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Vibration

Displacement

Scanner

Engineering the performance
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Engineering the design



Nominal engineering

Performance engineering

Contractual requirements

Architectural design

System design

Testing to requirements

Expected performance

Scheduled maintenance

MBSE

Life cycle view

Digital twins

System and IoT integrated design

Models for fault detection, 
diagnostics, prediction and optimization

Variability in performance

Condition based maintenance (PHM)

From

To

Engineering the design

Engineering the performance
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Background
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Physics based model           Data based model

Poor precision Poor generalizability
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Knowledge gap Generalizability gap



A Life Cycle View

Problem 
Elicitation

Goal
Formulation

Data
Collection

Data
Analysis

Formulation 
of Findings

Communication
of Findings

Impact
Assessment

Operationalization
of Findings

Kenett, R.S. (2015) Statistics: A Life Cycle View, Quality Engineering, 27(1):111-129
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numbers

data

statistical analysis

findings

information

Insight, knowldge
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What is 
information 

quality?



Analysis goal

g X
Available data 

f
Data analysis

method 

Utility measure

U

InfoQ(U,f,X,g) = U(f(X|g)) 
Information 

Quality: 

“The potential of a 
particular dataset 

to achieve a 
particular goal 
using a given 

empirical analysis 
method”

InfoQ components
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1. Data resolution

2. Data structure

3. Data integration

4. Temporal relevance

5. Chronology of data and goal

6. Generalizability

7. Operationalization 

8. Communication

InfoQ dimensions
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Hard Data

Soft 
Data

Laws of nature

Statistical 
generalization

Domain 
generalization

Predictive 
analytics

Mechanistic 
models

Transportability

Intuition

Data

Decisions 
about

Population 
from where 

the data was 
drawn

A Related 
Population

The Future

F is the net force applied, m is the 

mass of the body, and a is the 

body's acceleration. The net force 

applied to a body produces a 

proportional acceleration.

ROC

Misclassifications

Generalizability

Befitting Cross Validation

https://onlinelibrary.wiley.com/doi/full/10.1002/asmb.2701


Judea Pearl
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Generalizability



Causal 
Models
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Causal 
Models
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Causal 
Models
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Data 
resolution 

Data 
structure

Data 
integration

Chronology of 
data and goal

Temporal 
relevance

Generalization

Operationalization
Communication

Data is not 
informative

Yes

No

Data analysisData preparation

Interpretation Communication

The Information Quality Workflow

Information quality
https://sites.google.com/site/datainfoq

https://sites.google.com/site/datainfoq


https://link.springer.com/content/pdf/10.1007/s10845-021-01817-9.pdf 17

https://link.springer.com/content/pdf/10.1007/s10845-021-01817-9.pdf


Digital Twins
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Monitoring, diagnostic, prognostic and prescriptive capabilities

Diagnostic methods
Prognostic predictions
Prescriptive optimization

Sensor technologies
Flexible systems
Monitoring algorithms

Digital Twins
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Analytics, 
Control and 
Data Science

Cyberphysical
systems

Sensors 
and Data 
Collectors • Monitoring

• Diagnostics
• Prognostics

• Prescriptive

Analytics in Performance Engineering
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Condition Based Maintenance (CBM)
Health and Usage Monitoring Systems (HUMS) 
Prognostics and Health Management (PHM)
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Sensor 
technology

Analytics



22

IoT

Physical assets
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IoT
Digital 
models

Digital assets



Why mathematical models ?

1. Understanding of a dynamical system

2. Examination of the effect of interventions on a dynamic 
process

3. Measurement and prediction of the state of the process in 
time and space

4. Enabling the development of monitoring, diagnostic and 
prognostic capabilities for optimal control, condition based 
maintenance and process performance certification



Uncertainty Quantification

“A further complication is that the existence of uncertainty means 
that validation (comparison with reality) needs to be treated as a 
statistical process…. This requirement means that there must also 
be trust in the data, trust in the model, and trust in the updating 
procedure.”

