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We Need V&V Because We Carel

e Stockpile applications

—There is a decision context: High consequence
design and decision making associated with nuclear
weapons

e On Demand

— Agqility and responsiveness are critical to the nuclear
weapons complex of the future

 Measured credibility

—What's the “certificate of credibility” that
accompanies M&S results
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Y 4

" -~
‘ M&S Increasingly Contributes to
Risk-Informed Decisions at Sandia
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d What Does it Mean “to Predict”?

American Heritage Dictionary:

— Predict: To state, tell about, or make known in advance,
especially on the basis of special knowledge*

What special knowledge do we demand
of M&S to assert a predictive capability?

"A CS&E prediction is a M&S-based evaluation prior to or in lieu
of physical measurement

HSCC 2007
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- You Can't Measure and Communicate “it”
Unless You Know What “it” Is

« Some Attributes of Predictive Capability
— Representation or geometric fidelity
— Physics and material model fidelity (predictive science)
— Code verification
— Solution verification
— Validated models
— Uncertainty quantification with sensitivity analysis

HSCC 2007



\

How Much is Enough?

» Sufficiency can only be discussed in an application context
» Graded approach
— Maturity Level O:
 Low-consequence, M&S-informed (e.g., scoping studies)
— Maturity Level 1:
 Low-consequence, M&S-informed (e.g., design support)
— Maturity Level 2:
* High-consequence, M&S-informed (e.g., qual support)
— Maturity Level 3:
v  High-consequence, M&S-based (e.g., qualification)

* Negotiate expectations for future work or communicate
maturity for work already done

Increasing Rigor
Expected

HSCC 2007
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This iIs Where We Are Going
Predictive Capability Maturity Model (PCMM)

MATURITY

ATTRIBUTE

Maturity Level O
Low Consequence,
Minimal M&S Impact,
e.g. Scoping Studies

Maturity Level 1
Moderate Consequence,
Some M&S Impact,
e.g. Design Support

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

e.g. Qualification Support

Maturity Level 3
High-Consequence,
Decision-Making Based on M&S,
e.g. Qualification or Certification

Representation and

Geometric Fidelity
Are representation errors
corrupting simulation
conclusions?

Judgment only

Little or no
representational or
geometric fidelity for
the system and BCs

Significant simplification or
stylization of the system and
BCs

Geometry or representation
of major components is
defined

Limited simplification or stylization
of major components and BCs
Geometry or representation is well
defined for major components and
some minor components

Essentially no simplification or
stylization of components in the
system and BCs

Geometry or representation of all
components is at the detail of “as
built”, e.g., gaps, material interfaces,
fasteners, welds, adhesive bonding,
surface finish

Physics and Material
Model Fidelity

How fundamental are the physics
and material models and what is
the level of model calibration?

Unknown model form
Unknown, unjustified,
or significant
extrapolation

No coupling of models

Empirical model form

* Moderate extrapolation
e Minimal or ad hoc coupling

of models

Physics-informed models
calibrated to relevant SET/IET data
Minimal extrapolation

One-way coupling of models

Physics-based models minimal need
for calibration using SETs and IETs

o Interpolation

Full, two-way, coupling of models

Code Verification
Are software errors or algorithm
deficiencies corrupting the
simulation results?

Judgment only
Minimal testing of any
software elements
Little or no SQE
procedures specified
or followed

Codes managed by SQE
procedures

Unit and regression testing
routinely conducted with
significant code coverage

Codes managed by SQE
procedures and assessed by
organization

Sustained Verification Test Suites
(VERTS) regularly w significant
functionality coverage

SQE procedures reviewed by
independent, external panel
Sustained Verification Test Suites
(VERTS) regularly w significant
coverage of functionality and their
interactions

Solution Verification
Are human procedural errors or
numerical solution errors
corrupting simulation
conclusions?

Judgment only,
numerical errors have
an unknown effect on
simulation results
Input/output not
verified

Sensitivity to discretization
and algorithm parameters
explored for some System
Response Quantities
(SRQs)

Input/output verified only by
the analysts

Numerical errors estimated for
discretization and algorithm
parameters for relevant SRQs
Input/output data independently
verified internal to the organization

Numerical errors rigorously quantified
for all relevant SRQs

Input/output data independently
verified externally to the organization

Model Validation
How accurate are the simulation
results at various tiers in a
validation hierarchy?

