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Sandia Statistical Sciences Mission .

= Sandia Statistics Mission: Team with Sandia groups and projects to assist with
statistical challenges

= Promote optimization of Sandia product and process performance through application of
statistical methods aimed at improving data collection, analysis, and communication of
results

= Statistics is a foundational capability for a National Laboratory

= There are many opportunities to advance the field of statistics, apply statistical methods
more broadly in the engineering sciences, and team better to improve product quality

= The discipline of statistics has two main dependent focus areas:
1. Making data make sense (planning and design of statistical studies)
2. Making sense out of data (analysis of data and communication of results)

= Primary areas of statistical expertise provided by the group are:

= Design of experiments, sampling and test = Bayesian Statistics
plans, and sample size calculations = Probabilistic modeling and computer
= Statistical quality control simulation
= Statistical reliability and maintainability = Spatial data analysis
= Margin and uncertainty analyses = Signal processing
= Measurement error, repeatability, and = Causal Inference
reproducibility plans and analysis = Statistical computing



Statistics Work at Sandia ) .,

= Statistics is a foundational capability across all Sandia mission areas

= Customer interaction and teaming is critical to our success

= We work with our customers to:
= |dentify project objectives and requirements
= Determine a technical approach based on the unique circumstances of the project
= Perform the work based on a customized approach
= Review the results and assist with communication

" Current Staff 7 Mission Areas
= 11 full-time statisticians (4 MS, 7 PhDs)
. Reduce Global .

= 2 year round MS level interns Chemical & Sﬁ::al::; gle secr:‘e::;;gace

Bt;ologlcal Energy Future Innovations

angers
r FACILITIES & TOQLS
Global Nuclear p—_
Synergistic
| ’ Assurance & Cyberspace
CAPABILITIES Security Defense Products

SANDIA

STATISTICAL SCIENCES RESEARCH

PEOPLE
Nuclear Weapons

Plan. Analyze. Inform.




.’ All Life Cycle Activities Benefit from Statistical Rigor

Sandia
rI1 National
Laboratories

Concept/
o Development Qualification Production

Feasibility

 Critical Parameter < Design Margin * Design of test * Process Capability -
|dentification based on test data plans to / Characterization

* Initial Design + Performance, Input, = demonstrate + Statistical Process -
Margin based on and Environmental requirements are Control planning &
models Margin evaluation met implementation

+ Design  Design of * Analysis of * Determination of
Characterization Experiments qualification data production .

+ Design of « Sample size * Analysis of early specifications
Experiments calculations production * Lot Acceptance .

* Mod/Sim + Sensitivity analyses  process data test planning
optimization * Measurement * Fusion of * Production data

+ Statistical design uncertainty / tester information to reviews
of computer R&R analyses inform production * Statistical analysis
experiments  Statistics support for readiness for anomalies

reliability assurance

Development of shelf
life sample plans
System and
Component Data
Reviews

Aging trends

Tester Correlation
Studies

Design of
Experiments / Data
Analysis needed for
special investigations
Statistical analysis
for anomalies

Multiple large scale development programs create a growing
need for statistics support




Objectives for Qualification rh)

= Qualification is a planned set of evaluation activities to assure design
intent and customer requirements are met

= Key design attributes that must be evaluated are

= Robustness: The design is such that there is a demonstrated significant
performance margin between the product requirements and the product
performance

= Reliable: The design provides for an acceptable probability that the item will
perform a required function under stated conditions for a stated period of time

Analysis Methodologies

Design Testand
Standards Measurement
Standards
A\ 4 A 4
Customer Requ%rements — Controls .
Performance Requirements — ; [ Selected Design
Structural Requirements — ~§ D.eSIgn. g — Design Definition
Environmental Requirements—>1S Vertfication s ) . )
Conceptual Studies — — Design Characterization Evidence
Conceptual Design(s)—> Mechanisms

A A A A

Testing Facilities

Product Realization Team (PRT)
Specialty Team Members

Computational Simulation

-



Component Unreliability Contributors (&),
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Quality defect — component did not meet
design intent and is not capable of
functioning properly in all design basis
environments

Quality defect is a type of unreliability:
Component did not function properly

Quality defects are often assembly errors,
workmanship problems, mistakes, etc.
caused by design or production problems

>

PR mean

Frequency
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Perférmance Parameter
F(PR)

Margin Insufficiency: component did not have

sufficient performance capability above a
required level to compensate for uncertainty

