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Exceptional service in the national interest

Then....

July 1945: Los Alamos creates
Z Division

e A

- Non-nuclear component
engineering

. November 1, 1949: Sandia
Laboratory established
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! Core mission in Non-nuclear components of
Nuclear Weapons

Addressing the nation’s most challenging
National Security problems
USS lowa (1989)
TWA Flight 800 Accident (1997)
Post 9/11 Vulnerability Studies (2001)
Columbia Space Shuttle Accident (2003)
[-35W bridge collapse in Minneapolis (2007)
BP Deepwater Horizon Qil Spill Accident (2010)
— Aircraft Vulnerability (2013)
Waste Isolation Plant Leak (2014) nlimited Release
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My background...
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(1) Gauss Law

(2) Gauss Law for magnetism

(3) Faraday's Law

(4] Ampére-Maxwell Law




But that’s ok... )

Credible Simulation
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CYBER STORM The 60-kilometer-wide swirling thunderstorm in this simulation spawned the first digitally created long-lived EF5
tornado (bottom, right-center). The 700-meter-wide virtual twister may reveal why some real-life tornadoes linger.

David Bock (University of lllinois at Urbana-Champaign), Leigh Orf (University of Wisconsin), Robert R. Sisneros (University of lllinois
at Urbana-Champaign
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But let’s begin by discussing the source of such
comparisons, simulation




Two primary types of Simulation upon
which we rely:

Physical simulation (PhysSim).",

:< Computational simulation (CompSim) ?<




. . . . Sandia
Quantitative ways of measuring differences L

Euclidian Norm: ||x||=,/;xf

p-Norm: lzll, = (22l + 2al” + -+ 2al?)F

Maximum Norm: el = max{ail.jsal..... |z} MATRIN ANALYSIS

a1

However, computational simulation has A0GER A HORN

A ND

introduced new, less rigorous norms... e i




The Viewgraph Norm ) i,
(AKA The Eyeball Norm)

Laboratories




The Beauty Contest Norm .
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2-D r-z shell implosion
calculation.

Experimental spectroscopic image
of Z-pinch liner stagnation.
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Let’s make one thing clear ) .

We never rely on any CompSim alone for supporting any decision

Rather, we have at least three pillars we use for evidence at the system
and/or component levels:

= Physical Simulation
= Field/Flight Tests
= Lab Tests
= Computational Simulation
= Expert Judgment
= Subject Matter Experts
= Peer Reviews
= |ndependent Reviews




“Siri are you a simulation”
tap to edit

| can't answer that.

Sim
Lati

1.

2
3
4.
5
6

ulation: from the
n simulare:

counterfeit or fake
. feint

. Imitate, copy

look like

. pretend (to have/be)
. Simulate
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...by definition, then, a simulation is wrong

But, saying it is wrong is useless, knowing why it is
wrong is the point...

or put positively:

Why is your simulation accurate or useful?




Credibility:

The quality, capability, or power to elicit belief
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Are we ready for the challenge?

If called upon, how do we
defend our results?

What evidence is necessary
to support our claims?

It depends on the questions
being answered by the
decision maker using the
simulation results...

...AND the risk associated
with the decision being S —
wrong

Courtesy of Walt Witkowski, Sandia, 2016 15




Let us start at the beginning... ) i
(the beginning of ASC at DOE/NNSA, that is)

Advanced Simulation & Computing (ASC):

The purpose of computing is to provide

“high-performance, full-system, high-fidelity-physics predictive

codes to support weapon assessments, renewal process analyses,
accident analyses, and certification.”

(DOE/DP-99-000010592)




There’s a new word in here: predictive i i,
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(I don’t really want to look up another definition)

So, we’re supposed to be doing predictive Computational
Simulation? What does that mean?

= Predictability — A technical concept, conventionally arising in
the consideration of complex systems. l.e. as in “predict the
stability of the solar system” or “predict the evolution of a
chaotic system.”

= Predictive Capability —in particular a computational capability
with some (rigorous?) basis for credible interpolation or
extrapolation of current knowledge, for example experimental
data.

Courtesy of Tim Trucano, Sandia, 2006 »,



Do you trust the simulation? ) i,
Can you trust the simulation?