Judgment only

Few, if any,
comparisons with
relevant SETs or IETs

Qualitative assessment of
accuracy

Model comparisons to SETs
W Sig coverage w sig
coverage of physics

Quantitative assessment of model
accuracy w/o model or
measurement uncertainty

Model comparisons to SETs and
IETs w sig coverage of physics and
limited coverage of physics
interactions

Quantitative assessment of model
accuracy w model and measurement
uncertainty

Model comparisons to SETSs, IETs,
and full system tests (as appropriate)
w sig coverage of physics and their
interactions

Uncertainty
Quantification
and Sensitivity

Analysis
What is the impact of variabilities
and uncertainties on system
performance and margins?

Judgment only or unc
not addressed
Sensitivities to unc not
addressed

Numerical
(propagation) errors
not addressed

Aleatory and epistemic
(A&E) unc not segregated
on inputs/outputs w/o proper
interpretation

Qualitative sensitivity to
some unc explored w
informal “what if” studies
Sensitivity to numerical
(propagation) errors
estimated for UQ results
Many strong assumptions

A&E unc segregated on
inputs/outputs w proper interpreted
Quantitative sensitivity analyses
conducted for some uncertainties
Quantitative sensitivity to unc
estimated

Sensitivity to numerical
(propagation) errors estimated for
UQ/SA

Some strong assumptions

A&E uncertainties due to all plausible
environments and scenarios of the
system are analyzed

Quantitative sensitivity to unc
rigorously bounded

Numerical (propagation) errors
rigorously quantified for UQ/SA

No significant strong assumptions
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}‘ Why PCMM?

e Educate the decision maker about what should be
expected from M&S

 Measure/communicate process maturity (not adequacy of
results) associated with M&S in a decision context

e Provide program vision so that technical and
Infrastructure needs can be leveraged across multiple
funding lines to enhance the credibility of M&S results

* Speak to the whats, not dictate the hows

Setting the National Agenda in V&V

HSCC 2007 9



Review of the Literature

o Capability Maturity Model Integration (CMMI) developed by the
Software Engineering Institute, Carnegie Mellon University:

— Developed maturity assessment procedures for a wide range of development
processes, but not specifically for M&S

* DOD/NASA Technology Readiness Levels (TRLS):
— Appropriate for assessing the risk of introducing new technologies into new
engineering systems or existing hardware
« Harmon and Youngblood (DoD/DMSQ) developed a process
assessing the maturity of five contributing elements for M&S:
— Conceptual model of the simulation
— Verification results from the contributing products
— Appropriateness of the referent
— Appropriateness of the validation criteria
— Adequacy of the simulation results for the intended use
— Six levels of maturity

HSCC 2007 10



Review of the Literature (continued)

 Logan and Nitta (LLNL) proposed a process to assess the maturity of
verification and validation activities: Ver/Val Meters

* Pilch et al proposed a process to assess maturity of four elements of
stockpile computing:

— Qualified analysts

— Qualified codes

— Qualified computational infrastructure
— Appropriate levels of formality

— Four levels of maturity

 NASA recently adopted an engineering standard for M&S with seven
contributing elements:

— Code verification

— Solution verification

— Validation

— Predictive capability

— Technical review

— Process control

— Operator and analyst qualification

— Four levels of maturity
HSCC 2007
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Representation or Geometric Fidelity

j Are representation limitations
corrupting simulation results?

Little or no
representational or e _
geometric fidelity S_|gn|f_|c_:ant_ L_|m|t§d_ :
for system and S|m_pI|f|_cat|on and S|m_pI|f|_cat|on and
stylizations (S&S) stylizations (S&S) “as built”

BC’s

Increasing Rigor or Completeness ———————

10 years ago:
Shellshock 2D Recent Past:
NASTRAN NASTRAN

200 dof

30,000 dof

Today: B
SALINAS MP
>10M dof

800,000 dof

HSCC 2007 12
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Physics and Material Model Fidelity

j How fundamental are the physics and material models
and what is the level of model calibration?

Empirical model Physics-informed
Unknown model forms models calibrated
form Moderate to relevant SET/IET Physics-based
Significant extrapolation Minimal models
xtr lation . ' i
extrapolatio Minimal or ad-hoc extrapolation Interpolation

No coupling coupling 1-way coupling 2-way coupling

Increasing Rigor or Completeness ———————

10 years ago:

Shellshock 2D Recent Past:

NASTRAN NASTRAN
200 dof

30,000 dof

! i Today:
relocated aluminum 800,000 dof aToday:

HSCC 2007 T
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¥ . Code Verification
Are software errors or algorithm deficiencies

corrupting simulation results?

