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…in 5 Steps



Step 1: Component Reliability



Step 2: Independent FTs Definition



Step 3: Dependency Groups Computation



Step 4: FTs Computation



Step 5: ET Computation



Hands On

Toy Model and Case Studies



System Overview



System Overview

PRIMARY

COOLING



System Overview

SECONDARY

COOLING



System Overview

DETECTION



System Overview

FAN



Case Studies

4 Case-studies:

a) Non-constant failure rates 

(full independence)

b) Hard dependency

(component shared between subsystems)

c) Soft dependency 

(stochastic, between components due to secondary processes)

d) Complex dependency

(soft+hard dependencies)



Case Study A

Non-Constant Failure/Repair Rates



Non-constant Failure/Repair Rates



NON-CONSTANT FAILURE/REPAIR RATES

Step 1: Component Reliability

Exponentially 

Distributed?
CONSTANT FAILURE/REPAIR RATES

GENERATE PN RUN TO CONVERGENCE STORE OUTPUT

HX1

Unavailability
3.92e−3

Failure 
Frequency [h-1]

1.63e−4

IDENTIFY MODEL

• Non-Repairable

• Corrective Maintenance

• Scheduled Maintenance

COMPUTE RELIABILITY

𝑞 𝑃1 =
λ

λ + 𝜈

𝑓 𝑃1 = λ∗(1−𝑞 𝑃1 )

[ λ= failure rate,𝜈 = repair rate]

STORE OUTPUT

P1

Unavailability
6.40e−03

Failure 
Frequency [h-1]

7.95e−04

N

Y



Step 1: Component Reliability

COMPONENTS RELIABILITY INFORMATION



Step 2: Independent FTs Definition

INDEPENDENT

?

INPUT FTs MERGE DEPENDENT FTs

STORE INDEPENDENT FTs



Step 3: Dependency Groups Computation

INDEPENDENT

!

Since Case A assumes full independence, there 

are no dependency groups

 SKIP!



Step 4: FTs Computation

𝑞 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 = 5.4615𝑒−03

𝑞 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 = 9.2300𝑒−03

𝑓 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 = 1.2257𝑒−05ℎ−1

𝑞 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 = 6.7154𝑒−03

𝑞 𝐹𝑎𝑛 = 1.2747𝑒−02



CONSEQUENCE FREQUENCIES

𝑭𝑵𝒐𝑳𝒐𝒔𝒔 = 𝟏. 𝟏𝟗𝟓𝟒𝐞−𝟎𝟓𝒉−𝟏

𝑭𝑷𝒂𝒓𝒕𝒊𝒂𝒍𝑳𝒐𝒔𝒔 = 𝑓𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐿𝑜𝑠𝑠1+ 𝑓𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐿𝑜𝑠𝑠2 = 2.1999𝒆−𝟎𝟕𝒉−𝟏

𝑭𝑻𝒐𝒕𝒂𝒍𝑳𝒐𝒔𝒔 = 𝑓𝑇𝑜𝑡𝑎𝑙𝐿𝑜𝑠𝑠1 +
𝑓𝑇𝑜𝑡𝑎𝑙𝐿𝑜𝑠𝑠1 =

𝟖. 𝟑𝟏𝟓𝟖 𝒆−𝟎𝟖 𝒉−𝟏

Step 5: ET Computation



Case Study B

Hard Dependency



Case Study C: Hard Dependency



NON-CONSTANT FAILURE/REPAIR RATES

Step 1: Component Reliability

Exponentially 

Distributed?
CONSTANT FAILURE/REPAIR RATES

GENERATE PN RUN TO CONVERGENCE STORE OUTPUT

HX1

Unavailability
3.92e−3

Failure 
Frequency [h-1]

1.63e−4

IDENTIFY MODEL

• Non-Repairable

• Corrective Maintenance

• Scheduled Maintenance

COMPUTE RELIABILITY

𝑞 𝑃1 =
λ

λ + 𝜈

𝑓 𝑃1 = λ∗(1−𝑞 𝑃1 )

[ λ= failure rate,𝜈 = repair rate]

STORE OUTPUT

P1

Unavailability
6.40e−03

Failure 
Frequency [h-1]

7.95e−04

N

Y



Step 2: Independent FTs Definition

INDEPENDENT

?

