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my name is

Simulation Meta-Modeling
Using Bayesian Networks & BayesiaLab’



Today’s Agenda

Motivation & Challenge N

* Simulations, Fast and Slow
Objective
e “Simulating the Simulation”

> 20 min.

Case Study Topic

* Optimizing the Parameters of a
Vehicle Suspension
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Today’s Agenda (cont’d)

Workflow

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

« Create Mathematical Simulation Model Prepared Offline X

. Simulate Model in the Time Domain N

* Perform Fourier Transform
* In BayesialLab
* Learn Bayesian Network Model in the Frequency Domain
: . > c 40 min.
* Simulate Response to Parameter Variations
*  Optimize Parameters

* |n WebSimulator

* Publish Bayesian Network Simulator

=
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Today’s Workflow

KNOWLEDGE MODELING

X

DECISION SUPPORT —

v
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Slides, networks, and video will be available
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Motivation: Simulations, Fast and Slow

Physical
System
(Experiment)

Simulation Outputs
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Objective: Simulating the Simulation

Simulation
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Simulation Model

Problem Domain: Vehicle Suspension

Simulation
\Y [eYe[=]
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Case Stud Caveat
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Simplification of Vehicle

N

* Considering only one

7 §

“quarter”, i.e., one

—_—

1

/éf—/(/
W
;,

wheel/tire and the

corresponding suspension

and body components.
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Quarter Vehicle
Model

Point Mass
Body Mount vehicle &

Damper
Shock Absorber)

Vertical Road Displacement



Quarter Vehicle
Model
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Body Mount Pomt Mass
Quarter Vehicle MOR  Venici &}
Implementation mg

l Damper
@’\ (Shock Absorber)
WOLFRAM \_/ SYSTEM MODELER"

,/77.: Pomt Mass
MODELICA
— Wheel & |

Tire “Spring” -
' l}ﬁ Tire “Damper”
Road Displacement Signal |

Road Displacement
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Quarter Vehicle Simulation

Vertical Body Movement

Vertical Wheel Movement

Vertical Road Displacement

Time Domain

BayesialLab.com



Quarter Vehicle Simulation

Simulating the Road Irregularities

/\[\[\MMMM

Sine Sweep as Sj/n*thetcli?t*)ad
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Time Domain
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Quarter Vehicle Body | | ‘ }— Hl

Model ;¥ il

1 |
Wheel
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L H T 1 § Road
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Quarter Vehicle Simulation

Sl bl

'C’Ie 'V "‘i‘ ;" "

e
‘vh

Vertical Acceleration

Time Domain
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Quarter Vehicle Simulation

Vertical Vehicle Acceleration

Fourier Transform

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

Vertical Acceleration

Damper
d=1500Ns/m I

Frequency (O-50Hz)

BayesialLab.com



Quarter Vehicle Model

Vertical Vehicle Acceleration

Fourier Transform

Damper
d=3000Ns/m I

Vertical Acceleration

Damper
d=1500Ns/m I

Frequency (O-50Hz)
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Quarter Vehicle Model

Initial Parameter Values

* Partial Body Mass:

* Wheel Mass:

* Tire Stiffness (Spring Rate):
* Tire Damping:

* Spring Rate:

e Suspension Damping;:

BayesialLab.com

400 kg

40 kg
150,000 N/m
100 Ns/m
21,000 N/m
1,500 Ns/m

Bernd HeiBing | Metin Ersoy (Eds.)

Chassis Handbook

Fundamentals, Driving Dynamics, Components,
Mechatronics, Perspectives

Suspension | Suspension | Tire Spring .
. N Wheel Mass |Vehicle Mass
Damping Spring Rate Rate
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




Simulation Model

Generating the Learning Data Set Offline Outputs " "
I 3 e\ B yj_;y27'"7yn

Simulation
"""" \Y [eYe[=]

Fourier CcSuspensic Suspensic Tire SprinfWheel Mz Veh :cle M Frequ :ncy

0.0218 1000 5000 100000 20 | 450 ¢.01

0.087546 1000 5000 100000 20 | 450 ¢.02

0.196495 1000 5000 100000 20 | 450 (.03

0.351055 1000 5000 100000 20 | 450 ¢.04

1.4 million 0.54785 1000 5000 100000 20 | 450 (.05
simulation points 0.794033 1000 5000 100000 20 | 450 ¢.06
1.08146 1000 5000 100000 20 | 450 ¢.07

BayesialLab.com



Simulatio Model

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.