Code managed to SQE
standards SQE + assessment  SQE(A)
Sustained Sustained VERTS w  Sustained VERTS w

Judgment unit/regression tests w sig function sig coverage of
only sig coverage of F&C coverage function interactions

Increasing Rigor or Completeness —————————
/ *
|
/
|

Code/Code /
Comparisons /

107
2D manufactured problem Verification Test Suite
g i Features &
- = - 3 uadr:
FY03AVG=9536  Calore =96  FY02AVG=9106 10 Expected convergence rate = 3.0 Capabilities Unit Tests VERT1 VERT2 VERT3 Ideal
Sorted Total Scores, F (with 100% target) " Code A FC1
10 SN FC2 uT1 VT1
[-+—FY03 —=—FY02 ——ASCl Target | g S0 riangles: FC3 uT2 VT1
Z w0k s ooom
\=‘\~ = A4Triangles=2.89[" w N FC5 VT2
100 2 0 e Code B FC6 uT4 VT2
'\% u FC7 uTs Nverts (v VT3
80 ——r . FC8 uTé I | ZwCr VT3
. 10 FC9 ut? it =% VT3
B FC10 uT8 S nrcCr VT3
10 ode or Appl  Line or Cap =1
Perspective  Coverage Capability+Interaction Coverage
10° | 80% 3.22%
0
Mesh Size
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Solution Verification
Are numerical or processing errors
corrupting simulation results?

}

Sensitivity to Estimate Quantify rigorous
discretization and numerical errors numerical error
algorithm parameters Independent bounds
explored ificati f
3 verification o Independent verif of
Judgment Input/out verified input/output input/output ext to
only only by analyst internal to org org

Increasing Rigor or Completeness ———————p

HSCC 2007 15
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S~ Validation

How Accurate are the simulation results
at various tiers of the validation hierarchy?

Quantitative accuracy
assessment w/o model Quantitative accuracy

or meas unc assessment w model
Qualitative accuracy SET and Integral and meas unc
Judgment assessment Effects Tests (IETs) w SET coverage, IETs,
Only Separate Effects sig physics coverage and full system tests w
Few comps to Tests (SETs) w sig and limited physics physics coverage and
SETs or IETs coverage of physics interactions interaction coverage

Increasing Rigor or Completeness ———————m

HSCC 2007 16



on performance and margins?

Uncertainty Quantification and Sensitivities
What is the impact of variabilities and uncertainties

A&E unc segregated

Aleatory and epistemic on inputs/outputs and

(A&E) unc. interpreted properly interpreted w

on inputs/outputs w/o strong assumptions
Judgment only distinction Sensitivities w strong

Sensitivities to some assumptions
Deterministic f unc explored Sensitivity to
assessment o Sensitivity to numerical numerical errors
margins errors explored estimated

A&E unc segregated on
inputs/outputs and
properly interpreted w/o
strong assumptions

Sensitivities w/o strong
assumptions

Numerical errors
rigorously quantified

Increasing Rigor or Completeness ———————

S

1.0 "
Requirement,
|
. |
3 Margin !
§_ at 95th |
'wg percentilefe——
© :
|
|
|
0.0 S

Frequency

HSCC 2007

T

Total Normalized Releases: R1
; 100 Obsservations, 10000 Fulures/ iObservalion

F — — EPALimit

wf wt w? we? ot o ' ?
Normalized Release (EPA units), R



HSC(

- 4
ASC Projects Should Map to Capability/Agility Needs

MATURITY

ATTRIRLITE

Geometric Fidelity
Are representation errors
corrupting simulation
conclusions?

Maturity Level O
Low Consequence,
Minimal M&S Impact,

an Qraninn Qtinidiac

geometrlc fldellty for
the system and BCs

Maturity Level 1
Moderate Consequence,
Some M&S Impact,

an Nacinn Quinnnart

o Geometry or representation
of major components is
defined

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

an Nualifiratinn Quinnart

defined for major comp

some minor componern DA R I

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

o n Nualifiratinn nr Cartifiratinn

representation of all

is at the detail of “as

aps, material interfaces,
..2lds, adhesive bonding,
surface flnish

Physics and Material
Model Fidelity

How fundamental are the physics
and material models and what is
the level of model calibration?

Wlsdom

No coupllng of models |

>al model form

ite extrapolation

Il 'or ad hoc coupli~~
els

Code Verification
Are software errors or algorithm
deficiencies corrupting the
simulation results?

Judgment only |
Minimal testing of i
software elements
Little or no SQE
procedures specificu
or followed

SQE

a Cndac mnnaged by SQE

>gre35|on testing
onducted with
siymnvarn code coverage

Solution Verification
Are human procedural errors or
numerical solution errors
corrupting simulation
conclusions?