Margin insufficiency is a type of unreliability:
Component functioned but didn’t meet
requirements

A good design has adequate margin if the
component works with expected production
and environmental variations




Component Reliability Model &

Component reliability

= Prob (no failure due to * Prob (no failure due to low margin,
quality defects) given no quality defects)
= {1-P} * {1-F(PR)}

Included in model

Always in model if needed

Margin studies identify and quantify
margin insufficiency terms




Benefits of Margin Analysis )

= |mproved understanding of product
= Performance impacts due to margin insufficiency

= What behavior is expected (baseline)

= Performance margin, stability over time

= Motivates in-depth review of failure mechanisms

= Motivates thinking about what data may be needed

= |mproved understanding of test programs

= Motivates in-depth review of tester, analysis, and monitoring points and
their impact on data

= Motivates thinking about what data may be available

= |mproved opportunity to detect defects

= Margin analyses allow for detection of trends before they affect
performance




Typical Requirements Space )

A

Not all functional performance requirements are met

All functional performance requirements are met
Upper Input

Requirement

Input/Environment Requirement
State Space

All functional performance
requirements must be met
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Laboratories

Goals for Product Qualification ) i

Output Performance

Not all output requirements met

LL' Uf All output requirements met
u Input and Environmental Margin are
r S evaluated outside of the Requirement Space
Requirement
Input/Environment Requirement ﬁ
Functional Performance
State Space Minimum
: : Environmental
® é Performance ..M’a.rgin is Margin
-ls : : evaluated within the
o - - Requirement Space
E I Output Performance
Nominal _
Performance Margin All output requirements must be met
Lower Input ‘ﬁ,/\
Reguirement : ;
— I - I w uL
I Minimum ‘ | Minimum
Input Margin Performance Margin
I s I =
Qutput Performance | 5 g I 5 g
1 E5 | ES
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Challenges for Qualification

Sandia
National
Laboratories

m

Statistical Challenges:
= How / where to test across this
multi-dimensional space

= Balance between testing inside and
beyond the requirements space

= How to evaluate performance at
each test point in the space

= Balance between binary (pass/fail)
and continuous performance data

= |nputs and Environmental severity
may not be scalar

Additional Considerations:

Inputs

nts are met

Not all i perfc

All functional performance requirements are met

Input and Environmental Margin are

Ungsqinpug evaluated outside of the Requirement Space

Requirement

Input/Environment Requirement
State Space

Performance Margin is
evaluated within the
Requirement Space

—

Environmental
Margin

Performance Margin

All functional performance
requirements must be met

t.’nput Margin

Lower Input
Requirement

Environmental
Requirement
Environmental
Requirement

Lower
Upper

Environmental Conditions

=  Worst case environments and inputs may be unknown
= Computational models and engineering judgment is often leveraged to inform assumptions

= Test facilities may not be capable of achieving all points in the requirements space
(or too far beyond the requirement space)

= Often results in censored data

= Challenges are exacerbated when resources (both assets and test time) are limited

1

1



Evaluating Margin ) e,

Component
2 Environmental Required
equirement

1 Evaluate Component

Performance at other Maximum * Environmental Requirements
ronmental conditions Environment for
Successful Evaluate Component

System Function | 2. pgformance Margin

Degraded 3 Evaluate Component
Performance at " Environmental Margin

------------- Environment past
requirements
g = o o e | - e e ——_l Component
! | Requirement
s 4
\\ Distribution of Evaluated if Possible
jiribution of Failures due to Evaluate Component

/ fom railures Environmental | 4 Performance as a

ue to Deg function of Environments

‘ raded rity
Performance
5 ; @ / :
Evaluate Component /
. i 5. System Performance
Environmental Margi Threshold Distribution

Operational Environment 3

nvironmental Severity

Minimum Performand
for Successful Syste
Function

. 1

1

Component Response / Performance
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m o o ° Sandia
Characterization of System Environments ) paorr

= A key part of system development and qualification is the
characterization of the environments associated with system

deployment
= We have developed methods to construct tolerance bounds for the
Acceleration Spectral Density (ASD), which is a measure of the vibration
environment
= Thereis a large predictable effect of dynamic pressure (Q), therefore the

ensemble of ASDs are normalized to a target value of Q — which can then be
used to construct an upper tolerance bound for the targeted conditions

Raw Spectra Adjusted Spectra
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Parametric Bootstrap Approach )

= The method used to derive the tolerance bound relies on a “parametric bootstrap”
variant of the general bootstrap procedure

= Jtis assumed that an appropriate basis set has been determined such that p latent
variables are sufficient to adequately represent the spectral variation

= This method is based on a principal-components decomposition of an appropriate set of spectra where we
project the log-transformed high-dimensional spectral data onto a smaller dimensional orthogonal space
(defined by latent variables) which facilitates analysis.

