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DAKOTA Training

DAKOTA Overview

http://Iwww.cs.sandia.gov/dakota

Learning goals: Understand (at a high level):

* DAKOTA's key iterative analysis capabilities

* DAKOTA framework benefits

« How DAKOTA interfaces with a simulation (computational

model)
« How to run DAKQOTA: specify (input deck) and run an
analysis
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i DAKOTA in a Nutshell

Design and Analysis toolKit for Optimization and Terascale Applications

Answer fundamental science and engineering
guestions with computational models (simulations)
 What are the crucial factors/parameters and how do they affect key

metrics? (sensitivity)

« How safe, reliable, robust, or variable is my system? (quantification of
margins and uncertainty: QMU, UQ)

« What is the best performing design or control? (optimization)
 What models/parameters best match experimental data? (calibration)

« All rely on iterative analysis with a computational model for the
phenomenon of interest (explore each type in this class)
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V
p‘ Automated Iterative Analysis

Automate typical “parameter variation” studies with
advanced methods and a generic interface to your simulation

4 DAKOTA h
optimization, sensitivity analysis,

parameter estimation,
\_uncertainty quantification

parameters

(design, UC,

state) "Computational Model (simulation)

 Black box: any code: mechanics, circuits,
> high energy physics, biology, chemistry

\_ SIERRA multi-physics, SALINAS, Xyce

~

response
metrics

» Semi-intrusive: Matlab, ModelCenter, Python

)

« Can support experimental testing: examine many accident
conditions with computer models, then physically test a few

worst-case conditions.
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Core Methods

Time-tested and advanced algorithms for deterministic and probabilistic
analysis in a single toolkit to address simulations that are: nonsmooth,
discontinuous, multimodal, expensive, mixed variable, failure-prone

Gradient-based Optimization Sensitivity/statistical analysis

* DOT: frcg, bfgs, mmfd, slp, sqp » Parameter studies: vector, list, centered, grid
« CONMIN: frcg, mfd * Design of experiments:

« NPSOL sqp —DDACE: LHS, MC, grid, OA, OA_LHS, CCD, BB
* NLPQLP sqgp —FSUDace: CVT, Halton, Hammersley

« OPT++: prcg, QN NIP, FDN NIP, FN NIP —PSUADE: MOAT

* Dynamic plug-in: SNOPT, ... Uncertainty quantification
Derivative-free Optimization « Sampling: LHS, MC, Incr. LHS, IS/AISIMMAIS
* COLINY: PS, EA, Solis-Wets, COBYLA, DIRECT .« | ocal Reliability: MVFOSM/MVSOSM,

« JEGA: MOGA, SOGA x/u AMVIAMV?, x/lu AMV+/AMV?+,

« NCSU: DIRECT, IFFCO x/u TANA, FORM/SORM

» Global Reliability: EGRA

» Stochastic expansions: Wiener-Askey gen.
Polynomial Chaos (Hermite, Legendre, Laguerre, Jacobi,

« OPT++: PDS
« APPSPACK, EGO, TMF

Parameter estimation (calibration) gen. Laguerre); Stochastic collocation (Lagrange)
* Nonlinear least squares: NL2SOL, NLSSOL, » Epistemic: Second-order probability,
OPT++ Gauss-Newton Dempster Shafer Theory of Evidence @ Sandia
National
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‘ DAKOTA C++ Framework Goals

Unified software infrastructure: reuse tools and common interfaces; integrate
commercial, open-source, and research algorithms

Enable algorithm R&D, e.g., for non-smooth/discontinuous/multimodal responses,
probabilistic analysis and design, mixed variables, unreliable gradients/simulations

Object-oriented code; modern software quality practices:
— Subversion, Bugzilla, Mailman, ViewVC, gcov, cppUnit
— Nightly platform builds with ~750 serial/parallel regression tests

Impact: tool for DOE labs and external partners; broad application deployment; free
via GNU GPL (>4000 download registrations)

Iterator
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@riables/parametes : user application 5 a responses 0
« design: continuous : (simulation) : * functions: objectives,
discrete ’ : system, fork, direct, grid : constraints, LSQ
e uncertain: (log)normal : : residuals, generic
(|Og)unifo.rm,ignterva|, ’ —P': optional approximation (surrogate) = . gradients: numerical,
triangular, histogram, : » global (polynomial 1/2/3, neural net, = analytic
beta/gamma, EV I, II, Il : kriging/Gaussian proc., MARS, RBF) :  Hessians: numerical,
. state: continuous = « local (Taylor); multipoint (TANA/3) . analytic, quasi
Qiscrete / '\: hierarchical, multi-fidelity o K /
Integrate parameters into extract relevant metrics

application inputs
Flexible interface to user application (computational model/simulation)
 May be cheap (analytic function, linear analysis); typically costly

