integrate several operating states corresponding
to levels of system performance, hence the name of multi-state systems.

In reality, the system components can operate at different levels of degradation. This degradation varies
between states of operation and the total failure of the element [2] . For example: sheller's status can be 0, 1, 2, 3,
4 corresponding to 0%, 25%, 50%, 75%, 100% of its total capacity.
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The theory of multi-state systems emerged with the work in [3] which defines the system state as the
state of the worst component at best minimal link, or the state of the best component at minimal cut. The
performance of any system depends on the state of its components and there are different configurations: the
systems in series, parallel, series-parallel and parallel-series, k-among-n, k-consecutive among-n. K-
consecutive among-n systems are also the subject of interesting studies considering their better reliability
compared with series systems, cheaper than parallel systems and their large application [4].

2.2 Methods of assessment and review of Multi-State Systems

Many studies have been done on analyzing the availability or reliability of multistate systems. We
identified four main approaches in the literature to assess the availability and reliability of these Multi-State
Systems (MSS):

. Stochastic  [5],
. Monte Carlo[6],
. Functional [7],
o UMGF [8].

As for estimating the availability of larger systems, the UMGF method is the best applied among other
methods (Stochastic, Monte Carlo). A literature review relatively exhaustive on the reliability of MSS can be
found for example in [9]. Many researchers have focused on the study of MSS and their application in various
fields such as industry, medicine etc., each with different approaches or formalisms more or less varied as
follows:

Reference [10] has shown properties for deterministic and probabilistic system performance.

Reference [11] used the approach of a Markovian system in three states. He led a study, of the availability status,
frequency of failure and mean time to failure.

Reference [12] developed a simulation algorithm to calculate the probability distribution of system state and
also used the theory of Markov chain to give the component reliability and the system.

Reference [13] developed a model to assess the availability, the production rate and the reliability
function of degraded multi state systems subjected to minimal repairs and imperfect preventive maintenance .
They associated to each state of its system Markov model a performance rate. The aim is that the rate of system
performance at time t exceeds the customer's request. The transition from one state to another is made according
to the exponential law. The analytical model is established by the Chapman-Kolmogorov equations. However
we find that this customer demand (production rate) is constant this is not the case in practice.

Reference [14] proposed a study and a construction of a general model for representing generic term models that
can adapt to multi-state systems, with the laws of any stay time and possibly a contextual dependency. To do
this, they propose a particular Dynamic Bayesian Network appointed Model Graphical Time (MGD).

Reference [15] established an integrated planning of preventive maintenance and production of multi-state
systems, the work provides planning templates to generate an optimal production plan at the tactical level and
the moments when response intervals for preventive maintenance actions (acyclic or cyclic). To obtain optimal
solutions, they developed methods of assessing time and cost of maintenance, capabilities relating to systems
and some algorithms of resolution. This work provides an economic impact by integrating the planning of
preventive maintenance and production.

Reference [16] based on the dynamic Bayesian network, on the one hand they offered a cost function to
evaluate maintenance policies and on the other hand an optimization algorithm type genetics in order to retain
the optimal preventive maintenance policy. Their approach is applied to a distribution system for three valves.

1. MARKOV CHAIN FORMALISM AND DYNAMIC BAYESIAN NETWORK
We present here Dynamic Bayesian Networks and Markov Chain while exposing the strengths and benefits of
each.

3.1 Dynamic Bayesian Networks

Dynamic Bayesian Networks (DBN) are really an extension of Bayesian networks in which the
temporal evolution of the variables is represented in ([17], [18], [19]). Dynamic Bayesian Networks are also
shown as an extension of Markov Chains [20]. In many works on the representation of complex systems,
probabilistic graphical models such as DBN hold a prominent place in the modeling of dynamic systems with
discrete and finite states [21].

It aims to model the probability distribution of a series of variables ()( t)1<t<T =(X v X X nt)l on

a sequence of length TEN. The process is represented by a node X iat time step t with a finite number of
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possible states S i:{SiXi SNX} and arcs represent dependencies between time points. A state space Q is
X

N .
the cross product of the values of states for individual state variables: QzHSXi. p( X 1) being the probability
i=1

distribution on variable states at step time t. The nodes correspond to state variables that can be partitioned into
two sets: one corresponding to the state variables at time step t and the other corresponding to the system state at
next time step (t +1). The variable is then represented at successive times in this case.