. J

BayesialLab.com



Bayesian Network Model

Learning the Bayesian Network Outputs " "

yj_!y27 == 7yn
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Bayesian Networks

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.
e Multiple inputs and multiple outputs

* Representation of nonlinearities

* Mix of categorical and numerical parameters

* Optimization under uncertainty

* Ability to introduce domain knowledge

BayesialLab.com 26




Data Import

[i#] Data Import - C:\Users\StefanConrady\OneDrive - Bayesia USA\Studies\Suspension\SimData12d.csv

Separators
[tab [ Semicolon
[Jspace [] Other

Missing Values

spension Damping

Encoding

Title Line
[[]End of Line Character

Consider Identical Consecutive separators
as a Unigue One

Consider Different Consecutive Separators
as a Unique One

[] Double Quotes

mple Quotes




Data T

ADQMRS S

Variable Definition

[i#] Data Import - C:\Users\StefanConrady\OneDrive - Bayesia USA\Studies\Suspension\SimData12d.csv

Action Information
Columns with Missing Values Number of Rows | 1444896 | | 100.00%

Allnot Distributed Not Distributed 0.00%

7143%
All Discrete
14.29%

Powe r u Sed a - All Continuous 14.29%

Missing Values 0.05%

observation et
Welght' Suspension Damping  Suspension Spring Rate  Tire Spring R:

1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0
1000.0 L 100000.0

Variables with Continuous
Discrete States Variable




[i#] Data Import - C:\Users\StefanConrady\OneDrive - Bayesia USA\Studies\Suspension\SimData12d.csv

Data Selection and Filtering

Missing Value Processing Information
[ Fiter Number of Rows

Not Distributed
Discrete

Continuous

(O Mean/Modal

O tnfer

Missing Values
Filtered Values
O) Static Imputation

(O Dynamic Imputation

(O Entropy-Bas tic Imputation

(O Entropy-Based Dynamic Imputation

Suspe.. ¥ TreSp.. ¥ Wheel... &

Cancel Previous

1444896 | 100.00%
0.00%
7143%
14.29%
14.29%
0.00%
0.00%

Finish

Display Selections

No missing
values




Discretization

[i#] Data Import - C:\Users\StefanConrady\OneDrive - Bayesia USA\Studies\Suspension\SimData12d.csv

Discretization and A jation
Discretization
Type Manual

Maximum
Minimum
Threshold Value
Previous
Density Function
Generate a Discretization
Transfer the Discretization Thresholds
s for each type of discretization
Load Discretizations.

200000 400000 BOODOD

Suspensio..  SUspensio... q... Wheel Mass
5000.0 4 [20.0
5000.0 ! 20.0
5000.0 ! 20.0
5000.0 ! 20.0
5000.0 ! 20.0

800000 1000000 1200000

Vehide Mass  Frequency

Select All Continuous Select All Discrete

1400000

Manual Discretization
in Octave Intervals




[£#] BayesiaLab - Associated graph 8.xbl O 'Y
ARDEBERAD YIN¥ar] AAAX VY @ JO/ BP0 NQ 200N IO
Unconnected Network
Suspension Damping Wheel Mass
The frequencies, weighted by the
squared magnitude, and binned,
. . can be interpreted as the Power
Suspension Spring Rate Vehicle Mass SpeCtI’u m.
Tire Spring Rate Frequency
~E| o ool
[ Associated .. | [




[£#] BayesiaLab - Associated graph 8.xbl

Metwork Data

Edit View Learning Inference Analysis Monitor Tools Window Help

ADREBEHEBD YEANHFarnm] QAAAX " XJV @ JO0BRPANAN 2O0@®ee OO\ IO
AaevRwRRE2VEH
Associated graph 8xbl ===
Joint Probability: 100.00%
Power Spectrum 2 Tire Spring Rate
Moan: 15376 Dev: 19.2] G /HZ Mean: 198408.344 Dev: 51 N/m
Value: 12.376 Value: 198408.344
10.61% © <=2 11.77% 100000.0
19.43% 150000.0
29.04% 200000.0
Suspension Damping Wheel Mass 39 77% 250000.0
Wheel Mass
\I\}‘]elan: %%.1%44 Dev: 8.152 kg
Suspension Damping alue. ~9.
Mean: 2165862 Dev: 801| INS / m j 36.22% 20.0
Value: 2165.862 33.22% 30.0
s ion Sbring Rat Vehicl 25.22% 1000.0 30.56% 40.0
uspension spring rate enic ass 3297% 20000 L
41.81% 3000.0 f .
Vehicle Mass k
= 2 \I\}qelan: &'E))%j] %%1 Dev: 95.878 g
Suspension Spring Rate aue. o1
Mean. 8264 224 Dev: 4967| N / Im j 6421% 450.0
O Value: 8264.224 35.79% 650.0
23.37% 2000.0 \ J
. . 24.12% 5000.0
Tire Spring Rate Power Spectrum 55.71% 10000.0
26.80% 15000.0

