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Verification, Validation, and Uncertainty

Verification — “Are we solving the equations correctly?”
— Correctness of implemented mathematical algorithms.

— Convergence to the correct answer, at the correct rate, as model is
refined.

Validation — “Are we solving the right equations?”
— Correctness of physical models and sufficiency for the application.

— Model Validation is the process of determining the degree to which a
model is an accurate representation of the real world from the perspective
of the intended uses of the model

Uncertainty Quantification (UQ):

— Statistical propagation of uncertainty through a simulation model, and
statistical interpretation of model response.

Quantification of Margins and Uncertainties (QMU):

— Using the simulation model to make system performance predictions with
quantified uncertainty, and with quantified margins with respect to system
performance requirements.
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Intrinsic V&V/UQ Conceptual Strategy

Intrinsic = “being part of the fundamental nature or substance of something”

Vision
Support the customer who uses CompSim to
make confident and reliable decisions via an

inseparable integration of V&V/UQ/QMU
analyses into the workflow

— This requires understanding our customer's needs and
the customer understanding what he needs
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What is different philosophically?

The workflow determines the appropriate level of rigor with “self-checks”

Robust to human usage (from novice to seasoned analysts)
— Analysts rely on intuition from past successes which could be dangerous

— Currently, there aren’t any good ways to assess all uncertainty/errors in our
codes, therefore, the analysts must be protected

Enabling analysis codes with V&V/UQ capabilities for internal uses
— Embedded sensitivity analysis
— Inserting uncertainties straight into application input files
Process workflow “learns” from previous application experiences
Process workflow generates supporting credibility evidence
Take home messages:

— We must continue to educate our customers on the importance and
necessity of V&V/UQ analysis at the appropriate level of rigor being
performed along-side of all CompSIm activities.

— We must invest in capabilities to ensure credible predictions
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Current Mission

Enable and facilitate the analyst’s ability to perform (and automatically

perform where appropriate) the components of V&V/UQ analysis to
iInsure that the appropriate rigor and consistent credibility is assured
and evaluated for high impact numerical predictions with an
assessment of the associated margins.

Through:

— State-of-the-art methods for verification, validation and uncertainty
quantification integrated into the analyst’s workflow

— Expert-informed guidance for streamlined V&V/UQ processes

— Data-guided tools to support credible CompSim-based analyses and
decision making

Intrinsic concept is complex and difficult to define and relate -
illustrate some characteristics and an initial path forward
through an example
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Current Recommended V&V Process Elements

1

Application
Driver

2

Planning

Currently, V&V analysis elements are executed manually by
the analyst (sometimes with V&V team support)
- Inconsistent procedures; varying levels of rigor; pick-n-
choose V&YV elements < f(analyst)

4

Validation Experiment

Experiment Centered Elements

gsign, Execution

Goal: Consistent and robust assessment of
credibility and uncertainty assessment of
model predictions for a particular application
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Current V&V Process: Understand Application

1: Understand the application and requirements
How ‘good’ is ‘good enough’?
Understand customer constraints > Cost? Schedule?
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Intrinsic V&V Process: Understand Application

1: Understand the application and requirements
How ‘good’ is good enough?
Cost? Schedule?

S

* Facilitate problem characterization from past
experiences archived in a database including an
accurate budget and schedule for the necessary
level of rigor

« Facilitate analyst in best code choice

* Facilitate analyst in best model choice

(i.e. RANS vs. LES)
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Current V&V Process: Planning

2: Assess capabilities, identify gaps, & prioritize work

tilize Phenomena ldentification and Ranking Tables

(PIRTs) and PCMM

Consensus Adequacy

Phenomena

Importance Iath Model

Code

Large elastic-plastic
deformation of metals

Ductile material failure

Contact

Friction between punch and
test item

Enforcement of boundary
conditions

Inertial loads

Sierra/SM | Validation

PCMM — incomplete; difficult to

understand “maturity levels”;