The following figure shows a dynamic Bayesian network with two time steps t and (t +1), the network is called
dynamic Bayesian network with two slices named DBN-2.

Fig. 1: Modeling of a 2-DBN

Many studies speak of the relationship or the link of Markov chains to Dynamic Bayesian Network.

A correspondence between Markov chains and Dynamic Bayesian Network is presented case by case, an
advantage of the Bayesian network of Markov chains is highlighted in [22].

Indeed the Dynamic Bayesian Network is most suitable and appropriate in the reliability analysis of large
complex systems.

3.2 Markov Chain

The sequence of random variables X;, X,,..., X, forms a Markov chain with discrete state space if for all ne N
and all possible values of X, random variables , we have :

il<i2<...<in .

P(X =01 X =i, X o= e Xo= 1) =P(X, =11 X u=1i) M

This conditional probability P( X,=il X = in_l) is called the transition probability.

Indeed the transition probability allows for a transition from E; state at step (n-1) to the E; state at step nth.
The Markov chain is said to be homogeneous when this probability does not depend on n, that is to say

Pij:P(Xn:jIXn-lzin-l) (2)
The following figure shows an example of a Markov chain with two states, the model represents the transition
probabilities that are associated with each arc.

"
Fig. 2: Example of Markov chain

In the case of a Markov process with time independent the failure rate is considered constant while in
the Markov process at this time dependent this rate is not constant so variable. This is explained by the fact that
degradation of the component of a system within an industrial environment is constantly changing over time due
to its use or age.

However the use of Markov models have limitations in particular the combinatorial explosion in the number of
states likely to be occupied by the system which is desired to model the behaviour [23] (Innal, F., et al., 2006).
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V. APPROACH
Our goal is to provide an approach and a tool for decision support that enable searching the optimal
preventive maintenance policy based on a simulation of an entire operating horizon of material with a learning
gradually( history) decisions and performance (failure rate and availability) obtained each time. In addition, the
tool should allow to add expert knowledge of a cognitive nature. As a dysfunctional representation of the
equipment, we start from a state representation via a graph and Markov chain:

i. We produce the structure of a Dynamic Bayesian Network (DBN) and define the conditional probability
tables (modeling the transition parameters of multi-state systems). The nodes correspond to the transition
parameters;

ii. We define the rules for the passage of the Markov graph to a Dynamic Bayesian Network (setting rule of
conditional probability tables CPT, ...). These are generic rules of passage and not specific to application
case treated;

iili. We integrate the indicators performance for the assessment (availability, maintenance cost, ...) in DBN;

iv. We simulate the behavior of the equipment (multi-state) on a service life where the parameters are
stochastic and not constant. The target node is the variable state of degradation. The stochastic evolution of
PM levels will be associated with each iteration, the availability and cost of operational maintenance of
equipment;

v. We use a reinforcement learning algorithm to obtain the optimal level of preventive maintenance in view of
the simulation.

V. BAYESIAN MODELLING OF MULTI-STATE SYSTEM
We start from the representation of the Markov graph that shows the different states that could have a
production system.
The parameters of transitions between states are:
A, : Failure rate from i state to i+1 state

a; - Degradation rate from i state to i+1 state
S, Rate of passage from degraded state to next degraded state
4, - Repair rate from failure state to degraded state

To follow the evolution of a given system, we consider a decision variable of preventive maintenance policy
called x in the graph of Markov chain (Fig.9).

5.1 Bayesian model of MSS
From the Markov graph, we establish the structure of our Dynamic Bayesian Network as shown in Fig.3.

O

(t-1) E(t)

Fig. 3: Bayesian model of MSS
E(t)et E(t+1) respectively denote the state of system at time t, the state of system at time ( t+1).

A (t) et B(t) respectively denote vectors consisted of ¢ and B, avec i=1,2,...,n.
A(t) et M(t) respectively denote the vectors formed of 4 and g with i=12,...,n
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39



Formalization of an Approach for Improvement of Maintenance Policy on Multi-State Systems

nG 'y ()
A = | 28 ), M = #=®
2 (0 a0

In this article we will use the following structure of the DBN

O

t e

Riate(t) State (t+1)

Fig. 4: Bayesian model used

To fill in the conditional probability tables of our DBN structure, we use the Chapman-Kolmogorov equations to
determine the transitions probability of system states.
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5.2 Performance indicators
We consider in our approach the following performance indicators:
The availability of multi-state system is the probability of being in an acceptable state of operation at time't :

t):ipzu (4)

