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General context of MAPSYD poject (« Maintenance Prévisionnelle des Systèmes de transport 
en présence de données incomplètes ou incertaines »)  

• Industrial partnership
o Sector
o Synox

• Academic partnership
o ANR
o Heudiasyc-UTC
o Institut Louis 

Bachelier

Thesis starting date : 02nd Mai 2018

I. Project context and research issue
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I. Project context and research issue

Ultimate goal : 
Deployment of  an approach for decision 
making to optimize maintenance costs by 

taking into account the economic risks 
and the decision-maker's risk behavior.

Rim LOUHICHI

State of the art
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Final goal and thoughts on how to approach the goal

Input : health state 
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Cost optimization 
process

Output : inspection and 
maintenance planning 
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II. State of art 

• combination of all technical, administrative and managerial actions during the life 
cycle of a system intended to retain it in, or restore it to, a state in which it can 
perform the required function (1).

Maintenance

• maintenance carried out following a forecast derived from repeated analysis or 
known characteristics and evaluation of the significant parameters of the 
degradation of the system (1).

Predictive maintenance

• maintenance carried out after fault recognition and intended to restore a system 
into a state in which it can perform a required function (1).Corrective maintenance

• examination for conformity by measuring, observing, or testing the relevant 
characteristics of a system (1).Inspection

• the RUL of a system is defined as the expected lifetime between the current time 
and the end of life of the system (2). Remaining Useful Life (RUL)

• risk is defined as the product of the probability of occurrence of a hazardous event 
and the severity of that event (3) : Risk= probability of occurrence X severity of a 
hazardous event.Risk

Technical concepts
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II. State of art 

Costs

Cost of 
preventive 
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corrective 
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Risk analysis: identification, characterization, quantification and evaluation of loss from a failure event (3).

Hazard 
identification and 

classification 
Accident risk index…

Failure tree analysis
Petri nets…

Failure mode, 
effects, and 

criticality analysis
« What if » 
analysis…

Delphi technique 
Expert judgement…

Qualitative

Quantitative

NoiseRadiation

Injury

Stress

Disease

Explosion …

II. State of art 
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Maintenance policy
Maintenance costs

impact

Environmental risks

are part of 

are part of 

are part of 

Human accidents

Financial risks

II. State of art 

What to remember…
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III. RUL-based maintenance
1. Assumptions

• The system under study is a single component.

• The system under study is a part of a complex system with a known duration of exploitation, called D.

• The inspection is performed regularly on the system under study and  it gives information on the health state of the system, i.e. the inspection 

gives a real estimation of the RUL of the system.

• The inspection does not alter the system’s performance.

• An inspection is required at the beginning of the life of the system but the system’s state of health does not imply a system replacement because 

the system is supposed to be new.

• Between inspection i and inspection i+1, one of these following scenarii may happen :

• Predictive maintenance scenario : the RUL attains a threshold RULlim under which the system is considered to be deteriorated. The system is 

then replaced by a new one before the next inspection i+1.  

• Non-predictive maintenance scenario : the system is not predictively replaced in this scenario. In this case, the system may fall down or not :

• The system falls down before the next inspection i+1. 

• The system continues to operate normally until the next inspection i+1.
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Inspection i 
Inspection i+1 

Corrective maintenance

System operates normally

New system 

Non-predictive maintenance 
scenario 

New system 𝑹𝑼𝑳𝑺𝒚𝒔𝒕𝒆𝒎 ≤ 𝑹𝑼𝑳𝒍𝒊𝒎

Predictive maintenance scenario 

III. RUL-based maintenance
1. Assumptions

• The cost of a predictive/corrective replacement and the cost of a single inspection are supposed to be constant and known.

• The duration of predictive/corrective replacement is supposed to be constant and known. 