==l [nconsistent evals; beginning to

Represen

PIRT — evaluated by analysts from
their knowledge base

Geometr|
What featured .
=% have team evaluations; f(team
styliz]
J
Physics
Model Fidelity unknown or fully « Significant calibration needed using and [ETs
How fundamental are the pnysics | empirical separate effects tests (SETs)and ~ » Sound physical basis for extrapolation
and material models and whatis  |* Few. if any. physics- * integral effects tests (IETs) and coupling of models
the level of model calibration? inforrmed rodels coupling of models « One-way coupling of mocels o Full. two-way coupling of models
+ Mo coupling of models + Some peer review conducted « Independent peer review conducted
R R + Judgment only * Code IS managed by O m + Allimportant algorithms are tested to
Code Verification |4 yinimal testing ofany | SQF procedures determrine the observed order of
5;";:"3:;::;: d::::xrlessés software elements « Unit and regression numerical convergence
. on |* Little orno SQE testing conducted .S es(F&C) |[s Allimportant F&Cs are tested with
practices ED’;‘;‘:ST‘E:"E simulation procedures specified  |o Somegcompansons k solutions r\gompus benchrrark solutions
or followed rmade with benchrmarks ||« conducted »_Independent peer review conducted
. - . + Judgment only + Nurmerical eff . are quantitatively  » Nurmerical effects are determined to be
Solution Verification |, yumerical errors have | relevant SRGs a Il on sorme small on all important SRQs
Are numerical solution errors and | gny ynknown or large qualitatively gstimated o Important simulations are independently
wm:‘:"i'r“;"tﬁ;ﬁﬁj::jg:um? effect on simulation o Inputioutput {|/O verified reproduced
results only by the a conducted « Independent peer review conducted
« Judgment only » Quantitative =4 ssment of » Cuantitative assessment of predictive
Model Validation « Few ifany. of accuracy of v for some key accuracy for all important SRQs from
How carefully is the accuracy of comparnsons with directly releve nd SETs |ETs and SETs at conditions'geometries
the simulation and experimental measurements from application of ertainties are well directly relevant to the application
results assessed atvanous tiers in similar systemns or » Lamge or unkijc most SETs. but » Experimertal uncertainties are well
avalidation hierarchy? applications imental uncer ETs characterized for all IETs and SETs
conducted »_Independert peer review conducted
Uncertainty + Judgment only « Aleatory and segregated « A&E uncentainties comprehensively
- : * Cnly deterministic (A&E]) uncert: entified in SRQs treated and propery interpreted
Quan"ﬁca“(_m analyses are propagated itivity analyses » Comprehensive sensitivity analyses
and Sens ty conducted distinction <t parameters conducted for parameters and models
Analysis + Uncertainties and o Informal sen: ation errors are » Numerical propagation errors are
How thoroughly are uncertainties sensitivities are not studies cond ir effect known demonstrated to be small
and s ensitivities characterized and | addressed + Many strong mptions made » No significant UQYSA assumptions made
Ppropagated? assumptions conducted »_Independent peer review conducted
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Intrinsic V&V Process: Planning

» Updated PCMM and defined process
guidelines for more accurate,
consistent and useful assessments
through Excel-based tool

- Web-based question-guided tool to

Consensus Adequac)

facilitate evaluation linked to archived
past applications to supply level

Phenomena

Importance VIath Model. |- Sierra/S\

Large elastic-plastic

evaluations

deformation of metals

MATURITY | Maturity Level 0

Low Consequance
Minimal M&S Impact

Maturity Level 1
Moderate Consequence.
Some M&S Impact

Maturity Level 2
High-Consequence,
High M& $ Impact,

Maturity Level 3
High-Consequence.
Decision-Making Based on M&S,

Ductile material failure

ELEMENT

9. Scoping Studies =.g.:eswgn%npan .. Qualification Support eg. or Certification
i ¢ Judgrren: only « Sigiicant 0 1 =riphficanor or syl Zaionof e
COIltaCt Representation and |, |-, “stylanief :}msrl-‘.aﬂ o1}
Geometric Fidelity . rrepresentalon igwell 0 Geo sertation of all
Friction between unch and \What features are neglected . for pragor sompanents and comy he detal of as bl
p because of simplifications or omponEs | intertaces tastenars
stylizations > cermponenth neucted . condusted