“Uncertainty evaluation also gives a better understanding of how 
much trust can be placed in the model results”

Wright & Davidson (2020). How to tell the difference between a model and a digital twin. Advanced Modeling and 
Simulation in Engineering Sciences. 7, 13. 



uniform loading
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Obtain stresses/strains in the plate
Node

Element
Finite element 

model

• Approximate method

• Geometric model

• Node

• Element

• Mesh 

• Discretization

Finite element analysis (FEM)



Finite element analysis 
(FEM)

https://www.youtube.com/watch?v=xAkWboORuyA

Bayes 
theorem

https://www.youtube.com/watch?v=xAkWboORuyA


emulators

https://www.pnas.org/doi/10.1073/pnas.2015006118

Bayes 
theorem

https://www.pnas.org/doi/10.1073/pnas.2015006118




From System to 
Systems (SoS)
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“I like to think of clinical trials in terms of the five questions one might be interested in 
answering”, Senn, S. J. (2004) Controversies concerning randomization and additivity in 
clinical trials. Statistics in Medicine, 23, 3729-3753.

Q1. Was there an effect of treatment in this trial?

Q2. What was the average effect of treatment in this trial?

Q3. Was the treatment effect identical for all patients in the trial?

Q4. What was the effect of treatment for different subgroups of patients?

Q5. What will be the effect of treatment when used more generally? 

Safety Valve

Treatment = intervention

Patient = system

Population = SoS



A Case Study

32



33

Railway
Vehicle
Digital
Twin
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Parking Brake

Safety Valve

Suspension system 
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• Lateral damper
• Wheel flat
• Spring
• Spring & damper

Railway Vehicle Suspension – 4 failure states:
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𝑥 = 𝑍𝑐 ሶ𝑍𝑐𝛽𝑐 ሶ𝛽𝑐𝑍𝑡1𝑍𝑡1 ሶ𝑍𝑡1𝛽𝑡1 ሶ𝛽𝑡1𝑍𝑡2 ሶ𝑍𝑡2𝛽𝑡2 ሶ𝛽𝑡2𝑍𝜔1 ሶ𝑍𝜔1𝑍𝜔2 ሶ𝑍𝜔2𝑍𝜔3 ሶ𝑍𝜔3𝑍𝜔4 ሶ𝑍𝜔4
𝑇

𝐴 =

𝐹 = 𝐴𝑥

Railway Vehicle Suspension - Mathematical 
model 
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𝐽𝑏 ሷ𝜃𝑏 = 𝑇𝐹𝑅2 − 𝑇𝐹𝑅1

Parameter Unit Value

Mass of body 𝑴𝒄 kg 90000

Mass of bogie 𝑴𝒕 kg 2980

Mass of wheelset 𝑴𝝎 kg 1350

Inertia body nod 𝒋𝒄 kg·m2 2.446×e6

Inertia bogie nod 𝒋𝒕 kg·m2 3605

Primary suspension stiffness𝑲𝒔 N/m 2.14×e6

Second suspension stiffness 𝑲𝒑 N/m 2.535×e6

Primary suspension damping 𝑪𝒔 N·s/m 4.9×e4

Second suspension damping 𝑪𝒑 N·s/m 1.96×e5

Half length of the vehicle 𝐋𝒄 m 8.4

Half length of the bogie 𝐋𝒕 m 1.2

Wheel radius 𝑹 m 0.451

Acceleration of gravity 𝒈 m/s-2 9.8

Railway Vehicle Suspension – FEM Model
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Vibration

Displacement

Scanner

Workshop

Railway Vehicle Suspension - Monitoring 
System 
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The vibration signals of the bogie obtained under normal conditions
Sensors were mounted on the bogie of the locomotive which was running at 
the speed of 10 and 40 km/h

Track  geometry and acceleration measurement System
Sensors mounted on the bogie

Railway Vehicle Suspension - Model Validation
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Bogie displacement Mean Square Error (MSE) 

𝑀𝑆𝐸 =
1

𝑁


𝑖=1

𝑁

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑖 − 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑖
2

Railway Vehicle Suspension - Model Validation
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• The main causes of wheel-flats are temporary or complete 
wheel blocking.