Judgment only,
numerical errors have
an unknown effect on
simulation results
Input/output not
verified

e Sensitivity to discretization
and algorithm parameters
explored for some System
Response Quantities
(SRQs)

o Input/output verified only by
the analysts

o Physics-informed models
calibrated to relevant SET/IET data

a Minimal avtrannlation

Physics-based models minimal need
for calibration using SETs and IETs
Interpolation

Full, two-way, coupling of models

P E I\/I y of models
by SQE
'dures and assessed by

lization

ined Verification Test Suites
TS) regularly w significant
onality coverage

e SQE procedures reviewed by

independent, external panel
Sustained Verification Test Suites
(VERTS) regularly w significant
coverage of functionality and their
interactions

o
o
O

srical errors estimated for
stization and alnnrithm

neters for rele
'output data in
ad internal to t

Adaptivity

Numerical errors rigorously quantified
far all relevant SROs

dependently

) the organization

Model Validation
How accurate are the simulation
results at various tiers in a
validation hierarchy?

Judgment only

Few, if any,
comparisons with
relevant SETs or IETs

e Qualitative assessment of
accuracy

e Model comparis
W Sig coverage
coverage of phy

|. Quantitative assessment of model

ValMetrics &sa

hysics and
limited coverage of physics
interactions

Quantitative assessment of model
accuracy w model and measurement
uncertainty

Model comparisons to SETSs, IETs,
and full system tests (as appropriate)
w sig coverage of physics and their
interactions

Uncertainty
Quantification
and Sensitivity

Analysis
What is the impact of variabilities
and uncertainties on system
performance and margins?

Judgment only or unc
not addressed
Sensitivities to unc not
addressed

Numerical
(propagation) errors
not addressed

* Aleatory and epistemic
(A&E\ 1ine nnt cparenated

e A&E unc segregated on
inputs/outputs w proper mterpreted

onin Quantit "~

inter D k t conduc i
e Quali a O a Quantit SAT

SOME wirv wapruicu w estimat

informal “what if” studies
e Sensitivity to numerical

(propagation) errors

estimated for UQ results
e Many strong assumptions

e Sensitivity to numerical
(propagation) errors estimated for
UQ/SA

e Some strong assumptions

A&E uncertainties due to all plausible
environments and scenarios of the
system are analyzed

Quantitative sensitivity to unc
rigorously bounded

Numerical (propagation) errors
rigorously quantified for UQ/SA

No significant strong assumptions

18
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Communicating Credibility

Predictive Capability Maturity Model (PCMM)

MATURITY

ATTRIBUTE

Maturity Level O
Low Consequence,
Minimal M&S Impact,
e.g. Scoping Studies

Maturity Level 1
Moderate Consequence,
Some M&S Impact,
e.g. Design Support

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

e.g. Qualification Support

Maturity Level 3
High-Consequence,
Decision-Making Based on M&S,
e.g. Qualification or Certification

Representation and
Geometric Fidelity

Are representation errors
corrupting simulation
conclusions?

Judgment only

Little or no
representational or
geometric fidelity for
the system and BCs

Significant simplification or
stylization of the system and
BCs

Geometry or representation
of major components is
defined

Physics and Material
Model Fidelity

How fundamental are the physics
and material models and what is
the level of model calibration?

Unknown model form
Unknown, unjustified,
or significant
extrapolation

No coupling of models

Code Verification
Are software errors or algorithm
deficiencies corrupting the
simulation results?

Judgment only
Minimal testing of any
software elements
Little or no SQE
procedures specified
or followed

Solution Verification
Are human procedural errors or
numerical solution errors
corrupting simulation
conclusions?

Judgm
numer
an unk
simula
Input/c
verifiec

Model Validation
How accurate are the simulation
results at various tiers in a
validation hierarchy?

Judgment only

Few, if any,
comparisons with
relevant SETs or IETs

o Limited simplificat
of major compone
e Geometry or reprt
defined for major
some minor comg

mplification or

nponents in the

>

yresentation of all

it the detail of “as

, material interfaces,

;, adhesive bonding,
surirace Inisri

models

rant SET/IET data
ttion

y of models

Physics-based models minimal need
for calibration using SETs and IETs
Interpolation

Full, two-way, coupling of models

by SQE
ssessed by

ation Test Suites
y w significant
rage

SQE procedures reviewed by
independent, external panel
Sustained Verification Test Suites
(VERTS) regularly w significant
coverage of functionality and their
interactions

Empirical mc

Moderate ex

Minimal or a

of models

Codes mang

procedures

Unit and reg

routinely cor

significant cc
retization
-ameters
> System
ties
ed only by

Uncertainty
Quantification
and Sensitivity

Analysis
What is the impact of variabilities
and uncertainties on system
performance and margins?