INPUT FTs

N



Step 2: Independent FTs Definition

INDEPENDENT

?

INPUT FTs

N



INDEPENDENT

?

Step 2: Independent FTs Definition

INPUT FTs MERGE DEPENDENT FTs

STORE INDEPENDENT FTs
Y

Y

N



Step 2: Independent FTs Definition

INDEPENDENT FTs



Step 3: Dependency Groups Computation

INDEPENDENT

!

Since Case B assumes full independence among 

components, there are no dependency groups to 

be computed

 SKIP!

The only dependency associated with the case 

study is between FTs



Step 4: FTs Computation

𝑞 𝑃𝑟𝑖𝑚𝑎𝑟𝑦, 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 = 4.1399e𝑒−05

𝑞 𝑃𝑟𝑖𝑚𝑎𝑟𝑦, 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 = 8.1942𝑒−05

[𝑓 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 = 1.2257𝑒−05ℎ−1]



𝒇𝑵𝒐𝑳𝒐𝒔𝒔

= 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦|𝑃𝑟𝑖𝑚𝑎𝑟𝑦) ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞(𝐹𝑎𝑛)

𝒇𝑻𝒐𝒕𝒂𝒍𝑳𝒐𝒔𝒔𝟐 = 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑄(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛)

𝒇𝑷𝒂𝒓𝒕𝒊𝒂𝒍𝑳𝒐𝒔𝒔𝟏

= 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦|𝑃𝑟𝑖𝑚𝑎𝑟𝑦) ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞 𝐹𝑎𝑛

𝒇𝑻𝒐𝒕𝒂𝒍𝑳𝒐𝒔𝒔𝟏

= 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞 𝐹𝑎𝑛

𝒇𝑷𝒂𝒓𝒕𝒊𝒂𝒍𝑳𝒐𝒔𝒔𝟐

= 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞 𝐹𝑎𝑛

Step 5: ET Computation



Step 5: ET Computation

TRIGGER RELIABILITY INFO

 Q Primary

= Q Primary, Secondary + Q Primary, Secondary

 Q Secondary|Primary = 
Q Primary,Secondary

Q Primary

 Q Secondary|Primary =
Q Primary,Secondary

Q Primary



CONSEQUENCE FREQUENCIES

𝑭𝑵𝒐𝑳𝒐𝒔𝒔 = 𝟏. 𝟒𝟒𝟏𝟓𝐞−𝟎𝟓𝒉−𝟏

𝑭𝑷𝒂𝒓𝒕𝒊𝒂𝒍𝑳𝒐𝒔𝒔 = 𝑓𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐿𝑜𝑠𝑠1+ 𝑓𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐿𝑜𝑠𝑠2= 7.4687 𝒆−𝟎𝟔𝒉−𝟏

𝑭𝑻𝒐𝒕𝒂𝒍𝑳𝒐𝒔𝒔 = 𝑓𝑇𝑜𝑡𝑎𝑙𝐿𝑜𝑠𝑠1 +
𝑓𝑇𝑜𝑡𝑎𝑙𝐿𝑜𝑠𝑠1 =

𝟐. 𝟒𝟐𝟔𝟐 𝒆−𝟎𝟕 𝒉−𝟏

Step 5: ET Computation



Case Study D

Soft Dependency



Case Study D: Soft Dependency

P1 and P2 stochastically dependent

The failure of P1 (P2) causes the

increase of P2 (P1) failure

probability due to the larger load

processed by the working pump



Case Study D: Soft Dependency

BUILT-IN GENERATION IMPORTED MM IMPORTED PN IMPORTED DATA



Case Study D: Soft Dependency
IMPORTED MM



NON-CONSTANT FAILURE/REPAIR RATES

Step 1: Component Reliability

Exponentially 

Distributed?
CONSTANT FAILURE/REPAIR RATES

GENERATE PN RUN TO CONVERGENCE STORE OUTPUT

HX1

Unavailability
3.92e−3

Failure 
Frequency [h-1]