The states (2j-1) correspond to states of the system degraded.
The cost level of a component is:

C'(t)=2(c™ (a) +c™ (a) g, (a))+ X (c** (k) P(X, =k)) (5)

acA kex

¢ ( ) utility associated with the state k of the component v.

c“‘( ) : utility (cost) associated with a maintenance action (repair or replacement) belonging to A, which
denotes all maintenance actions.
cP (a) : utility associated with the penalty due to the sudden failure of the system. We assume that cpen (a) is

always 0 for preventive maintenance. On the other hand, for a curative preventive maintenance policy 1, this
utility can quantify itself for example the loss in preparation time of the maintenance team (to get spare parts, to
call logistics technicians ..) and this before effective repair of the system.

Traditional models assume that the component after the preventive maintenance tasks is "as good as new".

But in some cases, the system is not really refurbished, after preventive maintenance. This preventive action is
called imperfect maintenance and unsatisfactory. In this work we model the effects of imperfect preventive
maintenance by reducing the effective age of the component held, using an adjustment factor.
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Suppose that the preventive maintenance is performed every kz time, suchas k=0, 1, 2, 3, ... and designates the

time step. The total replacement of the component is expected after an operating time greater than N._ .

The probability that the component is in good working order after a preventive maintenance action is:
P(X,,)=@—-a)P(X,) where « is the adjustment factor.

The total cost of system maintenance is:

C(T)=tNZlCV (t)+ > C™ (x)P(sys, =5) (6)

seS

Where S and C** () respectively denote the set of states and the utility of the s state of the Sys system, during

a time unit.
We integrate our structure by RBD performance indicators such as the maintenance cost and availability (Fig. 5).

Min PM cost

Max M cont

Repair cost

Stote (t+1)

State(t)
income

Availability

Fig. 5: Integration indicators

VI. SIMULATION
It is considered that the transition parameters are constant and their values are taken in the table.

Table I: The parameters of transition

¥y 3 2y e i 8 ™

Q003 05 007 0005 0008 om 0o o0 004

Then given the Table | and Chapman-Kolmogorov equations, probability distributions of the various nodes of
our RBD are calculated and put in their conditional probability tables (CPT).

The simulation is made over a period of two teams working 17600h or 8h on 20 working days in the month and
during five years.

Fig.6: Markov graph with constant parameters

We consider a system with six states (Fig. 6) and simulation studies give us about 35% of availability
with an average hourly income of 24% or about 2,457 euro (fig. 7).
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Fig. 7: Simulation curve
To better analyze and get the optimal preventive maintenance level, we set here three ways:
o no preventive maintenance
o minimal preventive maintenance
o maximal preventive maintenance

0

The D1 decision node imposes the one of maintenance levels cited above and a learning algorithm to
make a good decision among the terms at each iteration and the occurrence of the state 5.
We note by learning the system studied has about an availability of 38% against 35% in the previous case
without learning with average hourly income of 27% against 24% in the simulation (Fig. 8). So a 3% increase in
availability and in income compared to simulation without learning.

"Brobabiia
100
a0 Mir PM cost = -149 .93
\ \ Max PM cost = -436 327
80 Repair cost = 10917
\ \ Revenue = 2685 637
70 Total = 2086 ,401

ol NN
50 \ \
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30 -
20 \\ \

10 S ] = AvOALIRY = Operational ( 37 692 %) |
. | == Revenue = Max ( 26.862 %)

0 + + + + + + + + +
0 1760 3620 S280 7040 8800 10560 12320 14080 15840 17600
Temps

Fig. 8: Simulation curve - learning on preventive maintenance

VII. CONCLUSION

The study of multi-states is very interesting and complex in nature and objective assessment of actual
ability. In this paper, we provide a review of multi-state systems, an assessment of availability and maintenance
cost model and optimization approach provides a better choice of maintenance policy.
We consider in our study aspects of transitions where the parameters are constant or variable over time. Our
formalism is based on stochastic processes including the graph associated with the Markov chain to model the
dysfunctional behavior of production systems in time by the DBN.
A simulation study is conducted over a period of 5 years to find the best configurations of policy choices
maintenance curves and deduce indicators of system performance.
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The proposed model can be applied by the manufacturers subject to variability of the maintenance policy. \
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