Judgment only or unc
not addressed
Sensitivities to unc not
addressed

Numerical
(propagation) errors
not addressed

Aleatory and epistemic
(A&E) unc not segregated
on inputs/outputs w/o proper
interpretation

Qualitative sensitivity to
some unc explored w
informal “what if” studies
Sensitivity to numerical
(propagation) errors
estimated for UQ results
Many strong assumptions

* Numerical errors estimated for
discretization and algorithm
parameters for relevant SRQs

o Input/output data independently
verified internal to the organization

Numerical errors rigorously quantified
for all relevant SRQs

Input/output data independently
verified externally to the organization

uantitative assessment of model
>curacy w/o model or

easurement uncertainty

odel comparisons to SETs and
Ts w sig coverage of physics and
nited coverage of physics
teractions

Quantitative assessment of model
accuracy w model and measurement
uncertainty

Model comparisons to SETSs, IETs,
and full system tests (as appropriate)
w sig coverage of physics and their
interactions

A&E uncertainties due to all plausible
environments and scenarios of the
system are analyzed

Quantitative sensitivity to unc
rigorously bounded

Numerical (propagation) errors
rigorously quantified for UQ/SA

No significant strong assumptions
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; PCMM Can Be Used To
Measure Progress In Predictive Capability Over Time

Application: Legacy Weapon in Fuel Fire
Avg/Avg  Avg/Min

Score Score
Rollup Scores 1.6 1.1 3
Representation or Geometric Fidelity 2.8 2.0
Fire Environment 2.0
Weapon 3.5 2.5 1
Physics and Material Modelel Fidelity 1.6 0.5
Fire Environment 1.6 1.0 o 2|
Fuel vaporization from spill 1.0 é
Fluid mechanics 2.0 N
Turbulent mixing 1.5 2 15
Combustion 2.0 %
Emmission 1.0 > 14
Radiative transport to weapon 2.0
Convective transport to weapon 2.0
Weapon Thermal Response 1.7 0.0 0-51
Code Verification 15 15
Fire Environment 1.5 0 ‘ ‘ ‘ ‘ :
Weapon Thermal Response 1.5 0 2 4 6 8 10
Solution Verification 0.8 0.5 Time: Years
Fire environment 0.5
Weapon thermal response 1.0
Validation 1.1 0.0
Fire Environment 0.9 0.0
Weapon Thermal Response 1.2 0.0
UQ/SA 2.0 2.0

HSCC 2007
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> Measured Credibility, on Demand, for
4 Stockpile Applications

* Decision makers need to understand predictive
capability in order to make informed decisions and to
efficiently leverage and make use of research dollars

* Progress in predictive capability needs to be measured
In each individual decision context
— Predictive capability is more than geometric fidelity or even
physics fidelity
— There is a need to define sufficiency (or adequacy) in each
attribute of predicative capability
 The Predictive Capability Maturity Model provides a
graded approach to assessing and measuring
predictive capability for specific applications

HSCC 2007
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The Credibility of M&S is Critical

“Due diligence means asking all the questions,

even if you don’t think you’ll like the answers.”

22
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epresentational (Geometric) Fidelity

Hyperlinks

23



A 4

HSCC 2007

Imagine the Future!
Computing Speed - Dec. 2006
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' Progress in Representational Fidelity
In Structural Dynamics

10 years ago:
Shellshock 2D  Recent Past:
NASTRAN NASTRAN

200 dof

30,000 dof

800,000 dof Today:
SALINAS MP

HSCC 2007 >10M dof o5
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Progress in Representational Fidelity
Thermal Modeling

Other Components

26
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Physics Fidelity

Hyperlinks

27



Phenomena ldentification

and Ranking Tables (PIRT)
Establish efficiency and sufficiency of activities

a
Adequacy

Phenomena Importance Model Code Validation

P1 H v Gap = 5

P2 M L L Completeness = 0.44
P3 L
1

Completeness
S O o
IN o)) o0
| | |

o
N
!

o

Initial Pre- Post- Final

HSCC 2007 Review Review
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Low Physics Fidelity

e Conduct blast test

? s
sl

b i

« Calibrate model to blast test using
global stiffness and damping

10 years ago:
Shellshock 2D  Recent Past:

2000t e parameters: knobs that act as
| surrogates for missing or
moocodor _ Today unknown physics
>10M dof

4 Shock Front

o * Use calibrated model to make
» prediction in tactical environments
double pulse

..