Laboratories

Three reasons you may not wish to bet
your life on a simulation:

1. Wrong physics
2. Wrong numerics

e Wrong math, algorithms,
software, wrong inputs, etc.

e Lousy numerical accuracy

3. Wrong use of the results*

(* Especially scary!)
Courtesy of Tim Trucano, Sandia, 2006 ;,




According to the NNSA/ASC Program: (Wi,

e Verification: The process of confirming that a computer code
correctly implements the algorithms that were intended.

e Validation: The process of confirming that the predictions of a
code adequately represent measured physical phenomena.

\VV € AllC DIVEe( U -
Validation — Are the equations correct? (Physics)




What goes into Credible Simulation?
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Like any good government entity, we have a process...

DP Requirements and
planning

——r Validation

Design, Execution Experiments
& Analysis

= = |
Validation

Metrics
Calculation
Verification [

Prediction

Credibility E & Credibility

Verification

Permanence I:




And out of this process we have developed a lot of )
subprocesses and tools

V]
ERIFICATION™ Efs perce pt
¢ALIDATION_——
QMU

Predictive Capability Maturity Model

FCT pirT  Uncertainty Quantification

...and more, much more...

24
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Let’s take a brief walk through this

process

Courtesy of Walt Witkowski, Sandia, 2016 s
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Understand the Application and Requirements ) o

1
DP l _—~—What is the intended use of the model?
e 2 How ‘good’ is good enough?

*Planning \W hat testing can/will be done? Can we design
tests?

What are the Qols? Observable? Computable?
' What is the validation hierarchy?

/What is the reliance on CompSim results?

.How will CompSim and Test results be fused to help
inform the decision maker?

1 Voriﬁcation' l] ' -

Verification

7
Prediction I

Credibility ™| & Credibility

Permanence »| Document I
26




Assess Capabilities, Identify Gaps & Prioritize Work

Application
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Laboratories

i\

Utilize Phenomena ldentification and Ranking
Tables (PIRTs) and Prediction Capability Maturity
Model (PCMM) Tools
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Verification Activities ) i,

1

DP
Application

2

v

Planning

Code: Software

quality practices &
accuracy checks
on test problems

Calculation

T i Vo

! -y
e s S o=

Discrotaation Exor Ma=0 K

— 1T
e =N

-----

“Are we solving the equations correctly?”

e Code verification: Correctness of
implemented mathematical algorithms.

e Solution verification: Convergence to
the correct answer, at the correct rate,
as model is refined.

Validation
Metrics

Solution: Convergence
checks on engineering
application

v

Permanence Document l



Validation/UQ Activities ) .

Develop validation metrics and criteria

Design the validation test(s)
Requ

plann Collect validation data

Identify all sources of uncertainty

Characterize and quantify uncertainties

Compare simulations and experiments
J Experiments

Experime
Design, Execution
& Analysis

250 r r .
200+ Mcdel Uncertainty q

. Validation
(17 to 25%) |
O \ Metrics
° . 150} = N
4 Mesh Differences
o (0.5t0 2%) . :
7
§1oo. \ Experimental Variability | Prediction
an - _—
" @310 10%) libility E & Credibility
50} . .
Permanence |: s
% 5 10 15 20

time, min
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Predictions

Predictions with assessments of
e e 0 uncertainty (UQ) and credibility (PCMM)
; Requ
4 ’," p'&ﬂﬂ-ug
]
' Validation
-’ Experiments
bo#p =) =
fire physics  weapon
model uncer.  model uncer. p—
'“"I‘m‘ b*-..*p‘ PETEEY)
k. Validation
. ——— predicted SL tesponse
ubcettawty  } _ 2 e "1/ W projected uncertainty 2
;Em:&_t __________ o e Metrics
’ T’ I
I,l, | _,.-"l" "1\ predicied WL response
I’,/ 1 P 1 w! projected uncertainty
II// : ,”I-. - -.E- ’
1/ ’;’, 2 | Prediction
uncecuioty ___’/ﬁ’_ " | & Credibility
F WL faiture— =%~ 1 :
e iy i ’-\;__.
| 11 I
resultant resultant titoe
- Slatribution o0
WL failute time SL failure time 30




From validation to application space ) .

Validation Space Application Space
(maybe QMU)

Model Form
Uncertainty

Code
verification

(validation) Component Component
response threshold
Solution P 5
verification Margin, M

Model
parameters

Physics
model form

\

Model
Code form

verification

Model
parameters

Solution

e . Others
verification

Source of E Process 3
uncertainty Process ! Process 2 (uncertainty propagation incl
(uncertainty propagation) (uncertainty quantification) ¥ propag ’

aggregation and extrapolation) 31
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Did that seem like a lot of work?