= At each of B iterations, plausible values for Tolerance Bound on Adjusted Spectra
the true (unknown) parameters of assumed ; | '
normal distributions (o}, and uy) are
simulated
* The (1-a) percentile for the /" bootstrap
iteration is
Pll;oot(j) = 17bioot(j) t2Ziq- Sll;oot(j)r
= ¥, and St are functions of the simulated
oy and yy,

Amplitude

* The y-percentile of the values within
{P,o:()}iz1.p is the y-level upper confidence
bound for the (1-a) percentile of the jt spectral

channel. Frequency (Hz)

99/90 Par Tol Bound
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Conceptual Framework for Performance Margins L fr

U ricieeld ibdyfor thance Uncertainty in the low :
_ _ Confidence Factor
Pedaimaemaet (PR) end of the operating CF = M/U
threshold %’2) range (U;)
A PN > .
11 I Nominal
” o ' Design Point

1| |
E Performance : : : /
E Thrgshqld . : | Performance
b= Distribution I I Characteristic
§ <—+—+—— Margin (M) : Distribution
> 1| |
5 11 I
s 1| |
S 11 !
o (I |

1| |

| | . S

Best estimate of the — Performance Characteristicor ~ <« Designed
minimum value required Metric Value Operating
for successful system Range
performance




m . . . Sandia
Statistical Framework for Performance Margin 1 ..

= Are we YY% confident that at-least XX% of the unit population will
yield a response greater than the performance requirement PR?

= _ Functional Performance — .
Qxx,yy is the YY% Distribution Oy is the best estimate of
confidence bound on Qyy ~ ~ performance that XX% of
(statistical tolerance bound) Qxxyy @xx ,u the units meet (are above)
PR Nominal
Design Point

Performance Margin

XX% of the unit

population

I
|\
I

: YY % confidence
I

|

Key Performance Parameter

= Statistical Challenges:

= Estimation of a parametric distribution requires unverifiable assumptions
= Traditional goodness-of-fit tests are inadequate
= Quantile estimates require extrapolation outside of observable data




Sample Size Considerations rh)

= How many samples do | need to demonstrate the performance
characteristic has sufficient margin to requirements with a high
probability, provided the true underlying distribution has
positive margin?

= Smaller sample sizes create more risk of not being able to
make high confidence statements

(0.99, 0.95) Tolerance Bound Estimate (0.99, 0.95) Tolerance Bound Estimate
Based on a Sample of Size 15 UPR Based on a Sample of Size 15 UPR
] T [] T
Mean 5.053 : 1 Mean 5.019 I
StDev 0.2608 i (- StDev 0.2155 i i 1
N 15 i (I N 15 227N i : 1
i 1 < kY i I
oM s \ ; M ,
- ®, L]
Koe s i —> E ,‘ /‘\\\ E H
¢ &, 1 I * 1 1 |
A\ : | N : P
'/ Q\ : | : l, \‘ 1 1 |
V4 N 1 ] (] “ I
/ " \‘ 1 I 1 L (N
K . i i f; |
) 8 : U : 4 |
4 L3 1 ]
’ S H ' ¢ |
J/ \‘ ' E I a 1 ’ |
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Q0.99 Q .99,0.95 Q0.99 Q0.99,0.95




Sandia

e .
Choose a Sample Size that Provides Acceptable Risk ) ls

= “How many samples do | need to demonstrate the performance
characteristic has sufficient margin to requirements with a high probability,
provided the true underlying distribution has positive margin?”