~EH ®

|oof 0 BB

[ Assodated... |




[£#] BayesiaLab - C:\Users\StefanConrady\OneDrive - Bayesia USA\Presentations\2019-02-21 Simulation Meta-Modeling\Associated graph 8.xbl - O 'Y
Network Data Edit View Learning Inference Analysic Monitor Tools Window Help
ADEEBEMad yERNYFadll AQAX X0 @ J@ /B ANAN 0@ e OON IO
ARQevHRwRSVE
Associated graph 8xbl * =
Joint Probability: 100.00%
Log-oss: 0
oo Cases: 1,444,896
Nalve Bayes Network
Mean Value: 34,900.304 A
s N 3
Power Spectrum Tire Spring Rate
Mean: 12.376 Dev: 19.272 Mean: 198408.344 Dev: 51516.376
Value: 12.376 Value: 198408.344
10.61% © <=2 11.77% 100000.0
4.77% <=4 19.43% 150000.0
13.73% <=8 29.04% 200000.0
44.83% <=16 39.77% 250000.0
Suspensioli Damping 23.37% <=32 \ J
o N ; 4
2.69% 32 Wheel Mass
= < Mean: 29.434 Dev: 8.152
Suspension Damping 36.22% Value: 29.434 200
sSuspension Spri Rate heel Mass Mean: 2165.862 Dev: 801.771 . .
P P Value: 2165.862 33.22% 30.0
25.22% 1000.0 30.56% 40.0
32.97% 2000.0 L J
o, r ~
\ 41.81% 3000.0 Vehicle Mass
, R
Suspension Spring Rate aue. 921 +0.
C)< O Mean: 8264.224 Dev: 4967.319 64.21% 450.0
Value: 8264.224 35.79% 650.0

Tire Spring Rate Power Spectrum

Vehicle Mass

23.37% 2000.0
24.12% 5000.0
25.71% 10000.0
26.80% 15000.0

=

|oof 0 BB




B4 BayesiaLab - C:\Users\StefanCanrady\OneDrive - Bayesia USA\Presentations\20

Metwork Data Edit View Learning Inference Anal Aonitar
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Associated graph 8.xbl

Su

Suspension Sprirtg Rate

O——

Tire Spring Rate

[P7] Wapping

AAQAXKIAFIUR

X

=

SuspensienEpring Rate
.0k

Tire Spring Rate
0.047

Vihee Mass)
plozh}

L Ehiclelass)
0020]

| Node Analysis
Size | Mutual Information with the Target Node

Color | Mone

|

Arc Analysi

Pearson's Correlation

Save As...

Print Adjacency Matrix

Ml AQAQAX X0V @ J@/ RS ANQAN 0@ OCONIOM

fo-[@- o

i d

Tire Spring Rate
Mean: 198408.344 Dev: 51516.376
Value: 198408.344

% 100000.0
% 150000.0
% 200000.0
% 250000.0
Wheel Mass
Mean: 29.434 Dev: 8.152
Value: 29.434
% 20.0
% 30.0
% 40.0

Vehicle Mass
Mean: 521.584 Dev. 95.878
Value: 521.584 (+0.000)

% 450.0
% 650.0




B4 BayesiaLab - C:\Users\StefanConrady\OneDrive - Bayesia USA\Presentations\2019-02-21 Simulation Meta-Modeling\Associated graph 8.bl

Metwork Data Edit View Learning Inference Analysis Monitor Tools Window Help
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Associated graph 8xbl =
||Jomt Probabiity: 100.00%
[£#] Posterior Probability Analysis of Power Spectrum (Associated graph 8) - [} X
Power Spectrum |l <=2 Ml <=4 M <=8 M <=16 M <=32 M >32 EMean ?
pring Rate
. 198408.344 Dev: 51516.376
1 198408.344
100000.0
Power Spectrum pnwarj:zmmm 150000.0
[y 200000.0
2 i (4772%) 250000.0
N 7 W <=8 (13.734%)
— <ot (a4 5750 )
_— [ M <=32 (23.366%) 3
Suspension Damping —_—————— [——— [T W =32 (2.686%) | Mas
|
% 34 Dev: 8.152
Suspension Spring_ F ‘ 20.0
P P S 30.0
| B 400
]
| 2
= — e Mass
ihes! s | : g%jl ggi (D%vbgngTS
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( ) ¢ T — 450.0
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]
]
- —
Suspension Spring Rate b el _
H ==
D.;][I ! [I.;]S 0. -H] o -|5 [I.-ZI] [I.-25 [ -3I] D.;i& EI.:M] [ 46 050
P{Power Spectrum| ...}
Save As... Print
I
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Metwork Data Edit View Learning Inference Analysis Monitor Tools

ARDEEERES I o
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Window Help

Ml AQAQAX X0V @ J@/ RS ANQAN 0@ OCONIOM

[£#] Target Mean Analysis

Node:
u
¥

Power Spectrum Mean

Suspensiofi Damping

Suspension Sprirtg Rate

O+

Tire Spring Rate Power Spectrum

0 10 20 0 0 50 a 0 ] a0 100

Mormalized Variahle Means

Wariables

W All Curves

[ M Tire Spring Rate

[T M Suspension Damping
[T 1 Suspension Spring Rete
[T W Vehicle Mass

7 W Wheel Mass

Save

Associated graph 8xbl o [P [
Joint Probability: 100.00%
Log-oss: 0
Cases: 1,444,896
Total Value: 209,401.825
Mean Value: 34,900.304 ry
r 3

