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Motivation & Challenge

• Simulations, Fast and Slow

Objective

• “Simulating the Simulation”

Case Study Topic

• Optimizing the Parameters of a 
Vehicle Suspension

Today’s Agenda

20 min.
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Workflow

• In Simulation Tool (e.g. MATLAB, Simulink, SystemModeler, etc.)

• Create Mathematical Simulation Model

• Simulate Model in the Time Domain

• Perform Fourier Transform

• In BayesiaLab

• Learn Bayesian Network Model in the Frequency Domain

• Simulate Response to Parameter Variations

• Optimize Parameters

• In WebSimulator

• Publish Bayesian Network Simulator

Today’s Agenda (cont’d)

40 min.

Prepared Offline
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Today’s Workflow

BayesiaLab.com

 Research Software
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A desktop software for:

• encoding

• learning

• editing

• performing inference

• analyzing

• simulating

• optimizing

with Bayesian networks.
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Slides, networks, and video will be available

BayesiaLab.com
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Motivation: Simulations, Fast and Slow

Inputs
x1,x2,…,xn

Parameters
v1,v2,…,vi

Outputs
y1,y2,…,yn

N1

N4N5

N2N3

$$$

Simulation 
Model

Meta-Model

Physical 
System 

(Experiment)
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Objective: Simulating the Simulation

Inputs
x1,x2,…,xn

Parameters
v1,v2,…,vi

Outputs
y1,y2,…,yn

Physical 
System 

(Prototype)

N1

N4N5

N2N3

Simulation 
Model

Bayesian 
Network

Meta-Model
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Simulation Model

Inputs
x1,x2,…,xn

Parameters
v1,v2,…,vi

Outputs
y1,y2,…,yn

Simulation 
Model

Problem Domain: Vehicle Suspension
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Simplified

Example!

Case Study Caveat
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Simplification of Vehicle

• Considering only one 
“quarter”, i.e., one 
wheel/tire and the 
corresponding suspension 
and body components.

Quarter Vehicle Model
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Quarter Vehicle
Model

Spring
Damper

(Shock Absorber)

Vertical Road Displacement

Body Mount

Point Mass
Vehicle
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Quarter Vehicle
Model

“Spring” “Damper”

Point Mass
Wheel
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Implementation

Quarter Vehicle Model
Spring

Damper
(Shock Absorber)

Road Displacement

Body Mount Point Mass
Vehicle

Point Mass
Wheel

Tire “Damper”

Tire “Spring”

Road Displacement Signal
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Quarter Vehicle Simulation

Vertical Road Displacement

Vertical Wheel Movement

Vertical Body Movement

Time Domain
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Simulating the Road Irregularities

Quarter Vehicle Simulation

Sine Sweep as Synthetic Road Displacement Signal (Chirp Signal)

Time Domain
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Quarter Vehicle 
Model

Input Road

Wheel

Body
Output
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Quarter Vehicle Simulation

Vehicle Body Response to Sine Sweep Input

Time Domain
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Quarter Vehicle Simulation
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Fourier Transform

Response Curve is the FFT of 5000 
samples from the time series simulation
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Quarter Vehicle Model

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 5 10 15 20 25 30 35 40 45 50

Vertical Vehicle Acceleration

d=1500Ns/m

Damper
d=3000Ns/m

Damper
d=1500Ns/m

Frequency (0–50Hz)

Fourier Transform

Ve
rt

ic
al

 A
cc

el
er

at
io

n



22BayesiaLab.com

Initial Parameter Values

• Partial Body Mass: 400 kg

• Wheel Mass: 40 kg

• Tire Stiffness (Spring Rate): 150,000 N/m

• Tire Damping: 100 Ns/m

• Spring Rate: 21,000 N/m

• Suspension Damping: 1,500 Ns/m

Quarter Vehicle Model

Suspension 
Damping

Suspension 
Spring Rate

Tire Spring 
Rate

Wheel Mass Vehicle Mass

1,000               5,000               100,000          20                     450                  
1,000               5,000               100,000          20                     650                  
1,000               5,000               100,000          30                     450                  
1,000               5,000               100,000          30                     650                  
1,000               5,000               100,000          40                     450                  
1,000               5,000               100,000          40                     650                  
1,000               5,000               150,000          20                     450                  
1,000               5,000               150,000          20                     650                  
1,000               5,000               150,000          30                     450                  
1,000               5,000               150,000          30                     650                  
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Fourier CoSuspensio  Suspensio   Tire Spring Wheel MaVehicle MFrequency
0.0218 1000 5000 100000 20 450 0.01

0.087546 1000 5000 100000 20 450 0.02
0.196495 1000 5000 100000 20 450 0.03
0.351055 1000 5000 100000 20 450 0.04

0.54785 1000 5000 100000 20 450 0.05
0.794033 1000 5000 100000 20 450 0.06

1.08146 1000 5000 100000 20 450 0.07

BayesiaLab.com

Simulation Model

Inputs
x1,x2,…,xn

Parameters
v1,v2,…,vi

Simulation 
Model

Generating the Learning Data Set Offline Outputs
y1,y2,…,yn

F F T

1.4 million
simulation points
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Why not run one billion simulations?