HSCC 2007 29



Improving Physics Fidelity

1. Validation Plan

|

Material
2. Code Suitabili o 1 I
Eﬂ;argqciteerrization b R 0int Parameter PhySICS-InfOI’med
(foam) l Characterization mOde|S Validated
3. Material/Component ag a|nSt Separate
Validation
Material Model effECtS tEStS
Validation l .
(foam) ’ Joint Model
4. Benchmark Level . Validation
Validation
Jointed Structure
Potted l Validation
Components 5. LFU Subsystem
Validation Validation
(foam) =
‘ l n Joints and
Tﬁr foam models
6. Data/Documentation Archiving . .
»  Validate against
blast test and make
= prediction in tactical

environments
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m-p (deg K)

Absolute Error: e

HSCC 2007

50

40 -
30 -
20 -
10 -

-10 -
-20 -
-30 -
-40 -
-50

Well Established Physics Fidelity

e~2K for conduction

lAcceptance Range

Various Locations in Test Object
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Code Readiness

Hyperlinks
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Attributes of Verification

Demonstrating Convergence to Correct Answer

for the Intended Application

Solution Verification: Convergence for

» Address adequacy of spatial AND temporal
AND other discretizations AND numerical

intended application, butis it the right

<~

2 2

n o

c c

@© X
Regression

SQE(A)
HSCC 2007

Testing

Inference » Application

A

Coupled Multi-Physics
Across Codes

Common Code
Architecture

Enabling Advanced
Solution Modules

Coupled Multi-Physics
Within Code

Separate Issues: non-smooth solutions, contact,
Physics constitutive laws, internal constraints,
multiscale physics, global/local norms, etc.

Inference

Code Verification: Convergence to correct answer, wrong application

e Eliminate code bugs AND inadequate algorithms

33
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}' Code to Code Comparisons

Are a Poor Substitute for Formal Verification

Code Comparison Principle (CCP)
Code 1 = assessed code Code 2 = benchmark code

|Code1- Truth|<|Codel- Code?2|+|Code2 - Truth|

; HCode 1— Code 2” What if this term is not negligible?
Could be that Code 1 models are different

from Code 2 models

*Could be abug in Code 1 or Code 2

*Could be an algorithm flaw in Code 1 or
Code 2

*Could be that Code 1 or Code 2 model is
not converged

Points to path for better code-to-code comparisons; but if Code 2 is
formally verified, why not verify Code 1 to the same verification test
suite? And if not, why bother with the code-to-code comparison?

HSCC 2007 34
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‘ SQE(A): Demonstrated Due Diligence
In the Stewardship of Codes

Requirements
SourceForge: Improvement
B Issue Tracking 2

FY03 AVG = 95.36 Calore =96 FY02 AVG =91.06

Sorted Total Scores, FY02 & FYO03 (with 100% target)

‘—0—FY03 _m FY02 — ASCI Target ‘

120 -
o
o 100 A
3 >
°
o 80
S Assessments
E 60
2

40

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
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Verification with Manufactured Solution
CEPTRE: Radiation Transport

107

2D manufactured problem
Quadratic elements

: Expected convergence rate = 3.0
10* |
= - - -
- i 2Triangles=2.18]
o 5
z 107 F
S i
= 10° L : -
g 10 < Quadrilateral=2.93|
(QV B S
_I -
1n7 L

Assume: u(X)
Analytically Solve for S = G(u)
Numerically solve G(u) = S for different discretizations

N\
107 fo L. N
10 10"
Mesh Size
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uring Progress in Code Verification
Coverage and Interactions

Verification Test Suite

Features &
Capabilities Unit Tests VERT1 VERT2 VERT 3 Ideal
Code A FC1 VT1
FC2 UT1 VT1
FC3 UT2 VT1
FC4 UT3 VT1
FC5 VT2
Code B FC6 UT4 VT2
FC7 UT5 Nverts( nv VT3
FCs8 uTé )3 ( 2 nv er VT3
FC9 UT7 | = '=i| FCV=1 il VT3
FC10 uTs S veeCr VT3
Code or Appl  Line or Cap r=1
Perspective Coverage Capability+Interaction Coverage
80% 3.22%
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Attributes of Verification

Demonstrating Convergence to Correct Answer

for the Intended Application

Solution Verification: Convergence for

» Address adequacy of spatial AND temporal
AND other discretizations AND numerical

intended application, butis it the right

<~

2 2

n o

c c

@© X
Regression

SQE(A)
HSCC 2007

Testing

Inference » Application

A

Coupled Multi-Physics
Across Codes

Common Code
Architecture

Enabling Advanced
Solution Modules

Coupled Multi-Physics
Within Code

Separate Issues: non-smooth solutions, contact,
Physics constitutive laws, internal constraints,
multiscale physics, global/local norms, etc.