Tire Spring Rate
Mean: 198408.344 Dev: 51516.376
Value: 198408.344

N

-

100000.0
150000.0
200000.0
250000.0

Wheel Mass

Mean: 29.434 Dev: 8.152

Value: 29.434
20.0
30.0
40.0

Vehicle Mass
Mean: 521.584 Dev. 95.878
Value: 521.584 (+0.000)

450.0
650.0

~EH ®

|oof 0 BB
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ADRBEMEeD YENFa 2l AAQAX X¥OU @ JO/RS®ANAQAN XO0@® o SONTOM

AadevREwR SVE

f

Associated graph 8bl ===
Joint Probability: 100.00%
Log-oss: 0
Cases: 1,444,896
Target Optimization hd -~
. . . . . . Profile Search Criterion Search Method TI re Sprl ng Rate
ObJectlve. Minimize Power ®Frobabity Stte [<2 v O terd Evdence Mean: 198408.344 Dev: 51516.376
OMean Numerical Evidence Propartional to: Value: 198408.344
< = - - @ Mean () Domain () Progression Margins | Edit Constraints 11.77% 100000.0
S peCtru m 2 H Z Criterion Optimization P B e el 19.43% 150000.0
C Ma’.m."zam’" (O MinXEnt (@ Binary () Value Shift 29.04% 200000.0
X © ninzzen T 39.77% 250000.0
Suspensi Dampin O Target Vaiue [ orect effects \ J
Probailty 0.106 % S— o Wheel Mass
[ Take Into Account the Joint Probabiity |  Number of Kingdoms 5% | Mean: 29.434 Dev: 8.152
Weighting . | Population Size w)s Value: 29.434
i i Target Value 1 Crossover Rate (%) 1w . .
Suspension Sprirtg Rate 36 222/" 20.0
Joint Probability = Gene Mutation Rate (%) 255 3322(;" 30.0
Selection Rate (%) 50 5 30.56% 40.0
Fined Seed: s = =
Genetic Stop Criterion . Vehicle Mass
Consecutive Number of Generations Without Improvement 5k Mean: 521.584 Dev: 95.878
- Value: 521.584 (+0.000)
O ForEachingriom 5 64.21% 450.0
® Across ail Kingdoms 35.79% 650.0
Tire Spring Rate Power Spectrum — /
(@ Store the n Best Solutions in Evidence Scenarios 0}s
() Stare All the Solutions in Evidence Scenarios g
Save Al Generated Solutions Browse )
Cancel
~8e oo/l 80
| |
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Network Data Edit View Learning Inference Analysic Monitor Tools Window Help
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Associated graph 8xbl =
Joint Probability: 100.00%
Log-oss: 0
Cases: 1,444,896
Total Value: 209,401.825
Mean Value: 34,900.304 ry
~

Suspension Spri

Suspensi

Rate

Damg

O+

Tire Spring Rate

&

Power Spectrur

Tire Spring Rate
Mean: 198408.344 Dev: 51516.376
Value: 198408.344

N

[El Optimization Report of Power Spectrum (Associated graph 8) - [m] *
<=2
Initial State 4
Prior Probability 8
10.610% 1 6
‘ Search Method: Numerical Evidence Proportional to: Mean - Fix Probabilities (Binarﬂ| gz
Synthesis L v
Nodes ion Damping Spring Rate Tire Spring Rate ‘ Vehicle Mass Wheel Mass
Initial State 8,264.224 198,408 344 29 434
771
00.0
00.0
[Best Solutions 00.0
Suspension Damping | Suspension Spring Rate|Tire Spring Rate | Vehicle Mass | Wheel Mass | Score | Posterior Probability
0005 0518% (-10.092%)| [ )
0.005] 0.520% (-10.090%)
0005 0522% (10.0set)| [.319
0.005| 0.532% (-10.078%)
o0s| os46% (f0osar| 100.0
0.008) 0601% (10.000%)| )00.0
0,006 0.610% (-10.000%)| )000.0
0.006 0.645% (-9.965%) 0000
24 356 0.007 0.665% (-9.944%)

-

11.77% 100000.0
19.43% 150000.0
29.04% 200000.0
39.77% 250000.0

Wheel Mass

Mean: 29.434 Dev: 8.152

Value: 29.434
36.22% 20.0
33.22% 30.0
30.56% 40.0

=~

24356

0.008

0.797% (-9.813%)

Save As... Print

Vehicle Mass
Mean: 521.584 Dev. 95.878
Value: 521.584 (+0.000)