(finite element mesh with millions of DOF, transient analysis of integrated circuit
with millions of transistors)

* Built-in response surfaces/meta-models/surrogates improve efficiency
* May run tightly-coupled, locally as separate process, in parallel

. . Sandia
on a cluster, remotely on a distributed resource National
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Strategies

A

(and advanced/multi-component methods)

eopt within UQ (uncertainty of optima) (g r-------------- .
o with and without surrogate model indirection aleatory
sampling

Optimization
e Surrogate-based: data fit, multifidelity, ROM

* Mixed integer nonlinear programming (MINLP):
PEBBL (parallel branch and bound)

» Optimization under uncertainty
— TR-SBOUU, RBDO (Bi-level, Sequential)
— MCUU, PC-BDO, EGO/EGRA, Epistemic, ... —
oca

* Hybrids (e.g., global/local) opt.
 Pareto set

global local

e Multi-start optimization opt.
* Multilevel methods local
opt.

Strategies (general nesting, layering, sequencing and recasting
facilities) combine methods to enable advanced studies:

« opt within opt (multilevel opt & hierarchical MDO)
* UQ within UQ (second-order probability)

- UQ within opt (OUU) and NLS (MCUU) @ Rl

Uncertainty

» Second order probability
» Uncertainty of optima

Nonlinear least squares
e Surrogate-based calibration
* Model calibration under

uncertainty Sandia
@ National
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Scalable Parallelism

Nested parallel models support large-scale applications and architectures.

1. SMP/multiprocessor
workstations: Asynchronous
(external job allocation)

2. Cluster of workstations:
Message-passing
(internal job allocation)

[slave] [slave] [slave]
Voo
jobl& job2& job3& job4 & jobl job2 job3 job4
3. Cluster of SMP’s: Hybrid 4.MPP (.. 0 —— —
(service/compute model) RedStorm): |
Internal MPI
-master [slave] [slave] [slave] [slave] ?naer:ttle%ns v v B *
A A AV AV paraiielism) )
jobs & jobs & jobs& jobs & [] . L1000
] - il -
0 -
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V
, ' Additional Topics

(revisit later today per class interest)

General features Strategies/Advanced approaches

* Restart * Nested models: OUU

 Evaluation cache e Multi-objective (Pareto) optimization

« Utilities in dakota restart_util e Multistart; multi-level hybrid

e Tabular graphics data » Surrogate-based optimization (variety of

« Failure capturing: abort, retry, recover, ~ constraint handling approaches): trust
ignore region; EGO/EGRA

« Constraint specification: linear, * Reliability-based design optimization
nonlinear; equality, inequality  Advanced UQ topics: polynomial chaos,

« Input/output scaling second-order probability, Dempster-Shafer,

surrogate-based UQ

« AMPL: for analytic problems / algebraic
mappings

« Matlab interface

Approximation methods

* Global data fit surrogate methods Parallel capabilities: message passin
(polynomials, MARS, Kriging, etc.) asynchr(F))nOUS local hybr?d P &

* Local surrogate methods (Taylor . Asynchronous evaluations

series, multipoint) . :
- Hierarchical: high/low fidelity models ~* Dakota parallel, application serial
» Dakota serial, application parallel

e Corrections
« Multi-level parallel: concurrent iteration,
concurrent function evaluations,
concurrent analyses,

e multiprocessor simulations @ ﬁgt"igﬁ'a.
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‘ DAKOTA Getting Started

» Key resource: http://www.cs.sandia.gov/dakota
— Extensive documentation (user, reference, developer)
— Support mailing lists / archives

— Software downloads: releases and nightly stable & VOTD builds
(freely available worldwide via GNU GPL)

» Supported platforms
* Primary: Linux (Red Hat)
e Other UNIX: Sun Solaris, IBM AIX (SGI IRIX, DEC OSF phasing out)
* Windows (via Cygwin & MINGW, MSVS via Cmake/SCons)
 Mac OSX (PPC and Intel)
» Special-purpose: Red Storm

» Users Manual, Chapter 2: Tutorial (used momentarily)

» Help getting started or using DAKOTA with your application:
dakota-users@software.sandia.gov (includes DAKOTA
development team and internal/external user community)

Sandia
National
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}.‘ DAKOTA Overview

Learning goals: Understand (at a high level):