test item

Enforcement of boundary
conditions

Inertial loads

N ) . . . o HNur are qantiatively o b

. - Solution Verification |, - R b y

xtract evidence from previous , .
human procedural errors N smAteE . . erifia -

corrupting the simulation results> on smlaten verad |

similar applications and provide
adequacy levels automatically

10

Physics and Material
Model Fidelity

How tundamental are the physics

and material modeds and what &

the level of model cahbration?

eV
v Physics-based models for a
importa processes
+ Signifzant calibranon neaded 1sing

and IF Ts
Sourdphivs ca basis for exrapolation
pling of mode

Code Verification
Are algorithm deficiencies
software errors, and poor SQE
practices corrupting the simulation
results?

.
procedires specited

v conducted

Caare eged wih
5 benchmark sokrions

w conducted

endern: peer revigw conducled

Model Validation
How caretully is the accuracy of
the simulation and expermental

results assessed at vanous tiers In
avalidation hierarchy?

Howthoroughly are uncertainties
and s ensitivities characterized and
propagated?

measurements frem
ginlar systerms o

applications

BsETptinE

tors made
[t

Uncemaimy - |awr. | :
Quantification onalvoe3 a7e e . .
and Sensitivity condurtad disuncuor

Analysis ‘ Hart o Infomal sens f .

1=
tion

directly relevant to the apph

E

b

Quantrative assessment of prediciive

rperimertal uncertaintie:
ch dforall IETs and
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Current V&V Process
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Intrinsic V&V Process: Code Verification
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« Automatic feature coverage analysis
for every analysis performed.

 In workbench, automatic display of
coverage level for each feature
when input file is displayed with
access to supporting VERTS
(including documentation.)

- Sensitivity of 2-way gaps reported

—>Automatic VERTS generation from
gap information
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m cube_dirichlet.i &8 ‘,‘3 dakota.in D postprocess.sh ”1

End Property Specification for Material my_material

= Begin Finite Element Model bar
E Database Name = cube.par $ exodusii

« Enable developers and analysts to more
easily develop higher quality verif tests
- Application-specific (designer) VERTS

Coordinate System = cartesian

g = Begin parameters for block block 1
: material my_material

End parameters for block block_1
End Finite Element Model bar
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Current V&V Process: Solution Verification

 Manual creation of several meshes to
perform mesh convergence study

* Manual computation of convergence rates

Tearing Parametar
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2: Assess algorithm convergence

on application
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Intrinsic V&V Process: Solution Verification

» Tools to enable analysts to better and more easily perform spatial
and temporal discretization studies

» Tools to enable analysts to better and more easily perform solution
error and uncertainty estimates

—>Develop cost benefit resource estimation tool - minimize errors for
given resource budget

—->Recommended analysis parameters extracted from past application
database - adaptive mesh refinement based on error estimate and
estimated rate of convergence D ——

+ Solution Verification
Sensitivity Analysis

T e —— S —

7

Uncertainty Quantfication
Solution Validation

Cost/Benefit Interaction Window

. log IE!
| Anaiysis Stanus
input File
Walt_Testd
Analysis Mode:
Interactive

VAVUQ Hints:
Show Error Estimates
Estimate Method Cost

Analysis Chent: log “/h)'
wsblade108
w— Error Estimate
M;‘::;:’"‘"’ = Computed Error Bounds