• The system’s failure follows the Weibull distribution with :

• η : scale parameter

• k : shape parameter
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III. RUL-based maintenance
2. Mathematical formulation

Objective : minimize the total cost 𝑪𝒐𝒔𝒕𝒕𝒐𝒕𝒂𝒍 including the cost of corrective maintenance 𝑪𝒄, the cost of 

predictive maintenance 𝑪𝒑, the cost of inspections 𝑪𝒊, the cost of operating loss 𝑪𝒐𝒍 and the cost of 

indirect loss 𝑪𝒊𝒍 during the cycle D.

𝒎𝒊𝒏𝒊𝒎𝒊𝒛𝒆 𝑪𝒐𝒔𝒕𝒕𝒐𝒕𝒂𝒍 = 𝒎𝒊𝒏𝒊𝒎𝒊𝒛𝒆(𝑪𝒄+𝑪𝒑+𝑪𝒐𝒍+𝑪𝒊𝒍)

under the following constraints :

• The costs are positive : 𝑪𝒄, 𝑪𝒑, 𝑪𝒐𝒍, 𝑪𝒊, 𝑪𝒊𝒍 ≥ 𝟎

• The decision 𝑵𝒊 to perform predictive maintenance between inspection i and i +1 is binary :

𝑵𝒊 𝒃𝒊𝒏𝒂𝒓𝒚

• There is at most one predictive maintenance action to perform on the system under study :

∑𝒊(𝟏
𝑵𝒊𝒏+𝟏𝑵𝒊 ≤ 𝟏.

• The total number of inspections 𝑵𝒊𝒏 is integer and superior to 1 : 𝑵𝒊𝒏 𝒊𝒏𝒕𝒆𝒈𝒆𝒓,𝑵𝒊𝒏 ≥ 𝟏.
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• 𝑪𝒑 = ∑𝒊(𝟏
𝑵𝒊𝒏+𝟏 𝒄𝒑. 𝑵𝒊

Cost of predictive 
maintenance

• 𝑪𝒄 = ∑𝒊(𝟏
𝑵𝒊𝒏+𝟏 𝒄𝒄. (𝟏 − 𝑵𝒊)

∫𝒕𝒊,𝑻*𝒕𝒊
𝒕𝒊+𝟏 𝒇𝒊 𝒕 .𝒅𝒕

𝑹𝒊(𝒕𝒊)

Cost of corrective 
maintenance

• 𝑪𝒊 = 𝑵𝒊𝒏. 𝒄𝒊Cost of inspection

• 𝑪𝒐𝒍 = ∑𝒊$𝟏
𝑵𝒊𝒏'𝟏 𝒄𝒅𝒕. 𝑫𝒑. 𝑵𝒊 +

∑𝒊$𝟏
𝑵𝒊𝒏'𝟏 𝒄𝒅𝒕. 𝑫𝒄. (𝟏 − 𝑵𝒊)

∫𝒕𝒊,𝑻&𝒕𝒊
𝒕𝒊'𝟏 𝒇𝒊 𝒕 .𝒅𝒕

𝑹𝒊(𝒕𝒊)

Cost of operating loss

• 𝑪𝒊𝒍 = 𝒉𝒖𝒎𝒂𝒏 𝒓𝒊𝒔𝒌 + 𝒇𝒊𝒏𝒂𝒏𝒄𝒊𝒂𝒍 𝒓𝒊𝒔𝒌 +
𝒆𝒏𝒗𝒊𝒓𝒐𝒏𝒎𝒆𝒏𝒕𝒂𝒍 𝒓𝒊𝒔𝒌Cost of indirect loss

cp : cost of a predictive 
replacement (constant).  

cc : cost of a corrective replacement (constant).
fi: failure probability density between inspection i and i+1.
Ri : reliability  of the system at inspection i.
ti: time of inspection i. 

ci : cost of a single inspection (constant).

cdt : cost of the system down time per unit of time (constant). 

III. RUL-based maintenance
2. Mathematical formulation
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III. RUL-based maintenance
2. Mathematical formulation
Human risks

• Value of Statistical Life (VSL) : terminology refering to the trade-off between fatality risks and money. It reflects

the worker’s willingness to pay to accept risks and to pay for more safety.