32
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It gets worse - this really is a “NP-Hard” problem [@Ez.

For example, we've written
application tools to help with V&V:
Feature Coverage Tool

Now we have to V&YV this tool as

well!




This “credible simulation” thing isn’t for
the faint of heart!

34
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Let’s look at a brief example

36




Example: Failure Predictions for Abnormal Mechanica@ Sadi
Environments

Laboratories

Principal Objective
Assess predictions of the minimum penetration velocity using Sierra/SM
w/tearing parameter as the failure criterion by comparing to test data.

Fine Mesh
82.5 hrs/48 proc

Coarse Mesh
9.5 hrs/4 proc

Typically, we can only afford to use a ‘coarse’ mesh when many
function evaluations are involved! Are these models still valuable?
Why do we believe in them? What error do they carry with them? 37
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Credibility and Verification Activities e

MATURITY Matu rity Level 0 | Maturity Level 1 Maturity Level 2 Matun'ty Level 3
Moderate High-Consequence, High-Consequence,
Mlnmi M&S Impact, Some M&S Impact, ngﬁ &S Impact, Decisfon-Making Based on M&S,
ELEMENT ©.0. Scoping Studies ©.9. Design Support &g, Qualification Su ©.9. Qualification or Certfication
B ionand | Judgment only « Significant fimplification [« Limited sinjplification or a\m*alon of Esseﬂ!»a!Fv no simplification or stylization
"G°"" tric Fidelity » Littie or no or stylizatigh of the major conmjonents and BCs of companents in the systemand BCs
eometric I representational or System ani « Geometry gr representation is well ¢ Geometry or representation of all
Consensus _ Adequacy Wha halum are neglected geometrnic ﬁdeilty for |+ Geometry gr defined for najor components and components is at the detail of “as built”
=" the d BCs of major Some minef components &g gaps material interfaces fasteners
. . . ¥
Phenomena Importance [Math Model |[Sierra/SM |Validation St |_comnonent iscefngd i« Soms pesd eview conducted + Independen peer review conducted
» Judgment only models are « Physics-based models for all + Allmodels are physics based
Physics and Material |+ Model forms are either | physics based and are Wportml processes + Minimal need for calibration using SETs
oae Y
Model Fidelity unknown or fully calibrated using data + Significant calibration needed using and |ETS
H the physics empirical from refated syslems separate effects tests (SETs) and + Sound physical bass for extrapolation
. . i .
d material models and what » Few, ifany, physics- |+ Minimal or ad hoc integral eflects tests (ETs) and coupling of models
Large elastlc-plastlc H a:;,, level of ::ﬁ; ::j':hmg"; informed models coupling of models » One-way coupling of models « Full, two-way coupling of models
d f ti f t l * No coupling of models » Some peer feview conducted ¢ _Independent peer review conducted
crormation o1 metais z E « Judgment only + Code 1s managed by SO a1 ale [exea 10 + Allimporiant algorthms are tested to
Code Verifi cation * Minimaltesting of any | SQE procedures determine the observed order of determine the observed order of
. . . y :n“ aigorithm ﬂ“s"‘"{";ée software elements + Unit and regression cal convergence numerical convergence
Ductile material failure H SofWRFS WrOR, N podt 30 |+ Litte orno'SQE testing canducted + Some features & capabilities (FAC) |+ Allimportant F&Cs are tested with
L u:utg’ procedures specified [+ Some comparisons are tested wath benchrmark solutions | Agorous benchmark solutions
C H i or followed made with benchmarks _[|» Some peer review conducted + Independent peer review conducted
Ontact S = = » Judgment only 0 + Numerical effects are quantitatively — » Numerical effects are determined to be
Verification |, umerical ermors have estimated to be gmall on some small on all important SRQs
Friction between punch and M Are “‘m‘:&‘:‘:ﬁ.’; llghd and | an unknown or large SROs « Important simulations are independently
effect on simulation ~ |e ) » |10 indepen verified reproduced
. R e pAStion reaEw results only by the agalysis » Some peer review conducted . \ndegendent peer review conducted
test item + Judgment orlly v v O of " G of predictive
Model Validation o Few, ifany of accuracy of SRQs not Clive accuraty for some key accuracy for all important SRQs from
How carefully is the accuracy of compansons with directly relevgnt to the RCs from|ETs and SETS |ETs and SETs at conditions/geometries
Enforcement Of boundary the simulation and from ofinierest |+ Experimental undertainties arewell  directly relevant to the application
results assessed atvarious tiers In | similar systems or s Large or unkijown exper- |  charactenzed forjmost SETs, but « Expenimertal uncertainties are well
Ly @ validation hierarchy? applications imental uncegainties poorly known forJETs characterized for all IETs and SETs
conditions e :
o conducted + Independent peer review conducted
Uncertain * Judgment only + Aleatory and gpisternic |+ ASE uncertainties segregated * ASE uncertainties Comprehensively
Inerﬁal loads H Q ifi ty « Only deterministic (A&E) Uncertginiies propagated and (dentified in SRQs  treated and propery interpreted
uanti 'c_a?“?" analyses are propagated, Hut without |+ Quantitative sengivity analyses « Comprehensive sensitivity analyses
and Sensitivity conducted distinction canducted for mdst parameters conducted for parameters and models
Analysis « Uncenainties and + Informal sensjiivity » Numerical prapagation errors are + Numerical propagation errors are
ghly are re not Sudies condycted estimated and their effect known demonstrated to be small
‘‘‘‘‘ R . S and i and o Many strong » Some strong assumptions made * No significant UQ'SA assumptions made
propagated? oy b + Some peer review conducted + Independent peer review conducted