®
SessioniD ] b 4
18ABRTIG j

Cost (in Function Evaluations)
Verification Scheme Used for Cost/Benefit Estimation e
Move pointer cursor to evaluate cosi-benefit
Available Methods: tradeolf for use in Solution Verification Analysis
(© Hills Method (fast, may underestimate cost)
(@ Carnes Technique (optimal for explicit dynamics datasets)

© Witkowski Algorithm (expensive, but maximum trust)

|TR7) odiiuid Nduulidl LduuidiLuiies
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Uncerts to

R 4,5,6: Validation/UQ Analyses
Collect validation data

| | | |dentify quantities of interest
Predetermined Develop validation metrics and criteria

# of expts -

Quantify uncertainties
Compare simulations and experiments
Perform UQ analysis
m PCMM credibility assessment
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V&V/UQ Process
Integrated, Iterative Assessments (SA, Val, UQ)

Current Process

« Manual scripting to couple
Dakota and ASC codes per
platform

* Analyst must create input
and output filters between
Dakota and the analysis code

* Analysts must set up Dakota
input files and parameterize
Sierra input file

 Analysts should verify
algorithm parameter
selections

Future Process

» GUI-driven iterative analysis loop development in
workbench (no reqgt to know input file syntaxes)

« Automated code integration per platform (no
human-in-the-loop errors; less startup time)

» Selectable input parameters, responses and output
filters (no need to parameterized input files)

- V&V/UQ capabilities embedded within the
analysis codes and used internally

- VALTS for validation verification (incl exptl data)

—> Links to past application for recommended
V&V/UQ practices

- Links to material models and characterization
library with uncertainties

- Based on reqts and past unc recommend exptl
design

- Optimal design based on associated unc and
design reqts

1111) Sandia National Laboratories
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Summary of future V&V/UQ Analysis
- Intrinsic V&V

Short term:

« Must continue to change the philosophical usage of V&V/UQ
from a mandated, after-thought, box-checking exercise to a
necessary and valuable inseparable aspect of CompSim during
planning and for credibility assessment evidence support.

« Enable the analyst with tools, consistent methodologies and
procedures

—>consistent credibility and supporting evidence
Long term:

 Fully integrated, inseparable CompSim and V&V/UQ
with link to archival database

= Robust to analyst opinion (novice or seasoned)
- Immune to changing demands on CompSim

- Self-generating Validation and Qualification Plans reverse
engineered based on project requirements, constraints and :
- S (17| Sandia National Laboratories
associated uncertainties



IV&V Tasks:

Gen
CVER
SVER

VAL
SA/UQ

18

Cost-Benefit for all IVV Tasks

(3 year time horizon)

GEN - 3A VAL - 2C SA/UQ -3C
GEN - 3E SA/UQ - 1A
SVER - 2D SA/UQ - 1D
SVER - 3B SA/UQ - 2D

SVER - 3C SA/UQ - 2F IV&V Team :
SALG 20 V&YV experts

GEN-2D CVER - 2F

CVER - 1A SVER - 1D Sierra POS

CVER-2C SA/UQ - 2D

SVER -4 e Dakota Rep
SVER - 4A + SN LICA

GEN - 1A SVER - 1B CVER -2D
GEN- 1B CVER - 1B CVER -2G
GEN-1C CVER - 2E CVER - 4B
GEN - 1D CVER -4C VAL - 1D

%) Sandia National Laboratories

1 (Highest Benefit)
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CVER-3A

High Priority

Cost — Prioritization for Benefit=1 Tasks

SA/UQ-1B

CVER-2C

CVER-4D

GEN -2A

GEN -2B

CVER-2B

CVER-3B

CVER-1A

GEN-1A

GEN-1B

GEN-1C

GEN-1D

GEN-1E

SA/UQ - 2B

SA/UQ-2C

VAL — 2E

SVER - 1A

CVER-1C

GEN - 3E

SA/UQ-1C

VAL - 3C

CVER -4A

VAL - 3A

CVER-2A

SVER - 3A

SA/UQ - 2A

VAL -3D

VAL - 1A

VAL - 2A

GEN - 3A

SVER - 4A

SVER - 2B

SVER - 4B

Low
Priority
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Tools Integration into Workbench

