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Introduction

• Lead time: Time between placing an order and receiving the order/time from when a maintenance action 

is ordered until it is carried out.

• Lead time depends on many factors such as delivery time of an item, maintenance team availability, …

• Most literature works focus on deterministic lead time 

• In reality, lead time is stochastic variable

Objective

• The objective is to find an appropriate alarm threshold 

(m) to minimize the expected cost 
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Deterministic Lead Time - Assumptions

• The system is continuously monitored without any uncertainty: 

• Gradual degradation (aging) : Wiener process

• Failure if 𝑋 𝑡 ≥ 𝐿

• When 𝑋 𝑡 ≥ 𝐿, we place a request to replace the component with a new one

Deterministic Lead Time Modelling 

𝐶 𝑚 =
𝐶𝑅 + 𝐶𝐹 . 𝐹 𝑇𝐿 𝛼𝑚, 𝛽𝑚 + 𝐶𝑈. 0

𝑇𝐿 𝑓 𝑡 𝛼𝑚, 𝛽𝑚 𝑇𝐿 − 𝑡 𝑑𝑡
𝑚
𝜇
+ 𝑇𝐿• 𝐶𝑅: replacement cost 

• 𝐶𝐹: Failure cost 

• 𝐶𝑈: Cost of per hour downtime

• 𝐹(𝑡; 𝛼𝑚, 𝛽𝑚) and 𝑓(𝑡; 𝛼𝑚, 𝛽𝑚) are the CDF and PDF of RUL 

• MTBR in denominator is mean time between renewals

• 𝛼𝑚 =
𝐿−𝑚

𝜇

• 𝛽𝑚 =
𝐿−𝑚 2

𝜎2

𝑋(𝑡)

𝐿

𝑀
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Case study: Bearings 

Accelerati
on signals 

Signal 
processing 

EMD

EWT

FFT HI 

HI

HI

Prediction 
accuracy

Optimal HI
(𝑅𝑀𝑆𝐸𝑀𝐷)

Optimal HI
(𝑅𝑀𝑆𝐸𝑀𝐷)

Modelling 
Cost 

function 



6

Stochastic Lead Time - Assumptions 

• The system is continuously monitored without any uncertainty: 

• Gradual degradation (aging) : Wiener process

• Failure if 𝑋 𝑡 ≥ 𝐿

• When 𝑋 𝑡 ≥ 𝐿, we place a request to replace the component with a new one

• 𝑇𝐿~𝑊𝑒𝑖𝑏𝑢𝑙𝑙 (2,5)

Stochastic Lead Time - Modelling 

𝐶 𝑚 =
𝐶𝑅 + 𝐶𝐹 . 0

∞
𝐹 𝑇𝐿 𝛼𝑚, 𝛽𝑚 𝑔 𝑇𝐿 𝑚 𝑑𝑇𝐿 + 𝐶𝑈 . 0

∞
0
𝑇𝐿 𝑓 𝑡 𝛼𝑚, 𝛽𝑚 𝑔 𝑇𝐿 𝑚 𝑇𝐿 − 𝑡 𝑑𝑡 𝑑𝑇𝐿

0
∞ 𝑚

𝜇 + 𝑇𝐿 𝑔 𝑇𝐿 𝑚 𝑑𝑇𝐿
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Case study: Bearings 
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Ideas for Further Work

• Gradual degradation (aging) with Wiener process

• Random shock with homogeneous Poisson process (HPP) with intensity 𝜌

• Magnitude of the random shocks is random (gamma distribution)

• Deterministic lead time

What can we do instead to derive the cost function? 

𝐶 𝑚 =
𝐶𝑅 + 𝐶𝐹. 0

∞
𝐹 𝑇𝐿 𝛼𝑚, 𝛽𝑚 𝑔 𝑇𝐿 𝑚 𝑑𝑇𝐿 + 𝐶𝑈. 0

∞

0

𝑇𝐿 𝑓 𝑡 𝛼𝑚, 𝛽𝑚 𝑔 𝑇𝐿 𝑚 𝑇𝐿 − 𝑡 𝑑𝑡 𝑑𝑇𝐿

0
∞ 𝑚

𝜇 + 𝑇𝐿 𝑔 𝑇𝐿 𝑚 𝑑𝑇𝐿

• Numerical integration of the stochastic process (PK8207!)

• 𝑦 𝑡 + 𝑑𝑡 = 𝑦 𝑡 + 𝑆

• 𝑓 𝑦 𝑡 + 𝑑𝑡 = ∞−
∞
𝑓 𝑦 − 𝑠 𝑡 𝑔 𝑠 𝑑𝑠

• 𝑓 𝑦 𝑡 + 𝑑𝑡 , 𝒂𝒏𝒅 𝒔𝒉𝒐𝒄𝒌 = 0
∞
𝑓 𝑦 − 𝑠 𝑡 ℎ 𝑠 𝑑𝑠

• 𝑓 𝑦 𝑡 + 𝑑𝑡 = 1 − 𝜌𝑑𝑡 𝑓 𝑦 𝑡 + 𝜌𝑑𝑡 0
∞
𝑓 𝑦 − 𝑠 𝑡 ℎ 𝑠 𝑡 𝑑𝑠
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Probability mass shuffling 
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Random shock, possible cases 

Case A: Shock occurs below the maintenance limit (M)

A.1 Low magnitude, degradation level remains below M

A.2 Medium magnitude, degradation level lies between M and L

A.3 Large magnitude, degradation level goes above L

L

M

Time

HI

A.1

A.2

A.3
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Imperfect Repair, possible cases 

L

M

Time

HI

𝝉 𝝉

Case B: A shock occurs while we are waiting for a renewal (the degradation level is above M) 

• B.1 low magnitude of shock, degradation level remains below L 

• B.2 large magnitude, degradation level goes above L

𝝉 𝝉
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Thank you!


