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Abstract

This paper summarizes the discussion at the Approximation Methods Panel that was held at the
o™ AIAA/ISSMO Symposium on Multidisciplinary Analysis & Optimization in Atlanta, GA on
September 2-4, 2002. The objective in the panel was to discuss the current state-of-the-art of
approximation methods and identify future research directions important to the community. The
panel consisted of five representatives from industry and government: Andrew J. Booker from
The Boeing Company, Dipankar Ghosh from Vanderplaats Research & Development, Anthony
A. Giunta from Sandia National Laboratories, Patrick N. Koch from Engineous Software, and
Ren-Jye Yang from Ford Motor Company. Each panelist was asked to (1) describe the current
state-of-the-art of the approximation methods used by his company, (2) give one or two brief
examples of typical uses of these methods by his company, (3) describe the current challengesin
the use and adoption of approximation methods within your company, and (4) identify future
research directions in approximation methods. Common themes that arose from the discussion
included differentiating between Design of Experiments and Design and Analysis of Computer
Experiments, visualizing experimental results and data from approximation models, capturing
uncertainty with approximation methods, handling problems with large numbers of variables,
and educating engineers in using approximation methods.
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|. Introduction

Computer-based simulation and analysis is used extensively in engineering for a variety of tasks.

Despite the steady and continuing growth of computing power and speed, the computational cost

of complex high-fidelity engineering analyses and simulations maintains pace. For instance,

Ford Motor Company reports that one crash simulation on a full passenger car takes 36-160

hours.! The high computational expense of such analyses limits, or often prohibits, the use of

such codes in engineering design and multidisciplinary design optimization (MDO).
Consequently, approximation methods such as design of experiments and response surface

models are commonly used in engineering design to minimize the computational expense of

running such analyses and simulations. The basic approach is to construct a simplified
mathematical approximation of the computationally expensive simulation and analysis code,

which is then used in place of the origina code to facilitate multidisciplinary design
optimization, design space exploration, reliability analysis, etc. Since the approximation model

acts as a surrogate for the original code, it is often referred to as a surrogate model, surrogate
approximation, approximation model, or metamodel (i.e., a “model of a Mpdél"variety of
approximation models exist (e.g., polynomial response surfaces, kriging models, radial basis
functions, neural networks, multivariate adaptive regression splines), and recent reviews and
comparisons of many of these approximation model types can be found in Refs. 3-9.

To gain a better understanding of how approximation methods are currently viewed and being
used by industry and government agencies, a panel discussiyopiaximation Methods was

held at the9™ AIAA/ISSMO Symposium on Multidisciplinary Analysis & Optimization (MA&O)

in Atlanta, GA on September 2-4, 2002. The objective in the panel was to discuss the current
state-of-the-art of approximation methods and identify future research directions important to the
community. The panel consisted of five representatives from industry and government: (1)
Andrew J. Booker from The Boeing Company, (2) Dipankar Ghosh from Vanderplaats Research
& Development, (3) Anthony A. Giunta from Sandia National Laboratories, (4) Patrick N. Koch
from Engineous Software, and (5) Ren-Jye Yang from Ford Motor Company. Each panelist was
asked to (1) describe the current state-of-the-art of the approximation methods used by his
company, (2) give one or two brief examples of typical uses of these methods by his company,
(3) describe the current challenges in the use and adoption of approximation methods within your
company, and (4) identify future research directions in approximation methods.

The remainder of this paper summarizes the discussion that occurred at the panel and is intended
to serve as a record for the approximation methods community at large who were unable to
attend. Section Il contains a brief overview of the example applications discussed by the
panelists along with a list of the approximation software presented during the panel. Common
themes that arose from the discussion included differentiating between Design of Experiments
and Design and Analysis of Computer Experiments (Section Ill), visualizing experimental results
and data from approximation models (Section V), capturing uncertainty with approximation
methods (Section V), and handling problems with large numbers of variables (Section VI). A
brief summary of the questions that followed the panelists’ opening remarks are discussed as part
of the closing remarks in Section VII along with future challenges such as educating engineers in
using approximation methods.



1. Overview of Applications of Approximation Methods

A variety of applications were discussed by the panelists, indicating the wide variety of uses for
approximation methods in engineering design and MDO. These applications ranged from space
station power systems, to fluid flow problems and oil tanker design, to structural design and
automotive crashworthiness. A brief overview of each example follows.