58/workspace

SIERRA Model Building
LFHe Q| B |0 B
[ | A SIERRA Mode! Building {] Team
T |l ¥ T O || O sertings 23 ‘5 ¥ = 0|8, model View -bar 52 | = Xy Plot View (=]

OF Dutline 53 Exl = A Rl o =
=
@qsierra Calore ol R il FH EE >
s finite element model g SRRl NN N -
‘¢tz Procedures
¥ solver:
* _ove 3 : FEM Name and Location
@ aztec eguation solver solve_temperature
g% Materials FEM Name: bar

@ Property Specification for Material my_mi
L_.Coord.-mtes
lﬁruﬂctions

@ definition for function functionname

Database Name:  cube.par

FEM Details

@ expressions

- Material Assignments | Advanced
Flnlte Element Models

& Finite Element Model bar Block ID | Material Model
@ parameters for block block_1 L
() Description
e @ ) DAKOTA Study Wizard

Welcome to the DAKOTA Study Wizard

This wizard will guide you through creating a DAKOTA study based on an application analysis
which you (1} previously executed via job submission and (2) have parameterized.
The status of "nre-flioht checks" an the anolication innuts.narameters. outnuts and the

Application Input File: | (Applications/DART Workbench_20121009114958/wec. | Browse

Pre-flight Check -
2 # File exists Li] cube_dirichleti &3 ‘.*ﬁ dakota.in |=| postprocess.sh it =y
= & 1 parameter detected End Property Specification for Material my_material
E=| Propd |

" Matching launch configuration exists s ki
Propert: o 1
i i@ Database Name - cube.par §

results.out does not exist.
Please be sure to enter instructions in postprocess.sh to generate properly formatted results.out file. Coordinate System - cartesi

\g Begin parameters for block block_ 1
% material my_material

; End parameters for block block 1
(?2) _ <Back |  Next> 3 ( Cancel Finist End Finite Element Model bar

{ 1 7 |

2i.i.g smadal a : loca d.24 Cooying Janolications _bletidatora o a itted To Repositorys

Integrate tools developed by the DART Workbench
team and JAGUAR/DAKOTA into the CompSimUI that
enable users to build and execute V&V/UQ analyses.
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Intrinsic V&V Process: Validation/UQ

Cost/Benefit Interaction Window

Optimality for Computed Estimate

Estimated Numerical Error in Model

XXXYYYY i
i Benefit: xxxzzzz :

v

Cost (in number of experiments)

Move pointer cursor to evaluate cost-
benefit tradeoff for use in Value of
Experiment Analysis

4 5.6,7: Validation/UQ Process

Collect validation data
|dentify quantities of interest
Develop validation metrics and criteria
Quantify uncertainties
ACompare simulations and experiments
Perform UQ analysis
m PCMM credibility assessment

-
.
.

» Develop cost benefit resource estimation tool 2 min

Cost/Benefit Interaction Window

»

Optimality for Computed Estimate

xo0yyyy
- Benefit: xxxzzzz |

v

Conyergence of selected statistics

Cost (in number of samples)

Move pointer cursor to evaluate cost-
benefit tradeoff for use in UQ Analysis

errors for given resource budget
« More standard procedures/methodologies
» Develop VALTS FCT
» Create/Document VALTS with integrated exptl data
 Provide tools for validation and UQ workflow
« Library of validation metrics and other post-processing
« Std roll-up methodology (aggregate and propagate unc)

* Prescribed methods to handle separated uncertainties
(epistemic, aleatory, numerical, parameter,...)

|'17) Sandia National Laboratories
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