Inference

Code Verification: Convergence to correct answer, wrong application

e Eliminate code bugs AND inadequate algorithms
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Acceleration, g

Sensitivity to Mesh Parameters

Structural Dynamics

Acceleration response at top of enc. mass

200

100¢

o

-100¢

—1x mesh

-200

Time, ms

HSCC 2007

01 2 3 4 5 6 7 8 9 10

SRS, ¢

—

—2x mesh

Max. relative error between
SRS: +/- 5%

Shock response spectra at top of enc. mass
10 b ;
| —— 1X mesh

 —— 2x mesh

10 10°
Frequency, Hz 40



P Solution Verification on

High Fidelity Models is Hard

Solution Verification: Is the Discretization Adequate?

temperature (K)
H o1
8 8
| |

300 =

200

— 8XRefined mesh

Baseline mesh

HSCC 2007

J J J
4 6 8 10

time (minutes)
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Coarse

TEMP (K)
1900

1700

Calorimeter Fire
BVG Solutions

Medium [t
1500

TEMP (K)
1900
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A
.

Calculation Verification

for a Threaded Assembly

Ryan Maupin, ESA-WR, LANL: IMAC-XXIV 1/31/06

9

330

320

310

300 -

ﬂ

290

Peak Strain (microstrain)

280 -

270

HSCC 2007

Mesh Length (mm)

T
25

1
35
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~ Solver Resolution Over UQ Parameter Space

Solution Verification: Are the solver settings adequate?

>

)

—

c

(qv]

-

@

(D]

n @
c

o

o

%)

(D)

nd

-

(D)

v e
>

0p)] D @

HSCC 2007

Solver Parameter Solver Resolution Settings
Res 1 Res 2 Res 3 Res 4 Res 5
minimum time step 0.5 0.25 0.1 0.05 0.01
time-marching truncation error 10* 10° 10° 10" 10°
solver residual norm 10° 10" 10° 10° 107
hemicube resolution (vewfactor) 20 50 100 200 300
hemicube maximum subdivsions 1 2 3 4 5
Zombie # of timesteps between foam deatl] 200 100 50 20 1
@
@
@
& % e
® ® @ @
O o P00 ® op o $$ @
10 ' 10 40 | 50
RUN #
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Dose Sensitivity to Electron Boundary
Crossing Algorithm

;

FE T L » Evaluation of ITS electron

1..'-—I—L'—'—l il 5 0 boundary-crossing error:
B n . (All with respect to

o = no internal boundaries,

default substep size.

30 ke & -= §j

L |
im
1
|

i
-l
| I N N N
|
|

* Blue: internal boundaries,
default subtep size

Ratio of Dose

Cimss

M » Cyan: Internal boundaries
half-default substep size

ok
G|
T T
|

a5k : e | n

Dispes = Green: Internal boundaries
e ' 1 quarter-default substep
E 14 16 f I
Tally Bin (Depth} Index SIZe
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Numerical Errors

Pollute Validation Assessments

Peak Winding Temperature (C)

290

280

270

260

250

240

TC_Tm | IlIIII
In

aiRrT— b= In(r)

/ Estimated Exact Solution

exact

Coarse
Mesh

| ] ] ] ] |IIII|IIII|IIII|IIII
1 2 3 4 5 6

Discretization, A

46



Verification of Error Estimator
and Adaptive Algorithm

2D Exact Solution:

5 2
u:r/%sm( 6)
3

algorithm:

HSCC 2007

Linear elements
ZZ error estimator

Feedback adaptive

[le* ],
e B i

\ then refine o oy

ﬂ|l(!’);] } .............

m [h.'ﬂ]‘.lﬂ

1.255e-+0M}
Sd15e-01
627701
3138201
0.000e+00
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o~
‘ Validation is Assessment Supporting BE+U
Calibration is not Validation

Hypothesis Tests

Improve Model

Physical
Experiment

Adequacy
Criteria

More Data

Gaussian Process Models

HSCC 2007 49
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‘ Science-Based Validation Experiments
Validation: Are You Solving the Right Equations?

Hierarchal Validation: Right

answer for the right reason System-Level

Circuit
Validation

Single ASIC
Validation

-} *Application relevant
go P F 0 7 Subcircuit parameter space

a Validation _
S Formal DOE and replicate
] tests
457 J;
Single Device -Attentio_n to diagnostic bias
— Characterization and precision

and Validation
HSCC 2007 50
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‘ Science-Based Validation Experiments
Validation: Are You Solving the Right Equations?