Booker described a Design of Experiments approach that was used to verify the performance of
large DC power systems for a space station.’®** Up to 30 input loads could be switched
ON/OFF, and Design of Experiments was used to analyze the performance of the system and
determine operating conditions to achieve a desired phase margin. Since each load could be
switched either ON or OFF, a 2-level fractional factorial was used to analyze the system, and
analysis of variance (ANOVA) was used to estimate main effects.

An aircraft jet engine inlet design problem involving 11 geometry parameters used a 12-pt
Plackett-Burman design? to achieve an accurate approximation to maximize the air flow rate on

the inlet surface.™® Initially, the turnaround time to obtain response values was two weeks. The
engineers were able to reduce the turnaround time (eventually to one day) by automating the set-

up for analysis. The design was subsequently successively augmented by “folding over” the
design to resolve interactions and adding a center point and star points to estimate quadratic
effects. The benefit of the particular experimental design approach on this problem was the
ability to sequentially augment the design as turnaround time was reduced.

A fluid flow example involving the design of a cooling systémas also discussed during the
panel, see Figure 1. The example consisted of 12 design variables, 10 constraints, and one
objective function; feasibility and convergence were achieved in 11 iterations, requiring only 24
calls of Fluent, a computationally expensive fluid flow analysis package.
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Figure 1. Visualization of Fluid Flow through Cooling System Using Fluent

An oil tanker conceptual design problem was used to compare the accuracy of a single global
approximation model against two disciplinary approximation models—one for the tanker’s
hydrodynamic analyses and one for the tanker’s structural analyses—that provided parameters
for cost estimation> Both approximation models yielded an improvement in the objective
function (i.e., return on investment), but the two disciplinary approximation models required
fewer expensive analyses than the global approximation model did.



Approximation methods for structural analysis and automotive crashworthiness were discussed
by severa panelists. An automobile design example involving the use of topology optimization
to improve the structura rigidity of the body was described.®® Vehicle safety analysis is a
complex and computationally expensive process, and researchers at Ford are investigating the
accuracy of different approximation types for automotive crashworthiness studies.™*"*® Yang, et
a.’® stress the importance of uniform sampling when only small sets of sample points are
available due the computational expense of running crash simulations such as that shown in
Figure 2a. A probabilistic formulation for addressing uncertainty in automotive design was also
presented to help identify designs that are robust to the multiple crash scenarios (see Figure 2b)
that are considered during automotive crashworthiness studies.'*%
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Figure 2. Automotive Crashworthiness'™

In addition to these examples, several software packages for building, constructing, validating,
and optimizing approximation models were aso discussed during the panel. To avoid
commercialism and bias, the reader is referred to the following references and URLSs to learn
more about the capabilities of the approximation software packages discussed by the panelists:

» DAKOTA: Ref. 21 and http://endo.sandia.gov/DAKOTA.

* iSIGHT: Ref. 22 and http://www.engineous.com/products.htm.

* VisuaDOC: Ref. 23 and http://www.vrand.com/visualdoc3info.htm.

In addition to these packages, Design Explorer is being developed at The Boeing Company to
provide similar capabilities.®*

[11. Design of Experiments Versus Design and Analysis of Computer Experiments

As mentioned previously, several common themes arose from the panel discussion, including the

need to differentiate between traditional Design of Experiments (DOE) and response surface

(RS) modeling and Design and Analysis of Computer Experiments (DACE), which often

employs kriging models, see Figure 3. In the “classical” design and analysis of physical
experiments, random variation is accounted for by spreading the sample points out in the design
space and by taking multiple data points (replicates) as shown in the figure. This is an important
distinction between physical experiments, which have random error, and computer experiments,
which are often deterministic (i.e., the same output is obtained each time the same input is



given), that was made frequently during the panel. Sacks, et a.? state that the “classical”
notions of blocking, replication, and randomization are irrelevant when it comes to deterministic
computer experiments; thus, sample points should be chosen to fill the design space. Space
filling experimental designs include latin hypercube desfgmsthogonal array¥;%® uniform
designs®* Hammersley sampling sequendesnd minimax and maximin desighso name a

few. A recent comparison of several space filling designs can be found in Ref. 3.

DOE/RS Modeling DACE/Kriging Models
for Physical Experiments for Computer Experiments
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Figure3. Comparison of DOE/RS and DACE/Kriging®

Once sample data has been gathered, response surface modeling typically employs least squares
regression to fit a polynomial model, typically first- or second-order, to the sampled data.
Additional details on least squares regression can be found in a number 8f #&%&sKriging

models are constructed using maximum likelihood estimation (see, e.g., Ref. 25, 34, 37-40) and
typically interpolate the data, providing an exact fit of the sampled data. Non-interpolative
kriging models that “smooth” noisy data can also be devel8Féd.