1.63e−4

IDENTIFY MODEL

• Non-Repairable

• Corrective Maintenance

• Scheduled Maintenance

COMPUTE RELIABILITY

𝑞 𝑃1 =
λ

λ + 𝜈

𝑓 𝑃1 = λ∗(1−𝑞 𝑃1 )

[ λ= failure rate,𝜈 = repair rate]

STORE OUTPUT

P1

Unavailability
6.40e−03

Failure 
Frequency [h-1]

7.95e−04

N

Y



Step 2: Independent FTs Definition

INDEPENDENT

?

INPUT FTs MERGE DEPENDENT FTs

STORE INDEPENDENT FTs



DEPENDENCY 

GROUPS

Step 3: Dependency Group Computation

MM GENERATIONFT 1

P1 P2

MM CALCULATION

λ1 λ2

λ1 λ2

P1P2

2ν

ν

ν

P1P2 P1P2

P1P2



Step 4: FTs Computation

𝑞 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 = 5.4615𝑒−03

𝑞 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 = 1.7460𝑒−04

Need for different 

BDD algorithm



𝒇𝑵𝒐𝑳𝒐𝒔𝒔 = 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦) ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞(𝐹𝑎𝑛)

𝒇𝑻𝒐𝒕𝒂𝒍𝑳𝒐𝒔𝒔𝟐 = 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛)

𝒇𝑷𝒂𝒓𝒕𝒊𝒂𝒍𝑳𝒐𝒔𝒔𝟏 = 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦) ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞 𝐹𝑎𝑛

𝒇𝑻𝒐𝒕𝒂𝒍𝑳𝒐𝒔𝒔𝟏 = 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑄 𝐹𝑎𝑛

𝒇𝑷𝒂𝒓𝒕𝒊𝒂𝒍𝑳𝒐𝒔𝒔𝟐 = 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 ⋅ 𝑞 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 ⋅ 𝑞 𝐹𝑎𝑛

Step 5: ET Computation



CONSEQUENCE FREQUENCIES

𝑭𝑵𝒐𝑳𝒐𝒔𝒔 = 𝟑. 𝟓𝟔𝟑𝟗 𝐞−𝟎𝟓𝒉−𝟏

𝑭𝑷𝒂𝒓𝒕𝒊𝒂𝒍𝑳𝒐𝒔𝒔 = 𝑓𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐿𝑜𝑠𝑠1+ 𝑓𝑃𝑎𝑟𝑡𝑖𝑎𝑙𝐿𝑜𝑠𝑠2 = 6.5588 𝒆−𝟎𝟕𝒉−𝟏

𝑭𝑻𝒐𝒕𝒂𝒍𝑳𝒐𝒔𝒔 = 𝑓𝑇𝑜𝑡𝑎𝑙𝐿𝑜𝑠𝑠1 +
𝑓𝑇𝑜𝑡𝑎𝑙𝐿𝑜𝑠𝑠1 =

𝟐. 𝟒𝟕𝟗𝟑 𝒆−𝟎𝟖 𝒉−𝟏

Step 5: ET Computation



Case Study D

A bit of everything



Complex Dependency



NON-CONSTANT FAILURE/REPAIR RATES

Step 1: Component Reliability

Exponentially 

Distributed?
CONSTANT FAILURE/REPAIR RATES

GENERATE PN RUN TO CONVERGENCE STORE OUTPUT

HX1

Unavailability
3.92e−3

Failure 
Frequency [h-1]

1.63e−4

IDENTIFY MODEL

• Non-Repairable

• Corrective Maintenance

• Scheduled Maintenance

COMPUTE RELIABILITY

𝑞 𝑃1 =
λ

λ + 𝜈

𝑓 𝑃1 = λ∗(1−𝑞 𝑃1 )

[ λ= failure rate,𝜈 = repair rate]

STORE OUTPUT

P1

Unavailability
6.40e−03

Failure 
Frequency [h-1]

7.95e−04

N

Y



INDEPENDENT

?