64.21% 450.0
35.79% 650.0

~EH ®
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[ Assodated... |
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Metwork Data Edit View Learning Inference Analysis Monitor Tools Window Help
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Associated graph 8xbl =
Joint Probability: 1.06%
Log-oss: 6.56
Cases: 15,283.15
Total Value: 255,486.495
Mean Value: 42,581.083 r 9
s N R
Power Spectrum Tire Spring Rate
Mean: 16.495 Dev: 23.274 Mean: 250000.000 Dev: 0.000
Value: 16.495 (+4.119) Value: 250000.000 (+51591.656)
0.52% <=2 0.00% 100000.0
2.23% <=4 0.00% 150000.0
9.61% <=8 0.00% 200000.0
39.07% <=16 100.00% 250000.0
Suspensioli Damping 42.91% <=32 \ J
G N , 4
>.66% 32 Wheel Mass
= =4 Mean: 20.000 Dev: 0.000
Suspension Damping 100.00% Value: 20.000 (-9.434) 20.0
Suspension Spring Rate heel Mass Mean: 3000.000 Dev: 0.000 . :
P P Value: 3000.000 (+834.138) 0.00% 30.0
0.00% 1000.0 0.00% 40.0
0.00% 2000.0 L
100.00% 3000.0 [ )

Vehicle Mass

' | lean 0igoerg
Suspension Spring Rate alue: . -71.
C)< O Mean: 2000.000 Dev: 0.000 100.00% 450.0

-

Value: 2000.000 (-6264.224) 0.00% 650.0
Tire Spring Rate Power Spectrum Vehicle Mass 100.00% 2000.0 . J
0.00% 5000.0
0.00% 10000.0
0.00% 15000.0
LY y

v
Saved Scenario from Optimization

. GA Score: 0.0051824
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Metwork Data Edit View Learning Inference Tools Window Help

ALDREEESD YEANSFa Al AAAX AU @ J@/ RPANQ * @@ SN T

R=n N

Introducing a Function Node

2F17?7=
Entropy(?Power Spectrum?)

Suspensioli Damping

Suspension Spri

Equation  Properties Cla:
pF1? =
Entropy(?Power Spectrum?)

Current value successfully generated: 2,584962500721156

O-

Tire Spring Rate

Samples: :l [7] Fixed Seed: E=| \ Validate

Inference Functions ~ Domain: [0.01, 50.17]
L@ Jointrob()
Lo @ OveralUtiity(
Loe Meanvalue(v)
L StDev(y)

L # MaxProbState(v)
# MaxProbIndex(v)
i @ StateProb(v, 5) v

= =N

F1

~=5|0

BV X

O . |




+12.dB — — — —

0dB — — — —

-12dB — —_— — —
32 64 128 256 512 1k 2k 4k 8k 16k
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Monitor  Tools

N 4

Window Help

AadevREwR SVE

1 Simulation Meta-Modeling\Associated graph 8.xbl

Ml AQAQAX X0V @ J@/ RS ANQAN 0@ OCONIOM

Associated graph 8xbl ==
Joint Probability: 100.00%
1 1=71 1 Eﬁ:‘:si:« 895
Maximizing the entropy to equalized S s .

the spectrum.

Suspension Spri

()

Suspensié Damping

Rate

Power Spectrum
Mean: 12.376 Dev: 19.272

()

Tire Spring Rate

Power Spectrum
i

F1

Option
{ Restrict Search to the Selected Nodes

- Output

(®) Replace Evidence Scenarios
(C) Append to Evidence Scenarios

[[] Use Node Long Name

[[] Use State Long Name

Distribution Estimation Method:
Fix Means () MinXEnt (@) Binary

Fix Probabilities () MinXEnt () Binary () Value Shift

Intermediate Points 100 |3
[ Direct Effects
~Search Stop Criteria
[] Maximum Size of Evidence 3

[ Minimum Joint Probabiity | 10 %

[[] Use the Automatic Stop Criterion

Cancel

Value: 12.376
10.61% <=2
4.77% <=4
13.73% <=8
44 .83% <=16
23.37% <=32
2.69% >32
L —y
Suspension Damping
heel Mass Mean: 2165.862 Dev: 801.771
Value: 2165.862
25.22% [l 1000.0
Greedy Optimization of Functions e
@% Functon - Search Method
@ Target |F1 (O Hard Evidence T
Value 10 Numerical Evidence Proportional to:
@®Mean (O)Domain  (7) Progression Margins | Edit Constraints

Tire Spring Rate
Mean: 198408.344 Dev: 51516.376
Value: 198408.344

11.77% 100000.0
19.43% 150000.0
29.04% 200000.0
39.77% 250000.0
Wheel Mass
Mean: 29.434 Dev: 8.152
Value: 29.434
36.22% 20.0
33.22% 30.0
30.56% 40.0
Vehicle Mass