• wheel-flats pose risk to the safety of the rail vehicle ride.

The vertical motion of a wheel flat:
(a) The geometry of a wheel flat; 
(b) The vertical displacement response 
curve   
of point O.

Flat length (mm) Speed
(km/h)

Tone
(Hz)

10, 20, 30, 40, 50

10 0.96

40 3.86

70 6.76

100 9.66

Flat length

Wheel Flats
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Normal state

Wheel Flat (10 mm)

Wheel Flat (20 mm)

Normal state   Wheel Flat (10 mm)   Wheel 
Flat (20 mm)

Railway Vehicle Suspension - Wheel Flat 
Detection 
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Fault Size 
(mm)

Healthy 10 20

PEC 0.012 2.312 2.744

Fault Size 
(mm)

30 40 50

PEC 2.891 3.152 3.545

 Peak Energy Concentration 𝑃𝐸𝐶 =
σ𝑖 𝑆𝑂,𝑖

𝑅𝑀𝑆
, ∀𝑖 ∈ ℤ𝑂

PEC measures the energy percentage that is concentrated in the peaks

0

0.5

1

1.5

2

2.5

3

3.5

4

05

healthy

10 mm

20 mm

30 mm

40 mm

50 mm

Normal state    Wheel Flat (10 mm)   Wheel Flat (20 mm)

Railway Vehicle Suspension - Wheel Flat 
Detection 
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Feature parameters peak 
value

peak-peak 
value

average 
amplitude

variance RMS skewness kurtosis
standard 
deviation

Normal state 0.30 0.59 0.17 0.15 0.47 0.87 1.34 0.39

Failure of lateral damper
0.32 0.69 0.14 4.93 0.32 1.13 0.88 2.22

Wheel flat 0.29 0.53 0.16 0.45 0.37 0.77 0.68 0.67

Failure of spring 0.28 0.58 0.15 0.51 0.26 0.43 0.66 0.46

Failure of spring & damper 0.31 0.63 0.18 0.74 0.64 1.21 0.75 0.84

Nodes of input 
layer

Nodes of output 
layer

Nodes of hidden 
layer

Number of nerve 
cells in hidden 

layer

16 8 3 100

Non-supervision 
learning rate

Fine-adjustment learning rate under 
supervision

Activation 
function

0.1 0.01 Sigmoid function

Structure parameters of deep neural network

Time-domain and frequency-domain feature parameters of 4 states

Railway Vehicle Suspension - Fault diagnosis
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Features (16 in total) of the acceleration 

signature are extracted in both the time 

domain and frequency (Order) domain. 

Based on these, we can predict and classif

the different faults using machine learning.

Railway Vehicle Suspension - Fault diagnosis

Nodes of input 
layer

Nodes of output 
layer

Nodes of hidden 
layer

Number of nerve 
cells in hidden 

layer

16 8 3 100

Non-supervision 
learning rate

Fine-adjustment learning rate under 
supervision

Activation 
function

0.1 0.01 Sigmoid function

Structure parameters of deep neural network
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Railway Safety Valve – Digital Twin



The Challenge
“New engineering practices driven by the 
management of performance entail high 
expectations for predicting responses of 
systems of systems that are extremely large, 
extremely uncertain, extremely complex, 
very accurately and all this in almost real-
time, for optimal decision-making.

The goal: 
Certified Performance by Design”
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2021

2022

2023



Thank you for your attention
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• Monitoring
• Diagnostics
• Prognostics

• Prescriptive

Analytics

Engineering 
for performance

Digital Twins

Emulators
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