« DAKOTA's key iterative analysis capabilities

« DAKOTA framework benefits

« How DAKOTA interfaces with a simulation
(computational model)

« How to run DAKOTA: specify (input deck) and run an
analysis
— Rosenbrock example problem

— DAKOTA execution flow: input and output files
— Simulation code interaction
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A

DAKOTA Example:
Rosenbrock Function

f(x1,x2) = 100*(x2-x1*x1)2 + (1-x1)2
2<x1<2

2<x2<2
Minimum: (x1,x2) = (1,1); f(1,1) = 0.0

=/

500

&)
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‘ Vector Parameter Study

« Example: 11 equally-spaced
samples along a vector in the
x1-x2 parameter space

— Based on user-defined start point,
end point, number of samples

* Not especially useful with N=2,
but can be when N>2
— With large steps, provides some
global trend info on f-values

— With small steps, provides some
local trend info on f-values
(quasi-derivatives)

National
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> DAKOTA Execution & Info Flow

DAKOTA Input File

« Commands

» Options

» Parameter definitions
* File names

—

DAKOTA Parameters File
{x1 123.4}

{x2 -33.3}, etc.

A 4

Use APREPRO/DPREPRO
to cut-and-paste x-values
into code input file

Code
Input

DAKOTA Executable
Sensitivity Analysis,
Optimization, Uncertainty
Quantification, Parameter
Estimation

(CALORE thermal analysis\
ALEGRA shock physics
SALINAS  structural dynam
Premo high speed flow

(your code here)

DAKOTA Output Files

* Raw data (all x- and f-values)

 Sensitivity info
* Statistics on f-values
* Optimality info

. _J

\

DAKOTA Results File
999.888 f1

777.666 T2, etc.

A

User-supplied automatic
post-processing of code
output data into f-values

Code
Output

Sandia
National
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V
}.‘ Dakota Input Deck @

6 potential sections (2 optional, 4 required):

« Strategy (optional): single_method, hybrid, multi_start,
pareto_set

 Method (required): parameter studies, nondeterministic
methods, optimization methods

 Model (optional): single, surrogate (global, local,
hierarchical), nested

» Variables (required): design, uncertain, and state variables;
continuous/discrete

 Interface (required): system call, fork, or direct; specify
parallel options

» Responses (required): number of responses/constraints,
gradients, Hessian

« Examine examples/tutorial/dakota_rosenbrock_vector.in

Sandia
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}i Dakota Execution and Output

« DAKOTA is run from a UNIX/command prompt
(limited Windows interface; graphical user interface in progress)

» Specifying output file on the command line logs input variable and
response information for each function evaluation, as well as
additional information, depending on the method:

>> dakota —1 my _run.in —o0 my_run.out

o If strategy includes tabular_graphics _data, DAKOTA

generates a tabular listing of inputs and outputs, called
dakota_ tabular.dat. Useful for Excel, Matlab, or other package

import.

 Run dakota_rosenbrock_vector.in; examine graphics and
add tabular output.
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> DAKOTA Execution & Info Flow

DAKOTA Input File

« Commands

» Options

» Parameter definitions
* File names

—

DAKOTA Parameters File
{x1 123.4}

{x2 -33.3}, etc.

A 4

Use APREPRO/DPREPRO
to cut-and-paste x-values
into code input file

Code
Input

DAKOTA Executable
Sensitivity Analysis,
Optimization, Uncertainty
Quantification, Parameter
Estimation

(CALORE thermal analysis\
ALEGRA shock physics
SALINAS  structural dynam
Premo high speed flow

(your code here)

DAKOTA Output Files

* Raw data (all x- and f-values)

 Sensitivity info
* Statistics on f-values
* Optimality info

. _J

\

DAKOTA Results File
999.888 f1

777.666 T2, etc.

A

User-supplied automatic
post-processing of code
output data into f-values

Code
Output
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'
%‘ DAKOTA Parameters File

* The file is typically named “params.in” and is generated by

DAKQOTA for each function evaluation

* The file lists the number of variables and the variable
values in order, one value per line, followed by additional

information:

2
-2.000000000000000e+00
-2.000000000000000e+00

ONEFEDNPELPE

variables

x1

X2

functions

ASV_ 1

derivative variables
DVV_1

DVV_2
analysis_components

* Your script will extract the variables from this file and insert

them into your code input deck.
See Chapters 12, 13, and 14

Sandia
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}.‘ DAKOTA Results File

* The file is typically named “results.out” and is generated by the
simulation code (or script) for return to DAKOTA.