Step 2: Independent FTs Definition

INPUT FTs MERGE DEPENDENT FTs

STORE INDEPENDENT FTs
Y

Y

N



DEPENDENCY 

GROUPS

Step 3: Dependency Group Computation

MM GENERATIONFT 1

P1 P2

MM CALCULATION

λ1 λ2

λ1 λ2

P1P2

2ν

ν

ν

P1P2 P1P2

P1P2



Step 4: FTs Computation

𝑞 𝑃𝑟𝑖𝑚𝑎𝑟𝑦, 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 = 1.3405𝑒−04

𝑞 𝑃𝑟𝑖𝑚𝑎𝑟𝑦, 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 = 1.7459𝑒−05

𝑤𝑎𝑠 4.1399𝑒−05 𝑖𝑛 𝑐𝑎𝑠𝑒 𝐶

Need for different 

BDD algorithm

𝑤𝑎𝑠 8.1942𝑒−05𝑖𝑛 𝑐𝑎𝑠𝑒 𝐶

Need for different 

BDD algorithm



𝒇𝑵𝒐𝑳𝒐𝒔𝒔

= 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦|𝑃𝑟𝑖𝑚𝑎𝑟𝑦) ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞(𝐹𝑎𝑛)

𝒇𝑻𝒐𝒕𝒂𝒍𝑳𝒐𝒔𝒔𝟐 = 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛)

𝒇𝑷𝒂𝒓𝒕𝒊𝒂𝒍𝑳𝒐𝒔𝒔𝟏

= 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦|𝑃𝑟𝑖𝑚𝑎𝑟𝑦) ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞 𝐹𝑎𝑛

𝒇𝑻𝒐𝒕𝒂𝒍𝑳𝒐𝒔𝒔𝟏

= 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞 𝐹𝑎𝑛

𝒇𝑷𝒂𝒓𝒕𝒊𝒂𝒍𝑳𝒐𝒔𝒔𝟐

= 𝑓𝑝𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 ⋅ 𝑞(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛) ⋅ 𝑞 𝐹𝑎𝑛

Step 5: ET Computation



Challenges and 

Current Work

Conclusions



Computational Feasibility and Flexibility

• BDD computation algorithm considering dependencies more computational 

demanding than traditional solutions

 need to minimise the use of the algorithm to the smallest section of the model 

containing dependencies

 Faunet reduction and modularisation (already implemented)



Computational Feasibility and Flexibility

• BDD computation algorithm considering dependencies more computational 

demanding than traditional solutions

 need to minimise the use of the algorithm to the smallest section of the model 

containing dependencies

 Faunet reduction and modularisation (already implemented)

• Dependencies not always just between components: need to avoid “explosion” of PN 

model sizes

...using nested PN-FT? (currently under development)



Computational Feasibility and Flexibility

• BDD computation algorithm considering dependencies more computational 

demanding than traditional solutions

 need to minimise the use of the algorithm to the smallest section of the model 

containing dependencies

 Faunet reduction and modularisation (already implemented)

• Dependencies not always just between components: need to avoid “explosion” of PN 

model sizes

...using nested PN-FT? (currently under development)

• Rare events, and hence low probability transitions in PN, may cause high 

computational time

 PN expected to be of limited size

 IF an issue, advanced monte Carlo sampling techniques considered



Computational Feasibility and Flexibility

• BDD computation algorithm considering dependencies more computational 

demanding than traditional solutions

 need to minimise the use of the algorithm to the smallest section of the model 

containing dependencies

 Faunet reduction and modularisation (already implemented)

• Dependencies not always just between components: need to avoid “explosion” of PN 

model sizes

...using nested PN-FT? (currently under development)

• Rare events, and hence low probability transitions in PN, may cause high 

computational time

 PN expected to be of limited size

 IF an issue, advanced monte Carlo sampling techniques considered

• BDD merging (instead of FT merging for dependent FTs)