Hierarchal Validation: Right
answer for the right reason

Full System
Test

Mockup with jointed
structure and foam

6\(& embedded object
KQ@ ra.é
G Jointed structure
<& L
validation o
*Application relevant
parameter space
Single joint

Formal DOE and replicate

validation tests

*Attention to diagnostic bias

Joint parameter .
and precision

characterization

HSCC 2007



Science-Based Validation Experiments
Validation: Are You Solving the Right Equations?

Hierarchal Validation: Right

answer for the right reason Full System

Test

Validation
Real Sub-systems

Validation with

mockups o
*Application relevant
parameter space
sFormal DOE and replicate
o tests
Cq1+0q Secondary o . . . .
c {: _ polyme Chemistry Attention to diagnostic bias
o-gl_ Cy+ g4 a L and precision
primary 95~ A\ characterization/validation
b d=>0s

Polymer
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Validation is Statistical
Vugraph Norms
Are Not Adequate

®
L
®
L
)
& e  =0.094
© -0.25 c=0.216
— 2 _
L] . r~=0.589
_050 L L L L L L L L L L

500 600 700 800 900 1000

HSCC 2007 Temperature (C)
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Neutron Attenuation
In Test Objects

rTTT11
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QMU and Sensitivities

Hyperlinks
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Aleatory and Epistemic Uncertainties

» Aleatory uncertainty: Inherent randomness in behavior of system
under study (frequency interpretation)

— Alternatives: Variability, stochastic uncertainty, irreducible
uncertainty, type A uncertainty

— Examples: component failures or material properties derived
from statistically significant testing under conditions relevant
to intended application

e Epistemic uncertainty: Lack of knowledge about appropriate

value to use for a quantity that is assumed to have a fixed value

In the context of a specific analysis (confidence or belief

Interpretation)

— Alternatives: state of knowledge uncertainty, subjective
uncertainty, reducible uncertainty, type B uncertainty

— Examples: representative scenarios, unknown parameters in
frequency distributions, parameters or models with defensible
bounds but no sense of frequency
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Quantified Margins
and Uncertainties

Margin
at 95th

Confidence

| N

N0 e———————

Frequency

Requirement,

percentilele———

[
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A

Sensitivity Analysis

SCorr = 0.809
7
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UQ Solution Verification

1.0

Confidence

0.0

Frequency

Seed Effects from limited sampling .

HSCC 2007



Total Normalized Releases: R1
100 Observations, 10000 Futures/Observation

WIPP and NUREG-1150 Precedents

High Consequence Regulatory Issues in the National Interest
Addressed Primary Through Modeling and Simulation

1
10 E T ||||i|'|'| T ||||||'I'| |||||||'I'| T ||||||'|'| T llilll'll T ||i|||'|'| T IIIII?
- ] 1E-6 [
100 3 E
- -8 |
: :
x 107" k o 5
M ; .g F
%) E g 1.E=10 ,
© - @ i
> R i
2107 & 2
= - c
% : °g’. 1E-12 5
a 103 g 1
F S 1E-14 [
- ) 4
0 EpaLmit " \
- BE=IR & Pieral Initictors \ \
i WIPP Data NUREG-1150
10_ IIIIII L IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII | IIPIIIII 1 11 111
1.E—18 L I RTIT B ETTT BT I ul T I RTTT EET
10° 10* 102 102 10t 10 10" 102 TE-5 1E-3 = e 1E3

Normalized Release (EPA units), R

Lessons Learned: (1) Seek BE + Uncertainty

HSCC 2007

1E-4

Early Fatalities

(2) It takes more than one shot to get it right

60



Infrastructure for ASC-Scale UQ Analyses

DAKOTA: A framework for optimization/UQ
in the ASCI environment

\ 4 v
DAKOTA Tools: UQ Tools:
DDACE Sampling Tools

DMC, LHS

Optimization
Reliability Methods

Design of FORM, SORM,
Experiments AMV, AMV+
Response Surface Stochastic FEM

Function Cost
Calculator

Iﬁ v_l

Optimization Under Variability J

HSCC 2007

1.

2.

3.

Algorithmic coarse-grained parallelism
independent concurrent fn. evaluations

Algorithmic fine-grained parallelism: parallel
computation of internal linear algebra

Function evaluation coarse-grained
parallelism: concurrent execution of
separable simulations within a fn. eval. (e.g.,
multiple loading cases)

. Function evaluation fine-grained

parallelism: parallelization of the
solution steps within a single analysis code
(e.g., SALINAS, MPSalsa)

Level Level 2 Level 3

MPI_COMM_WORLD optCOMM3 evalCOMM3
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