• If n persons may probably be affected by the occurrence of a failure scenario with a probability of death equal to 

𝒑𝒋𝒅 for the jth person, then the human risks can be evaluated as follows :

𝑯𝒖𝒎𝒂𝒏 𝒓𝒊𝒔𝒌𝒔 =A
𝒋(𝟏

𝒏

𝑽𝑺𝑳. 𝒑𝒅
𝒋 . A

𝒊(𝟏

𝑵𝒊𝒏+𝟏

. (𝟏 − 𝑵𝒊)
∫𝒕𝒊,𝑻7𝒕𝒊
𝒕𝒊+𝟏 𝒇𝒊 𝒕 . 𝒅𝒕

𝑹𝒊(𝒕𝒊)

à By way of similarities, we may carry out the same study by considering different levels of injury. 
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III. RUL-based maintenance
2. Mathematical formulation
Financial risks

• Assumptions :
• The business loses x% in case of predictive maintenance.
• The business loses y% in case of corrective maintenance.

• Definition of the churn rate :
• The proportion of customers that a business loses during a given period of time.

• Expression of financial risks :

𝑭𝒊𝒏𝒂𝒏𝒄𝒊𝒂𝒍 𝒓𝒊𝒔𝒌𝒔 = 𝑴.𝑪. 𝒙%. 0
𝒊/𝟏

𝑵𝒊𝒏0𝟏

𝑵𝒊 +y%. 0
𝒊/𝟏

𝑵𝒊𝒏0𝟏

(𝟏 − 𝑵𝒊)
∫𝒕𝒊,𝑻4𝒕𝒊
𝒕𝒊$𝟏 𝒇𝒊 𝒕 . 𝒅𝒕

𝑹𝒊(𝒕𝒊)

Where :
• M : number of potential customers at the beginning of period D.
• C : cost of loss of one customer.
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III. RUL-based maintenance
2. Mathematical formulation
Environmental risks

• Assumptions :
• A failure of the system may cause damages to environment by emission of harmful pollutants. We assume 

that :
• the total number of chemicals that may be emitted is equal to m.
• Pj is the probability of emission of chemical j.
• Vj is the volume of emission of chemical j.
• ρj is the density value of chemical j.
• Daj is the cost of damage per tonne emission of chemical j. 

• Expression of environmental risks :

𝑬𝒏𝒗𝒊𝒓𝒐𝒏𝒎𝒆𝒏𝒕𝒂𝒍 𝒓𝒊𝒔𝒌𝒔 = 0
𝒋/𝟏

𝒎

𝑷𝒋. 𝑽𝒋. 𝝆𝒋 . 𝑫𝒂𝒋 . 0
𝒊/𝟏

𝑵𝒊𝒏0𝟏

(𝟏 − 𝑵𝒊)
∫𝒕𝒊,𝑻4𝒕𝒊
𝒕𝒊$𝟏 𝒇𝒊 𝒕 . 𝒅𝒕

𝑹𝒊(𝒕𝒊)
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III. RUL-based maintenance
3. Flowchart of the global approach



06/03/2020 Rim LOUHICHI 17

IV. Reliability-centered maintenance
1. Assumptions

• The system undergoes relatively constant conditions of stress, environment and  a single 
maintenance activity in life cycle [7].

• The condition of the system is monitored continuously. The monitoring is perfect and has no 
effect on system reliability [7].

• The system hazard rate is a known function of the condition. This implies that the hazard rate 
function ca be monitored and predicted continuously through condition-based maintenance [7].

• A predictive maintenance action has a perfect effect on the system : the maintenance restores 
the system to as good as new as we consider only replacement [7].

• If the system fails before the scheduled predictive maintenance time, an unscheduled (corrective) 
maintenance has to be performed on the system. The cost for unscheduled maintenance is higher 
than the cost for scheduled(predictive) maintenance [7]. 
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IV. Reliability-centered maintenance
2. Mathematical formulation

• Predictive maintenance is performed whenever the reliability of the system reaches the reliability threshold R. This 

means that the system reliability at each predictive maintenance should be equal to R. 