• Querying billions of records quickly is a 
challenge in and of itself.

• And, we are not looking for a single 
optimal value, rather we are looking for a 
distribution of frequencies.

Simulation Model
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Vertical Vehicle Acceleration

d=1500Ns/m
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Bayesian Network Model

Inputs
x1,x2,…,xn

Parameters
v1,v2,…,vi

Simulation 
Model

Learning the Bayesian Network

Suspension 
Damping

Suspension 
Spring Rate

Tire Spring Rate Wheel Mass Frequency
Fourier 

Coefficient
500                         10,000                   100,000                 20                            0.01                        0.12                        
500                         10,000                   100,000                 20                            0.02                        0.25                        
500                         10,000                   100,000                 20                            0.03                        0.37                        
500                         10,000                   100,000                 20                            0.04                        0.49                        
500                         10,000                   100,000                 20                            0.05                        0.61                        
500                         10,000                   100,000                 20                            0.06                        0.74                        
500                         10,000                   100,000                 20                            0.07                        0.86                        
500                         10,000                   100,000                 20                            0.08                        0.98                        
500                         10,000                   100,000                 20                            0.09                        1.10                        

Outputs
y1,y2,…,yn

Tire Spring Rate Vehicle Mass

Wheel MassSuspension Spring Rate

Suspension Damping

Power Spectrum



26BayesiaLab.com

Conceptual Advantages

• Frequency distribution is a single variable

• Visualization of relationships

• Easy sensitivity analysis

• Simulation of intermediate values

• Simulation of uncertain inputs, i.e., distributions for masses, rates, etc.

• Multiple inputs and multiple outputs

• Representation of nonlinearities

• Mix of categorical and numerical parameters

• Optimization under uncertainty

• Ability to introduce domain knowledge

Bayesian Networks
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Data Import
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Variable Definition

Power used a 
observation 

weight.

Variables with 
Discrete States

Frequency:
Continuous 

Variable
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Missing Values Processing (n/a)

No missing 
values
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Discretization

Manual Discretization 
in Octave Intervals
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The frequencies, weighted by the 
squared magnitude, and binned, 
can be interpreted as the Power 
Spectrum.

Unconnected Network
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kg

kg

N/m

N/m

Ns/m

G2/Hz
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Naïve Bayes Network
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Objective: Minimize Power 
Spectrum <= 2Hz 
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Saved Scenario from Optimization



40BayesiaLab.com

Introducing a Function Node

?F1?=
Entropy(?Power Spectrum?)
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Objective
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Maximizing the entropy to equalized 
the spectrum.
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Saved Scenario from Optimization
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Using Entropy for “Equalization”

Bayesian Network Simulation

Power Spectrum
Mean: 11.433 Dev: 23.744
Value: 11.433 (-0.943) 

F1

2.3441791063
(2.0953790371)

Power Spectrum
Mean: 12.376 Dev: 19.272
Value: 12.376 

F1

2.0953790371

Marginal Power Spectrum Optimized Power Spectrum Theoretical Optimum
i.e., Uniform Distribution

< <
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Why Not a Neural Network?

• OK for response surface 
modeling.

• However, it would be a 
uninterpretable black box.

• No way to introduce domain 
knowledge!

Bayesian Network Model
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Introducing Domain Knowledge

Mass

>

Spring 
Rate

>

Tire Diameter

=
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Introducing Domain Knowledge
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Infrastructure

BayesiaLab WebSimulator

Private WebSimulator Accounts

**** **** **** ****

BAYESIALAB
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VR

In Conclusion…
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• February 27–28
Dubai, UAE

• March 19–21
Washington, D.C.

• April 2–4
Amsterdam, Netherlands

• May 8–10
Singapore

• May 13–15
Sydney, Australia

• May 21–23
Paris, France

• June 12–14
Seattle, WA

BayesiaLab Courses Around the World in 2019

Learn More & Register: bayesia.com/events
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Event Photos
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Try BayesiaLab Today!

• Download Demo Version (10-Node Limit):
www.bayesialab.com/trial-download 

• Apply for Unrestricted 30-Day Evaluation Version:
www.bayesialab.com/evaluation  

BayesiaLab Trial
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User Forum: bayesia.com/community
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North Carolina

7th Annual BayesiaLab Conference
North Carolina Biotechnology Center

October 10–11, 2019, Research Triangle Park, NC
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Thank You!
stefan.conrady@bayesia.us

linkedin.com/in/stefanconrady facebook.com/bayesia

BayesianNetwork
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