Mean: 521.584 Dev: 95.878
Value: 521.584

64.21% 450.0
35.79% 650.0

~EH ®

BN

$[ Assodated ... |
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Associated graph 8xbl * =
Joint Probability: 100.00%
Log-oss: 0
Cases: 1,444,896
Total Value: 209,401.825
Mean Value: 34,900.304 r 9
s N R
Power Spectrum Tire Spring Rate
Mean: 12.376 Dev: 19.272 Mean: 198408.344 Dev: 51516.376
Value: 12.376 Value: 198408.344
10.61% © <=2 11.77% 100000.0
4.77% <=4 19.43% 150000.0
13.73% <=8 29.04% 200000.0
A 44.83% <=16 39.77% 250000.0
Suspensioli Damping 23.37% <=32 \ J
o N . =
2.69% 32 Wheel Mass
= =4 Mean: 29.434 Dev: 8.152
Suspension Damping 36.22% Value: 29.434 200
sSuspension Spri Rate heel Mass Mean: 2165.862 Dev: 801.771 . .
P P Value: 2165.862 33.22% 30.0
25 22% I 1000.0 30.56% 40.0
[E#] Greedy Optimization of Functions (Associated graph 8) — a X [0 %
0 [ Vehicle Mass
= Mean: 521.584 Dev: 95.878
)‘ S — _ i Value: 521.584
v ‘Search Method: Numerical Evidence Proportional to: Mean - Fix Mean (Binary) 1 9 6421 EA’ L 4500
. . T T, e R TS 35.79% 650.0
Tire Spring Rate Power SPectrum — Comment] | Pror TValuaean] Posteior T oor'vauuel i probabity
i A prioti 2.095 100.000%
i Tire Spring Rate 198,408.344| 198,408.344 2.294 11.765%
. Wheel Mass 29434 29.897 2.369 3.982%
! Suspension Spring Rale 8264.224| 8,506.708( 8306.931 2370 1.588%
! Vehicle Mass 521.584 528477 509.406 2.371 1.369%
| Suspension Damping 2165862 2102700 2425743 2344 0.759%
Print Save Scenario
F1

~EH ®
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Associated graph 8xbl * =
Joint Probability: 0.76%
Log-oss: 7.04
Cases: 10,969.06
Total value: 111,273.513
Mean Value: 18,545.585 r 9
s N R
Power Spectrum Tire Spring Rate
Mean: 11.433 Dev: 23.744 Mean: 100000.000 Dev: 0.000
Value: 11.433 (-0.943) Value: 100000.000 (-98408.344)
11.17% @ <=2 100.00% 1 100000.0
9.96% <=4 0.00% 150000.0
22.02% <=8 0.00% 200000.0
32.99% <=16 0.00% 250000.0
Suspensioli Damping 19.77% <=32 \ J
o N . =
4.09% 32 Wheel Mass
= < Mean: 20.000 Dev: 0.000
Suspension Damping 100,00% Value: 20.000 (-9.434) 20,0
sSuspension Spri Rate heel Mass Mean: 2425.743 Dev: 494.455 . .
P P Value: 2425.743 (+259.881) 0.00% 30.0

-

0.00% 1000.0 0.00% 40.0
57.43% 2000.0
42.57% 3000.0 [ )
Vehicle Mass

Mean: 509.406 Dev: 91.390

f - - ) Value: 509 406 (-12.178)
Suspension Spring Rate
.< \} >. Mean: 8306.931 Dev: 2366.192 70.30% 450.0
Value: 8306.931 (+42.707) 29.70% 650.0

-

Tire Spring Rate Power Spectrum Vehicle Mass 0.00% 2000.0
| 33.86% 5000.0
i 66.14% 10000.0
i 0.00% 15000.0
1 \
! (2.0953790371)
i
\ "

v
Saved Scenario from Optimization

F1
~5/e h = o

O 0




Bayesian Network Simulation

Using Entropy for “Equalization”

Power Spectrum Power Spectrum Power Spectrum

Mean: 12.376 Dev: 19.272 Mean: 11.433 Dev: 23.744 Mean: 13.626 Dev: 42.639

Value: 12.376 Value: 11.433 (-0.943) Value: 13.626 (+1.250)
16.67% <=2
16.67% : <=4
16.67% <=8
16.67% <=16
16.67% : <=32
16.67% >32

(2.0953790371) (2.0953790371)

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

Why Not a Neural Network?
* OK for response surface
modeling.

* However, it would be a
uninterpretable black box.

* No way to introduce domain
knowledge!

BayesialLab.com



Introducing Domain Knowledge

Tire Diameter
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Associated graph 8bxbl * =
Joint Probability: 100.00%
Log-oss: 0
. N Cases: 1,444,896
Introducing Domain Knowledge =&t
Mean Value: 34,900.304 F
s N 3

Suspensi

Suspension Sprirtg Rate

Damping

4 )

heel Nass

O+

Vehicle Mass

F1

Power Spectrum

\ Tire Spring Rate)

Power Spectrum
Mean: 12.376 Dev: 19.272
Value: 12.376

<=2

10.61%
4.77% <=4
13.73%
44.83%
23.37%
2.69%

AN

N

-

<=8
<=16
<=32
>32
Suspension Damping
Mean: 2165.862 Dewv: 801.771
Value: 2165.862
25.22% 1000.0
32.97% 2000.0
41.81%

3000.0

Suspension Spring Rate

Mean: 8264.224 Dev: 4967.319

Value: 8264.224
23.37% 2000.0
24.12% 5000.0
25.71% 10000.0
26.80%

15000.0

AR

N7

Vehicle Mass
Mean: 521.584 Dev. 95.878
Value: 521.584

64.21%
35.79%

450.0
650.0

Tire Spring Rate
Mean: 198408.344 Dev: 51516.376
Value: 198408.344

N

\

11.77% 100000.0
19.43% 150000.0
29.04% 200000.0
39.77% 250000.0

Wheel Mass

Mean: 29.434 Dev: 8.152

Value: 29.434
36.22% 20.0
33.22% 30.0
30.56% 40.0

=

|oo] [

4| Assodiated ..