• Considering nin the total number of inspection and hi the failure hazard rate of the system between inspection i and 

i+1, the reliability R can be expressed as follow :
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• As the failure of the system follows the Weibull distribution, the hazard rate hi can be expressed as follow :

Where λi and ki are respectively the scale and shape paramters of failure distribution between inspection i and i+1. 

• At the nin
th inspection, the probability of corrective maintenance is –lnR and the probability of predictive maintenance 

is 1+lnR. 

• The expected total cost of maintenance EC at nin
th inspection : 

and the total cost rate cER during the cycle D : 

IV. Reliability-centered maintenance
2. Mathematical formulation
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IV. Reliability-centered maintenance
3. Main differences with RUL-based maintenance

RUL-based
maintenance

Reliability-based
maintenance

Optimization method Reflection on an inspection 
interval and then optimization 
on cycle D

Reflection and optimization 
on cycle D

Health indicator RUL (interval) Reliability (value)

Predictive cost Binary model Probabilistic model

à Both methods however agree on the objective results :
- Evaluation of the optimal health indicator for predictive maintenance
- Evaluation of the optimal number of inspections
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V. Application on a case-study : mechanical bearing system
1. System description
• A rolling-element bearing, also known as a rolling bearing, is a bearing which carries a load by placing rolling 

elements (such as balls or rollers) between two bearing rings called races. The relative motion of the races 
causes the rolling elements to roll with very little rolling resistance and with little sliding. 

rolling-element bearing
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V. Application on a case-study : mechanical bearing system
1. System description

Characteristics of the system Value Dimension

Average lifetime of the global complex system D 25000 hours (h)

Cost of corrective replacement cc 800 euros

Cost of predictive replacement cp 200 euros

Cost of inspection ci 150 euros

Cost of system down time for maintenance Cdt 1000 euros/h

Duration of a predictive replacement Dp 2 hours (h)

Duration of a corrective replacement Dc 10 hours (h)

Scale parameter of failure distribution λ 27000 /
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V. Application on a case-study : mechanical bearing system
2. Impact of variation of input parameters on optimization results
• Variation of cost parameters

Variation of ci



06/03/2020 Rim LOUHICHI 24

V. Application on a case-study : mechanical bearing system
2. Impact of variation of input parameters on optimization results
• Variation of cost parameters

Variation of cp
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V. Application on a case-study : mechanical bearing system
2. Impact of variation of input parameters on optimization results
• Variation of cost parameters

Variation of cc
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V. Application on a case-study : mechanical bearing system
2. Impact of variation of input parameters on optimization results
• Variation of cost parameters

Variation of cdt

à The optimal number of inspections is similar for both methods for different values of cost parameters (ci, cp and 
cdt). 
à ∆𝑪𝒕𝒐𝒕 is almost constant and close to 6%. This is due to the fact that in our approach we use a discrete model for 
predictive maintenance while in [7], we use a probability for predictive maintenance.
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V. Application on a case-study : mechanical bearing system
2. Impact of variation of input parameters on optimization results
• Variation of time parameters

Variation of Dp
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V. Application on a case-study : mechanical bearing system
2. Impact of variation of input parameters on optimization results
• Variation of time parameters

Variation of Dc

à There is a slight difference in the results between both methods. The gap in results is more 
important as we get close to unrealistic configurations where Dp is close to Dc. 

à The impact of predictive maintenance cost and corrective maintenance cost on optimization
results is seen through cdt, Dp and Dc rather than cc and cp. 
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VI. Conclusion and future perspectives
• Maintenance cost-optimization based on RUL
• Application on a case-study : mechanical –bearing system
• Comparaison with reliability-centered maintenance by varying the input parameters and 

study their impact on optimization results
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(3) A study of the impact of predictive maintenance parameters on the improvement of system monitoring. 
Cognition, Technology and Work revue, 2020 (submitted paper).
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VI. Conclusion and future perspectives

Risk study
Decision
maker’s

attitude to risks

Test and 
validation

How about a multi-
component system ?
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