T T T T T T T T T T T T ¥ T

— Vary Coarse Mash
—— Coasre Mash
— Fine Mash

— Wary Fina Mash
—— Super Fine Meash 4

Kinatic Energy

"~ 94% one-way coverage

.. .. 59% two-way coverage 38
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Validation Activities . W&
helped )i,dentiix‘,y

Uncertainties to Model important factors >
reduce scope

Experimental Uncertainties
— Bungee force

— Friction (punch and
plate/tube)

Time = 0.005000

—? | — Velocity measurement
'E I |/ — Material variability->
= —— characterization
P E o % 113 process iz=i]
iE + -
= cj umerical Uncertainties
'\ieyer Testing: 19 3 [~ Uncertainty Discretization Error
lat ' /" ' Quantification - Algorithmic
plate samples parameters

Cumulative Distribution Functions of Cri ilure Velocity from Test(black) and Simulation (red)

~
™

0.25-

: j : 0 5 10 15

H : Margin-to-Uncertainty ratio

; 1 I J -

10 15 20
Impact Velocity (ft/s)

robability that Failure Velocity < Impact Velocity

P
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What is Model Credibility for Prediction? )i,

An overall assessment of the adequacy (is or is not
adequate) of the model for an application based on
evidence —in the end, this is a judgment

Courtesy of Rich Hills, Sandia, 2015 40




What Type of Evidence? ) .

Quantitative - results from validation and other relevant
experiments, grid convergence studies, sensitivity analysis

Qualitative — structured expert opinion (PIRT, PCMM,
internal and external review panels)

Courtesy of Rich Hills, Sandia, 2015 a1




How is this different from validation? ) i,

Validation assesses models at the conditions of the
validation experiments

Credibility considers the adequacy (a softer assessment) of
the model for conditions other than those tested

Courtesy of Rich Hills, Sandia, 2015 42




There is Irreducible Subjectivity in all of this

People and their Expert Judgment Matter

43




Summary Points ) o,

e Never rely on CompSim alone
e \We must understand the intended use of CompSim
e We need practical, graded approaches

e Use CompSim results along with credibility evidence and the
associated risks/limitations

e This all holds for physical-simulation credibility as well
e Supporting Credibility must start at the beginning
e Peer reviews are essential

e Expertise (People) is more essential

44
-
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2120 1054 23091992 0

Approximate Approximate Date of last US Number of US
number of world- number of US nuclear test nuclear tests
wide nuclear tests nuclear tests since 1992




When it comes to Nuclear Weapons,
“Sorry, my bad”
doesn’t cut it.

i

e, il

We are using Computational Simulation more and more to help ensure this
never, ever happens.
Our Simulation results must be Credible

Unclassified Unlimited Release
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Are your simulations credible?

47




THANK YOU!