oL
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Associated graph 8bxbl * =
Joint Probability: 100.00%
Log-oss: 0
Cases: 1,444,896
Total value: 209,401.825
Mean Value: 34,900.304 F
s N 3
Power Spectrum Tire Spring Rate
Mean: 12.376 Dev: 19.272 Mean: 198408.344 Dev: 51516.376
Value: 12.376 Value: 198408.344
10.61% © <=2 M.77% 100000.0
4.77% <=4 19.43% 150000.0
13.73% <=8 29.04% 200000.0
A 44 .83% <=16 39.77% 250000.0
Suspensioli Damping 23.37% <=32 \ J
o - r S\
2.69% 32 Wheel Mass
- =4 Mean: 29.434 Dev: 8.152
Suspension Damping 36.22% Value: 29.434 200
sSuspension Spri Rate heel Mass Mean: 2165.862 Dewv: 801.771 . .
P P Value: 2165.862 33.22% 30.0
25.22% 1000.0 30.56% 40.0
32.97% 2000.0 \
Greedy Optimization of Functions
@% Function - Search Method
O‘ @ Target |F1 » (O Hard Evidence
\r/ Value 10 Mumerical Evidence Proportional to:
Vehicle M P S. ¢ Ti Sori i 5 @ Mean (O Doman () Progression Margins | Edit Constraints
€hicle ass ower 'pec rum ire prlng "REShIﬂSEErd’\tﬂﬂ1ESE|EEtEdN0dES Distribution Estimation Method:
H Fix Means () Min¥Ent (@) Binary
} _;‘zi;am I Fix Probabilities (O) MinXEnt () Binary () Value Shift
i e Intermediate Points 100 %
! [[] Use Mode Long Name L] Diect Effect=
| - Search Stop Criteria
e [] Maximum Size of Evidence 3
] Minimum Joint Probability 03
[ Use the Automatic Stop Criterion
F1 ==

~EH ®

o/ la I B

[ Assodated... |
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Associated graph 8bxbl * =
Joint Probability: 100.00%
Log-oss: 0
Cases: 1,444,896
Total Value: 209,401.825
Mean Value: 34,900.304 r 9
s N R
Power Spectrum Tire Spring Rate
Mean: 12.376 Dev: 19.272 Mean: 198408.344 Dev: 51516.376
Value: 12.376 Value: 198408.344
10.61% © <=2 11.77% 100000.0
4.77% <=4 19.43% 150000.0
13.73% <=8 29.04% 200000.0
A 44.83% <=16 39.77% 250000.0
Suspensioli Damping 23.37% <=32 \ J
G N ( 4
2.69% 32 Wheel Mass
= < \I\felan: %gﬁgi Dev: 8.152
Suspension Damping o, paue: 9.
sSuspension Spri Rate heel Mass Mean: 2165.862 Dev: 801.771 36.22% 20.0
P P Value: 2165.862 33.22% 30.0
25.22% 1000.0 30.56% 40.0
32.97% 2000.0 L
41.81%
[£#] Greedy Optimization of Functions (Assaciated graph k) - m} ®

Analysis Context|
‘ v No Observation

. H . . Search Method: Numerical Evidence Proportional to: Mean - Fix Mean (Binary)
Vehicle Mass Power Spectrum Tire Spring | ‘
! Greedy Optimization of Functions: F1

} Node Comment|, PioY |Valueilean) Postelor | £nction Value Joint Probability

i A priori 2.085 100.000%

i Vehicle Mass 521584 521584 2175 35.792%

. Suspension Spring Rate 8264224 83969382 2203 9.913%

| Wheel Mass 20.434 29.527 2223 3.545%

Suspension Damping 2165862 2,079.270 960 2187 2.245%

Save As... Print Save Scenario
“~E= ®

$[ Assodated ... |
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L




[£7] BayesiaLab - C:\Users\StefanConrady\OneDrive - Bayesia USA\Presentations\2019-02-21 Simulation Meta-Modeling\Associated graph 8b.xbl

Metwork Data Edit View Learning Inference Analysis Monitos

v Tools Window Help

ALDREEES D
QAaQevNwESVE

yvEAM €M

QAQAX A0V @S0/ /Rn®aANAN 0@ OO

Associated graph 8baxbl *

fo-[@- o

Suspension Sprirtg Rate

Suspensi

Damping

heel

O+

Vehicle Mass

Power Spectrum
i

F1

ass

Tire Spring Rate

Joint Probability: 2.24%

Log-oss: 5.48

Cases: 32,435.59

Total Value: 216,157.956
Mean Value: 35,026.326

=

i d

Power Spectrum
Mean: 13.847 Dev: 23.512
Value: 13.847 (+1.471)

