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PSUADE: Problem Solving environment for
Uncertainty Analysis and Design Exploration

A A collection of general-purpose mathematical/statistical

algorithms for
A Uncertainty analysis, local/global sensitivity analysis
A Model parameter inference, optimization under uncertainty ....

A Designed primarily for non-intrusive UQ analysis
A Some support for semi-intrusive methods (e.g. derivatives)
A Support moderate input dimensions (O(1) i ~100)
A For high dimension (random fields) C DASSI (MS118)
A For hybrid intrusive (PCE + sampling) C MEDUSA

AHow to use PSUADEOGs functionsea
A As a standalone software (batch mode, command line interpreter)
A Integrated into application codes (library calls)
A Integrated into some graphical user interfaces (scripts)
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PSUADEGOS

* R®ased First OrdeBobol Indices

RSMSoboll: sample meastid dev of mean) = 1.807e+01 ( 0.000e+0P)
RSMSobollstd dev 6td dev ofstddev) = 8.694e+00 ( 0.000e400

Main Effect Statistics:
Input  1:Sobol main effect = 3.3651e+0ar(normalized
Input  2:Sobol main effect = 8.4527@1 unnormalized
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PSUADE
INPUT
dimension =3

Input  3:Sobol main effect = 4.1942e+0ar(normalized Variable 1X1 :31416 31416
variable 2 X2 =3.1416 3.1416
variable 3 X3 =3.1416 3.1416
END
Problem ,_ O%TPUT_ .
e . Imension =
Specification variable 1Y
4 END
METHOD
. sampling 5.H
DeS|gn of num_samples= 1000
Experiments END
(Sample) APPLICATION
Simulationq  driver =simulation_handler
-create work directory Handler | \naLvsis
-read in parameter values ¢~ analyzer method = Moment
-substitute into input decks ENFI’D“”“eve'Z
-launch job runs . Simulatio| Enp ;
-POSt-proceSS OUtpUt ata Server I VIT T (O1TTyTC nudeObS)
-write outputs to file
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Development Goal

To provide users with practical UQ tools for multi-physics
applications characterized by

A Moderate number of parameters (uptoa f ew 10008s)
smaller subset is important in driving output uncertainties
A Parameter uncertainty of different forms
A With lower and upper bounds or various distributions
A Parameter correlations, inequality constraints
A Categorical parameters (a small number)
A Nonlinear simulation models (high computational cost)
A Imperfect simulation model
A May need to account for model form uncertainties
A The need to propagate uncertainties through
A Individual physics units, € ,  ssustems, full system
A Forward and backward (experimental data at several levels)
A C To support complex workflows required in many practical applications
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To support our development goal, PSUADE is providing
several categories of UQ methods

| Lawrehée Livermore
National Laboratory



Optimization Under Uncertainty (OUU)
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A g, are scenario (discrete with probabilities) variables
A g. are continuous variables with prescribed pdfs
AF ( *tan be
A Linear combination of mean and standard deviation
A Value-at-risk (e.g. 95% confidence)
A Computlng this quantity can be costly (esp. value-at-risk)

A If "Qoh—h— is smooth with respect to g, for given x and g,
A Can use response surface created from a small sample
A Propagate a large sample drawn from pdf(g,) through the response
surface to create output pdf and compute F

A Derivative-based option
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These methods can be applied in sequence in a

simple UQ workflow
N

# inputs large?

Choose rstype & CV
(Regr, MARS, GP, RBF, ..)

Response — -
Parame_ter Surface Uncertal_nty
screening analysis analysis
From O(100) to
no more than ~20
(LSA, MOAT, FF) Global
- Sensitivity
Response analysis
Surface +
Parameter
Parameter dlstrlbuno)ns
Inference posterior Rellabll_lty
distributions - analysis
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PSUADE has been applied to a number of science and
engineering applications

DOE ASC Applications Industrial Processing CO2 Sequestration
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Some Applications requires more complex UQ

Bayesian
Inference onq,

\ 4

Thermodynamics Capture
ExpeDrgtnaental experimental
data
Thermodynamics .
Model Bayesian CQ Capture
FA0) P(a) Inference ong, Model F ehg; g,
A

Mass Transfer/
Hydraulics parameters,

Thermodynamics
Model UQ analysis

Experimental

facilities

.

Experimental
Design

\ 4

New set of
experiments

A PSUADE seeks to provide tools for

response surface interpolation)

A Building complex UQ workflows (as a callable library or via scripts)
A Accounting also for errors in a UQ analysis (errors due to sample size and
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Ongoing Development Efforts

A Capability expansion
A Efficiency enhancement

A Usability (user interfaces) improvement
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Ongoing Development Efforts

A Capability expansion
A Surrogate modeling with larger samples (N >= O(1074))
o MARS and Trees with bagging can reasonably handle O(10000) samples
o But methods like GP, Kriging, RBF costs O(N3)
oldeas (to extend to |l ower cost si mul
0 Sparsification of covariance/variogram matrices (faster/approximate solvers)
o Multiple overlapped domain decomposition (bisection on important axes)
0 MARS (can reasonably handle N ~ O(10°%))
U GP, Kriging, RBF (can reasonably handle N ~ O(10%))
U Ease of implementation, parallelization, potential prediction improvement

Interpolated versus actual data

Interpolated versus actual data

=

10-input
N=18000 | 08
TD model g 0.6} g 0.6
vARS: " MMARS:
CVrmserror of CVrmserror
0.38 0.2 S | 0.25

