\/ Front End Analytics (FEA)
l Delivering Business Advantage

DEMOCRATIZING A MULTIVARIATE STATISTICAL
MODEL VALIDATION METHOD THROUGH AN
INTELLIGENT FIT-FOR-PURPOSE APP

Jeff Sundermeyer
Senior Engineering Specialist
Advanced Virtual Product Development
Caterpillar Inc

Juan F. Betts Mark A. Walker
Managing Director Technical Director
Front End Analytics LLC Front End Analytics LLC

2016 NAFEMS AMERICA CONFERENCE
JUNE 7TH, 2016




DELIVERING BUSINESS ADVANTAGE

COMPANY OVERVIEW

FRONT END ANALYTICS: www.feasol.com

' Front End Analytics (FEA)

Delivering Business Advantage

Powering Innovation through
¢ e e ) Simulation Services and Software
@i’tﬁ. Statistical Model Validation b

| Emtmmus vgrod  Rebrecs ipmn = sberion e wben

[N ——

cn ol et

Erser validation Sast parameters badow

Advanced Analytical Capabilities

$Fea Intelligent Ball Bearing Design w

Intelligent Fit-for-Purpose Apps

Front End Analytics LLC

Driving Enterprise Impact by
Democratizing Experts’ Models

Delivering Business Advantage through
Detailed Industry Experience

Ohptimization Model

Fimite Elamnant lSodsl " Topslogy OpSimisation
Q‘!“"‘-ﬂ_x -
Iniinl Dawign ,-—"---- Ty =
Space Geometry 2

C/:‘];"’/ \*ﬂ”‘"i‘:a,wp

Complex

= Optimized Design | =
Numerical bt ﬂ )
Modeling Shaps OpEmizian

Advanced Optimization Technologies

Front End Analytics (FEA)
Delivering Business Advantage

ag

Caterpillar Non-Confidential

+1.617.517.9743

CATERPILLAR'


http://www.feasol.com/

COMPANY OVERVIEW

INTELLIGENT DEMOCRATIZATION

DELIVERING BUSINESS ADVANTAGE

Intelligent fit-for-purpose applications embed expert knowledge enabling non-expert users the
ability to perform complex engineering workflows that traditionally only experts could complete.

Intelligent Apps features include:

1) Leverage the company’s existing intellectual property
(knowhow, methods, toolset, previous designs, etc.)

2) Work across a wide range of design changes and
product families

3) Speak the language of the intended user and prevent
non-expert users from creating invalid designs

4) Automate an entire workflow (i.e. should work for
both CAD creation as well as analysis automation)

5) Can be employed for different levels of model

abstraction (i.e. from 1D functional-centric to 3D CAD
and FEA/CFD computational analysis).

Front End Analytics (FEA)
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Engineering for Everyone

Intelligent web-enabled applications (Smart Apps) allow everyone in your organization

to safely create product designs.
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DELIVERING BUSINESS ADVANTAGE

METHODOLOGY

ARE WE FROM THE SAME FAMILY?

Front End Analytics (FEA)
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METHODOLOGY

WEAK TEST — ONE VS. MANY
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DELIVERING BUSINESS ADVANTAGE

METHODOLOGY
WEAK TEST — EQUIVALENCE OF MEAN

A. Compute Fourier Coefficients (Candidate/Reference)

N

Aroi 2nnt . [2nnt
xpi(t) = > + E [a;nicoS T + byp; Sin T ]
ri ri

n=1

Compute means and standard deviations
Compute reference covariance matrix

. Invert reference covariance matrix
Assess Hotelling’s T2 distribution

(YCand - yref)Tsref_l(YCand - yref)"'T;?,nref—l

Map to F distribution

(Nret — P) 2
p(nref - 1) Plrer—1

G. Get P-value of F distribution
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METHODOLOGY

STRONG TEST — MANY VS. MANY
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DELIVERING BUSINESS ADVANTAGE

METHODOLOGY
STRONG TEST- EQUIVALENCE OF MEAN

A. Same as A & B in Weak Test
B. Compute pooled covariance matrix

1

= —1)S,¢+ —1)S
Tret + Neand [(Mref )Sref + (Mcand )Scandl

Spl

O

Invert pooled covariance matrix
. Assess Hotelling’s T2 distribution
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E. Map to F distribution
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METHODOLOGY
STRONG TEST- EQUIVALENCE OF VARIANCE
A. Calculate M-statistic for M-test

_ |Srefl (ref=1)/2 |Scandl (Ncanda—1)/2

|Spl|

M

(MreftNcand—2)/2

B. Calculate c1 coefficient

1o, 1 1 2p2+3p—1
c4 = —
! Nyef — 1 Ncand — 1 Ncand + Nyef — 2 6(p + 1)

C. Calculate u for p-value lookup

u=-2(1-c)In(M)~x* [p(p + 1)/2]

D. Get P-value from Chi-squared distribution
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STATISTICAL MODEL VALIDATION
SEE IF TEST PASSES ON KNOWN DATA

VPR

ORIGINAL DATA

Random noise: 0%, Time delay: 0.0s, Offset: 0

Candidate #5 shown, with 20-term fitted curve
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Statistical Fit
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DELIVERING BUSINESS ADVANTAGE

STATISTICAL MODEL VALIDATION
ADDING 60% NOISE AND SHIFTING CANDIDATE SIGNAL BY 1S
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DELIVERING BUSINESS ADVANTAGE

STATISTICAL MODEL VALIDATION
MORE COMPLEX CASES

Candidate and fitted curve (8 terms)
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DELIVERING BUSINESS ADVANTAGE

STATISTICAL MODEL VALIDATION
MORE COMPLEX CASES

. Candidate and fitted curve (10 terms)
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DELIVERING BUSINESS ADVANTAGE

STATISTICAL MODEL VALIDATION peareponiag:
MORE COMPLEX CASES
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DEMOCRATIZATION

WORKFLOW

Auto-selected/ user input

User

ne or more

Exclude

DC term*

Comparative

Evaluation

candidates?

Multiple

Y

type?

Absolute

Include

Energy or

sequential?

DC term

DELIVERING BUSINESS ADVANTAGE

User

input
Threshold

(5% default)

@ Pass, show
minimum

p-value &

report

Conditioned

“| matrix check

Normal
elements

User

Fourier term
assessment,
normality filter

N

input
Ca%didate

signal(s)

Experimental

reference data
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METHODOLOGY

VALIDATION

DEMOCRATIZATION

| CONCLUSIONS ]
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CONCLUSIONS

SUMMARY FUTURE WORK

Manual time histories = Automated routine that
alignment no longer necessary

= Consistent and user- automatically improves
independent results are numerical models to pass
obtained hypothesis testing validation

" Greater method adoption due

to streamlined workflow and =  QOther multivariate problems:

embedded expert knowledge e.g. inverse problem, load
in the tool. uncertainty, predictive
= Use of multivariate statistical maintenance, loT, etc.

approach reduces exposure to
Type | and Il error

= Power of the hypothesis test
can be “tuned” to the specific
problem being validated
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