®<=2

10.06%
5.66% <=4
11.35%
35.51%
32.80%
4.63%

N

<=8
<=16
<=32
Suspension Damping
Mean: 2603.960 Dev: 489.073
Value: 2603.960 (+438.099)

>32
0.00% 1000.0
39.60% 2000.0
60.40% 3000.0

-

AN

Suspension Spring Rate
Mean: 15000.000 Dev: 0.000
Value: 15000.000 (+6735.776)

0.00% 2000.0

0.00% 5000.0

0.00% 10000.0
100.00% 15000.0

AR

N7

Vehicle Mass
Mean: 650.000 Dev: 0.000
Value: 650.000 (+128.416)

0.00% 450.0
100.00% 650.0

Tire Spring Rate
Mean: 197870.149 Dev: 51699.159
Value: 197870.149 (-538.196)

100.00%
0.00%
0.00%

12.02% 100000.0

19.61% 150000.0

28.98% 200000.0

39.39% 250000.0
Wheel Mass

Mean: 20.000 Dev: 0.000
Value; 20.000 (-9.434)
20.0

30.0
40.0

(2.0953790371)

~EH ®

Function: F1 Value:

s E 8

[ Assodated... |
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Susper

Suspension Sprirtg Rate

O+

Tire Spring Rate

Powe

~EH ®

[B7] WebSimulatar Editor

[ Avaiable Nodes

'Suspension Damping
\Suspension Spring Rate
[Tire Spring Rate

Wheel Mass

\Vehicle Mass

Power Spectrum

F1

[ Available Metrics

Joint Probability
Log Loss

o x
* -
Simulator  Inputs  Outputs : [ﬂ]
Suspension Damping Mean
Suspension Spring Rate Mean
_ [o [ (e
Wheel Mass Mean
Vehicle Mass Mean
'y
Suspension Damping
Mean: 2165.862 Dev: 801.771
Value: 2165.862
Yo 1000.0
) 2000.0
P 3000.0
Displayed Name Tire Spring Rate (N/m) ~ Wheel Mass
Longrame || @) Mean: 29.434 Dev: 8.152
Value: 29.434
Input Type (O sider (O Text (@ Both 2% 20.0
Mean Mode (® Binary () MinXEnt Do 30.0
D,
Font Color l:l O @ 4 400
AR ® Vehicle Mass
] Mean: 521.584 Dev: 95.878
AEEREE Value: 521.584
Yo 450.0
Number Qutput Format -
@ o = 650.0
==E=EE EkE | EE)| P - ee B /
Paragraph = ~ || 12pt - B||I|U|T
Description
v |® .
< >

Cancel Preview

oo/ la B

.| Assodiated ... Associated ... Associated ...




Quarter Vehicle Simulator

Bayesia Simulator

Suspension Damping (Ns/m) Suspension Spring Rate (N/m) Power Spectrum (G2/Hz) Entropy of Power Spectrum

ﬂ W 16.67
=]

— — - 16.67

<=8 Wl 16.67 L

2,000 8,500 & ' L)

M 16.67

o L-} ‘e
= > Il 16.67
M 16.67

Tire Spring Rate (N/m) Wheel Mass (kg)

175,000

Quarter Vehicle Mass (kg)
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Bayesia Simulator

Models

1} Conversion Rate Optimization 1i} Market mix optimization 1t network ) network il Marketing Mix Modelling - Sales 1} Conversion rate optimization
& =r-y - et i
o 1
i e
&
Transformative intelligence AR

3
1it World Cup 2018 - Group C Stage Matches 1l #0bservations/CPT Size [# Predict your PISA scores 1i} Boreal Caribou Habitat-Disturbance Mod...
©
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»
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BayesialLab WebSimulator

Infrastructure s = N
{\‘% Private WebSimulator Accounts

4’ 8 Cooo

/ E’ ’

= {5
L1
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BayesiaLab Courses Around the World in 2019

* February 27-28 * May 13-15
Dubai, UAE Sydney, Australia Ewi M=y
- March 19-21 - May 21-23 PSR- ek
Washington, D.C. Paris, France i
« April 2-4 - June 12-14 S savesiaas
Amsterdam, Netherlands Seattle, WA Introductory
Course
* May 8-10
Singapore m

Learn More & Register: bayesia.com/events
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Bayesialab Trial

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

s
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User Forum: bayesia.com/community

BAYESIALAD

BayesiaLab Software Bayesian Networks User Guide & Library  User Forum BayesialLab Store  Courses & Events Learning Resources News Feed About

Q This Category ~ Seal Log In

Register

BayesiaLab Seminars

Latest New Top

Webinar on Diagnostic Decision Support with Bayesian Networks ©0 b0 ® 0
B - ninute ago by stefanconrady: The answers to all webinar questions will be posted here. Started by stefanconrady a minute ago
@ English »

BayesialLab.com
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Thank You!

E stefan.conrady@bayesia.us u BayesianNetwork
m linkedin.com/in/stefanconrady n facebook.com/bayesia
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