* You need to extract the relevant response(s) from your code
output and write to the results.out file with the function values in
order, one value per line:

f1
f2
3.609000000000000e+03 f
[ -4-806000000000000e+03 -1.200000000000000e+03 1]
fM

* You can add a text label after the function value (on the same
line) to help you keep track of the f-values / constraints.

 If your code generates gradients of the function-values and/or
Hessian values (matrix of 2"d derivatives), also report in this file.

Sandia
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DAKOTA Input/Output (Pre-GUI)

Toois i:mds

kegin Function Fvaluation 1

Parameters for funclion cvaluation 1:
1.8000000000e+00 intake dia
1.0000000000e+00 flatness

e Text input/output

blocking fork: cyl_head /var/tap/aaabHaagl /var/tep/haacHaasl

AcLlive response dala for hm:.l.iun evaluation 1:
Active set vector = 1 3 3 3

—2.43;;9?3&13000 obj_fn

-4.742ZR4B6677-01 n1h_ineq_conl
-4.5000000000e-01 nln_ineq_con2
.3971143170e-01 nln_inca_con3

4. a1 o1, a1 ] obj_tn gradienl
1.3855136438e-01 0.0000000000e+00 1 nin_ineq conl aradient
0 00 1. 01 1 nin_ineq con2 gradient
0.0000000000e+00 -1.9485571585e-01 ] nin_ineq_cond gradient

Strategy
Method
MOdeI interface,

application fork
asynchrunuus Maj Mo Step Fun Merlt functien Veltm Nerm 92 nZ Penalty Conw

- 1 i NP 2 0.0F+00 1 ~1.98RFROGAF+00 3.9F-01 0.0F=00 o 4.6F+01 F TF
Var|ab|es analysis_driver=  ‘cyl_head 2

= -b =

.0
0
i
1

————

. Y5 no
cdy. d_escrmtur “intake_dia® “flatness”

I’ESDE«II’]SES'y_ W £ t
num_o ject‘lve unctions = 1
Interface num_ inear. 1nequa}1ty_cunstra1nts

_gradients
Responses

Degin Function Cvaluation 2

Parameters for function evalwation Z:
2.1640000000e+00 intake_dia
1.7 1699940 18¢ 100 f'|dlr|l:“i&

ot

Iblockilly fork: oyl _head SvarSLnp, diaaBl Svarslep/dacelaas]

active response data Tor Tunction evaluation 2:
Active set vector = { 3 333

)
w

L4B69127193¢100 obi_fn
£ _9258958B00¢-01 nln_inca_conl
3.4245008973e-01 nln_ineq con2
B8.7142207939€-03 nln_ineq cond
1 o1
o
1
1

]

4. e-01
2 qunz'sqrnue+n1

i 1 obi_ n gradient

.0000000000e+00 ] nln_ineq_conl gradient
. ‘01 1 nin_ineq_cenz aradient
-B998301774¢-01 ] nin_inca_con? gradient

8
" . : [

1 —=—-¥Emacs: dakota_cyl_head.in (Fundanental Penbeli-———=all=—==——J| | t o
frofe Jvar/scriZ/nseldre/Dakota/test/dakota_cyl_head.in L 0:0000000000¢:00

g .

e Output graphics

Approximation Surface

T gxis
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JAGUAR Interface

& Java GUi for Applied Research (DAKOTA) 1.0 Beta (04302006)
ile Projects Look & Feel...

Project 1 . [Project 1: Optimization
- Edlit Project Information
Bl Problem Definition et st

- Define Problem Statement

E-- Define Models optt ¥ | WHoelcte set ] [ B tew set

Define Yariahles

Defing Inter faces Optimization Library
Define Responses : = —
- Problem Execution |DOT | NPSOL | CONMIN | OPT++ | COLINY | JEGA |
L DRI Sl e Random Ssect 23432432
B Define Methods

Faraieta ity Initialization Type: | Simple Rendom % |
Design of Computer Experiments

Monlinear Least Sguares

Outpt log file: DPrim populations? |

Uncertainty Guantification Pt Sizs 0
e Prform Analysis
Problem Visualization
Wisualize Results

Multi-Objective | Single-Objective |

Fitness Replacement Convergence

Constraint Penatty: 1.0 Type: |Favor Feasible Type: | Best Fitness Tracker v

Percent Changs: 041
Hurmber of Generations: 15

Crossover

Mutation

Type ‘Mumpmm Binary v Type: |Bit Random v
humber of Poirts 2 0.15!