= Mathematically, we want Prob(Qm, < UPR) = B «—_| Setto achieve a
tolerable level of risk

Probability vs. Sample Size
15 31

-------------------------------------- 0.9

----------------------- 0.585

Prob(Q,, < UPR)

e sssssesesesesseseeesh scoseeeeee

T
0 10 20 30 40 50




Generating Sample Size Curves

Sandia
National
Laboratories

= Curves are generated via Monte
Carlo Simulation

= Repeat steps below S times

= Sampling Step: Draw a sample of
size n from the distribution f(x)
that has a margin =M

=  Estimation Step: Estimate a (p,v)
upper tolerance bound Qp.y

=  Comparison Step: Compare the
estimated upper tolerance Qp.y to
UPR and record if Q,,, < UPR
(i.e.lety; = 1if Qp.y < UPR
and y; = 0 otherwise)

"  Estimate the probability of Q,,,
not exceeding UPR by
= Prob(Q,, <UPR) =
(# of times Q,, < UPR)/S =
iq=1 yi /S

= Recommend smallest sample
size that achieves
Prob(Q,, < UPR) > 0.80

Probability vs. Sample Size

(0.99, 0.95) Tolerance Bound

1.0+

o o o
B (o)) o]
l | |

|

Prob(Q,, < UPR)

o
N
|

0.50
0.75
1.00
125
1.50
2.00
2.50
3.00

Scaled Margin (M /o)

4.00
5.00

=6.5

0.0

10 13 20 30
Sample Size (n)

40 50

p=0.99,y =0.95
Minimum sample size for
Prob(Q,, < UPR) > 0.80
110
55
34
24
19
13

| 25 |
3.0 |
| 35 |
| 40 |
| 50 |

Minimum sample size for
Prob(Q,, < UPR) > 0.80
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m . . Sandia
A More Informative Margin Framework )t

Histogram of Performance Characteristic

Characterization of a Threshold

I
I
/I/ Distribution provides more
| information for the margin framework

=
o
= ] 1 I Statistical Challenge: Estimation of the
F I I threshold distribution requires system
& I [ level testing or additional information
& | I I | about component interfaces
Z ' | |
5 ' = >l
s : ! M : _
E K> : S—a AT
] | )
b
1

AR

Performance Characteristic

Graphical Depiction of a Margin Analysis with Overlapping Distributions
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il ] Statistical Framework: Environmental Analogue )i

= Are we YY% confident that at-least XX% of the unit population
failures will be in an environment more severe than the maximum
required environment ER?

QXX,YY iS the YY% R Component Failure QXX iS the beSt estimate Of the
confide_nce bound on Qxx R ~ Distribution minimum environmental severity
(statistical tolerance bound) Qxxyy Qxx that XX% of the units will begin to

. fail at (environmental threshold)
ER I

Environmental Margin |

1<
N

U XX% of the unit

I

I

I

| .

, YY % confidence population
I

|

7z

Environmental Severity

= Statistical Challenges:

= Estimation of the component failure distribution with limited binary data
= Highly robust components often lead to multiple censored observation
= Environmental severity is often a functional variable



Need for a Scalar Severity Metric rh)

= Many common tasks rely on assessment of environmental

severity
* Existing tools struggle to answer the question in a meaningful way.

* New tools are needed to provide a rigorous answer

Which test is more severe?

Current Requirement
Margin Test

Curmrent Requirement
| = Margin Test

MMAA 5% (g)

__________

.............

__________

Natural Frequency (Hz) Frequency (Hz)




p . . . Sandia
Energy Analysis — Mechanical Environments i) dens_

Relative energies

" =355Hz,C =0.05

= Most important characteristics of
energy-based analysis:
= Scalar margin estimates

= C(Closely related to accepted material failure
criteria

= Accounts for multiple exposures and
duration

= Can be used to generate scalar estimates of
margin for complex spectra

. . : R AL .
= Can characterize failures of different types ~ E; = —I{z} [M]{xg bt
= Peak strain energy — first passage type

Energy (ft-Ib)

(S R

:
g
:
8

0.012

Total Input Energy

failures
Dissipated E Absorbed E
= Total energy — fatigue type failures issipated Tnergy Sorbe ;ergy
= Kinetic energy — electrical contact E, = I{Z} [C]{Z}df E, = I{Z} {fs }df
intermittency o _
= Hysteretic energy — plastic failure K'”et'i Energy Strain Energy
R_Lhr . T
Eyg = 2{2} [M ]z} E, =I{Z} [K]{Z}dl‘
Energy metrics have quickly Energy balance:
become an indispensible tool for Ey+Ep+E =E,

environmental margin analyses




Summary ) i

Laboratories

= Evaluating component margins is a key task for system qualification

Performance, Input, and Environmental margins all must be evaluated
= There are many statistical challenges in assessing these margins

= The statistical sciences group at Sandia is leading the development and

evaluation of novel statistical approaches to the design and analysis of
margin testing
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