02 0 02 04 06 08 1 02 o o0z o2 os o8 1 (lesstime)

Actual data Actual data
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Multi-stage UQ (expanded inference)

Thermodynamics
Data 1

Thermodynamics R Bayesian . CQ Capture
Model: g, | inference org, || Model F afy, g, y
T Bayesian
Inference ong,
Mass Transfer/ Capture t
Hydraulics Modelq, Data
experiment simulation Model form

uncertainty

O @ oEh—h) 7@ -

. T . T T _ Observation
Design parameters Calibration Uncertain noise
e.g. geometry parameters parameters
(o (oo
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Ongoing Development Efforts

A Capability expansion

A Batch design of experiments (experimental campaign) T
o Computer experiments: -
U Batch design for surrogate model building

o Physical experiments mp*
U Batch design to reduce physics parameter uncertainties i
U Batch design for model optimization under uncertainty A
i Batch design for model discrepancy modeling '

A Efficiency enhancement (faster analysis time via parallelization)
Inference with multiple chain

Surrogate validation: cross validation

Multi-start optimization (e.g. in Kriging)

Bootstrapped analysis (BMARS, Sobol6 )

Multi-domain overlapped domain decomposition

Too Too Too To o
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Ongoing Development Efforts
A Capability expansion

A Batch design of experiments (experimental campaign)
A Optimization under uncertainties i value-at-risk (surrogate-based)
o Also, ordinal and continuous design variables, scenarios
A Efficiency enhancement (faster analysis time via parallelization)
A Inference with multiple chain
A Surrogate validation: cross validation
A Multi-start optimization (e.g. in Kriging)
A Bootstrapped analysis (BMARS, Sobol6 )
A Multi-domain overlapped domain decomposition

A Usability (user interfaces)
A How to present the many diverse UQ tools to users who have different

levels of UQ expertise?

o Script-based (not graphical)

o Navigation bars in GUI (e.g. FOQUYS)

o0 Tab-based GUI (multiple documents in one window)
o0 Node-based GUI (directed graph of task nodes)
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FOQUS: A GUI for UQ (generate sample)

Simulation Ensemble Setup (on aztec4)

Choose how to generate samples:
Warning: Only "Monte Carlo" sampling scheme is

2/ €honse sampling Scheme compatible with non-uniform input distributions
. Load flowsheet samples (PDF).

. Load all samples from a single file

Distributions Sampling scheme
Different sampling schemes are required to achieve certain UQ tasks.

Show schemes: ‘r
- All (Quasi Monte Carlo |
___ For parameter screening only Latin Hypercube

Orthogonal Array

. For response surface analysis 5 :
= e i Morris Design

__ For adaptive response surface analysis

Generalized Morris DeSign ‘ C L‘Im) t Framework - Preview Inputs (on aztec4)

Gradient Sample sshotugd i el o

METIS A

Monte Carlo test.x1 test.x2 test.x3 : 1-D Plots
1 -2.86873 -3.0701 -3.12329 Select |nputs to Graph:
2 -0.490659 0.521094 0.169892 test.x1

= ’ ' [k test.x2
# of samples? 200 & _ Generate Si N -1 47399 |1-92601 [143783 test.x3
4 1.24187 |-1.44245 32.10618
5 -2.76439 0.960899 2.15601
‘ . 6 0.534424 -2.8297 -1.08184
| Cancel @ Preview Samples @ Done f r i

7 -0.442211 |-0.320119 1.08994
8 2.78521 12.83866 -2.66202 \ Graph
9 -2.41427 2.96026 11.20702 \ 2.D Plots
10 0.0344888 0.0893043 -2.30743 \ SSleclInputs [0 Graph:
11 -1.66226 -1.72873  |2.43725 ‘ S
12 148855  1.51693 -0.632879 |
- ™ . T 0ANN" | T DTN TT | T NANDONO ‘c ! teSt'xz
([ _ <> Graph




FOQUS: A GUI for UQ (launch simulations)

FOQUS —- [not saved yet] (on aztecd)
- M @& & @& @ @» @
Session Basic Data Flowsheet Heat Int. Uncertainty Optimization ouu Surrogates Settings Help

Uncertainty Quantification Simulation Ensembles

Delete Selected

Add New... Load from File... Clone Selected

Ensemble Run Status Setup Launch Analyze Descriptor = Turbine Session ]
1 0 /200 Revise unch Analyze UQ_Ensemble |.

Save Selected... Ensemble Info

~

# Outputs
Sample Design Quasi Monte Ca

TP

Sample Size - (

Inspection / Deletion / Output Value Modification | Filtering

Select Variables (columns) and/or Sample Points (rows) for Deletion. Reset Perform Deletion then Make Output Value
Type new values for outputs in the appropriate cells. Table Save as New Ensemble Changes Permanent

Variables test.x1l test.x2 test.x3 graph.error test.y

L )>

Sample #

-3.08920 -2.84712 -2.97390
0.21374 0.20071 -0.40872
-1.34837 1.66640 -1.76847
1.61828 -1.90327 2.00695
-2.42013 0.62677 2.67149
0.48110 -2.01300 -0.98955
-0.70445 -1.17899 0.77128
2.70672 2.12070 -2.282...
-7 ARR51 2 47433 1 N4AR?1

DO ~N WL A WK

<>

Success in 00:00:00

Finished Single Simulation...




FOQUS: A GUI for UQ (launch analysis)
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