Population Rete: 0.08

Independent Cortrols

Model Specification | Tolerances | Limits | Linear Constraints | Miscellaneous

Maximum Number of fterations:
Maximum hMumber of Function Evalustions: 100000
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National
Laboratories



JAGUAR Interface

&1 JAva GUi for Applied Research (DAKOTA) 1.0 Beta (043020046) =
File Projects Look & Feel..

Project 1 Project 1: Perform Analysis
= Edit Project Information y
- Problem Definition DAKOTA Input File

continuous_design = 2 Y
cdv_descriptors = 'cdv_1' 'cdw 2! 4

* Define Yariables
- Define Interfaces cdv_initial_point = 0.0 0.0 N
- Define Responses cdv_lower_bounds = -0 -2.0 A
El- Problem Execution cdv_upper_bounds = 2.0 2.0

Define Strateoy
efine Methods

- Parameter Study

interface, y
: id interface = 'Il' Y
-Deslgn Q1 CEmEIESE petiionts analysis_drivers = 'rosenbrock! !
Morlingar Least Squares % -
+ Optimization failure_capture abort y
- Uncertairty Quantification direct

El- Problem Visuali responses, ik

Visualize Results id responses = 'R1' A\
response_descriptors = 'obj_fn 1' \
num_objective functions = 1 y
multi_objective weights = 1.0 5
no_gradients b
no_hessians

strategy, i
single_pethod

model,
single

method, Y

id_method = 'Optl’ i)

max_function evaluations = 100000 \

soga !

seed = 23432432

population size = 100 A}

initialization type simple random A

Crossover_type multi point binary = 2 Y

crossover_rate = 0.8 i)

mutation type bit random A

mutation_rate = 0.08 i)

fitness_type merit_function constraint_penalty = 1.0 A
replacement_type favor_feasible Y

convergence_type best_fitness_tracker percent_change = 0.1 mm_generations = 15

<

[ Hhrun DakoTa l [Fypviow aKoTA Outpt ] [view DakoTa Eror Log
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Bonus Slides
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‘ New Capability in DAKOTA 4.2

* Uncertainty quantification
— stochastic collocation method via Lagrange polynomial interpolation

— more scalable and higher order generalized polynomial chaos (and
SC) methods (Smolyak sparse grids w/ mixed integration rules and
numerically generated polynomials)

— extended Latin hypercube sampling distributions (Gumbel, Frechet),
variable transformations, incremental random sampling

* Optimization and calibration

— new bi-level, sequential, and multifidelity optimization under
uncertainty algorithms based on stochastic collocation and
polynomial chaos

— new APPSPACK interface to directly handle linear/nonlinear
constraints

— generalization of efficient global optimization technique
— new capability for surrogate-based model calibration

— Improved support for model calibration under uncertainty and

. . Sandi
weighted nonlinear least squares @ National
Laboratories



‘ New Capability in DAKOTA 4.2

e Framework
— new radial basis function and moving least squares surrogates
— more efficient evaluation cache
— model recursion refinements
— improved analysis driver specification

o Usability
— newly designed input parser with better feedback on errors

— additional method tutorials and examples demonstrating
coupling DAKOTA to parallel simulation codes for analysis

— improved platform support for Macintosh and Windows

— more convenient and robust integration into other software
libraries, such as Trilinos and Xyce, with special emphasis on
efficiency for large-scale applications

Sandia
National
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i Exploiting Parallelism

1. Algorithmic coarse-grained parallelism: independent fn. evaluations
performed concurrently:
» Gradient-based (e.g., finite difference gradients, speculative opt.)
*  Nongradient-based (e.g., GAs, PS, Monte Carlo)
» Approximate methods (e.g., DACE)
* e Concurrent-method strategies (e.g., parallel B&B, island-model GAs, OUU)

2. Algorithmic fine-grained parallelism: computing the internal linear
algebra of an opt. algorithm in parallel (e.g., large-scale opt., SAND)

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

*4 Function evaluation fine-grained parallelism: parallelization of the
solution steps within a single analysis code (e.g., SALINAS MPSalsa)

Level 1 Level 2 Level 3 . . : | 4096 prOCS 32 X 128
MPI_COMM_WORLD optCOMM3 evalCOMM3 Math anaIyS|S & eXperlmentS T1:8 Slmulatlon heterogenelty
* identify schemes which >
maximize parallel efficiency &
* * and are robust w.r.t. £
evalCOMM's: analysisCOMM's: Var|ab|||ty $
[J1[][] build schemes into € ol T
] - automatic configuration /1,015 = 8/4/1 is preferred
. utilities 180 S S S SN S S NN

concurrendy at lowest scheduling fevel”
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