Once the approximation model is constructed, it must be validated in order to ensure that it is
sufficiently accurate to use as a surrogate for the original code. Validation of response surface
models is typically based on: (a) testing statistical hypothesis (t-tests and F-statistics) derived
from error estimates of the variability in the data, (b) plotting and checking the residuals, and (c)
computing R, the ratio of the model sum of squares to the total sum of squares;,gna/tich

is R adjusted for the number of parameters in the mbdellin, et aP discuss multiple
performance metrics for comparing approximation models based on accuracy, efficiency,
robustness, model transparency, and simplicity; Yang added that Gearhart arld tismgs
metrics for comparing response surfaces models of different order to identify the “best” model.

Sacks, et &> and Welch, et &f state that statistical testing is inappropriate when it comes to
deterministic computer experiments which lack random error; therefore, cross-validation and



mean sguare error (MSE) are often employed to assess the accuracy of a kriging model. A
simplified procedure for leave-one-out cross validation of kriging models is presented by
Mitchell and Morris,* but recent studies by Meckesheimer, et a.*’ found that |eave-one-out
cross validation does not work well for validating kriging models. Leave-one-out cross
validation often under-estimates the true root mean square error in a kriging model, and they
suggest using the more general leave-k-out cross validation for kriging models with k=0.1n or

Jn where n is the number of sample points used to fit the model.

V. Visualizing Experimental Results and Data from Approximation M odels

The importance of visualization was stressed by nearly every panelist. First, visualization is
useful for examining the experimenta results themselves and can be used to detect potential
outliers in the data. Booker described a case were an errant run of a simulation code yielded a
response about 10° orders of magnitude greater than the other responses, which caused the
resulting kriging approximation to fit poorly. The engineers had not noticed the outlier when
they examined the experimental data file, but it showed up immediately when the design space
was plotted in 3D.

In addition to viewing the experimental results, approximation models also provide a useful

surrogate for visualizing the entire design space. Koch gave the example shown in Figure 4 of

three approximation models fit to the same set of sample data—all three can be used to view the
design space, but which is the most accurate? Based on the sample data, this is found to be a
highly non-linear design space that cannot be accurately represented by a second-order RS model
as seen in Figure 4a. Obviously a higher-order polynomial response surface model can be
constructed, a fourth-order RS model is shown in Figure 4b, but this often requires more sample
data than is readily available. The best fit of the sample data is provided by the kriging model
shown in Figure 4c, which has sufficient flexibility to fit the highly non-linear design space. An
example of a graphical comparison of response surface and kriging models for the design of an
aerospike rocket nozzle can be found in Ref. 40.
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Figure4. Graphical Comparison of Response Surface and Kriging M odel

Visualization also plays an important role in optimization. Ghosh stressed the importance of
viewing the history of the objective function during optimization to monitor system performance.
Koch advocated using the approximation model to view design variable values in real-time as



they changed during optimization. Booker stated that visualization is helpful in understanding
why apoint is optimum and how it might be improved if constraints are changed or relaxed.

Panelists emphasized that these visualization capabilities do not have to be very sophisticated.
Booker uses bar charts and pie charts to display functional ANOVA results to help identify
important main effects and interactions based on the sample data.****® Depending on the type
of experimental design, the functional ANOV A can be computed directly, if using an orthogonal
array of strength 3 or higher?®, or can be estimated from the approximation model itself. Booker
showed results from a sinusoidal test function proposed by Giunta and Watson® to demonstrate
the useful information that could be gained through functional ANOVA but with some caution
when using approximate models to estimate the ANOVA . *

V. Capturing Uncertainty with Approximation M ethods

Approximation methods are becoming popular tools for modeling uncertainty and reducing the
computational expense of probabilistic analysis during probabilistic design optimization. Koch
stated that a variety of probabilistic methods have been developed to model and assess the effects
of known uncertainties by converting deterministic problem formulations into probabilistic
formulations, but until recently the computational expense of probabilistic analysis of a given
design often precluded its application to real engineering design problems, and probabilistic
optimization has thus been considered impractical, particularly for complex multidisciplinary
problems. He stated that approximation methods are finding new uses in reducing the
computational expensive of probabilistic analysis to make probabilistic optimization more
tractable. For instance, approximation models are being used at Ford to incorporate uncertainty
into automotive crashworthiness studies!®® Koch also outlined a procedure for using
approximation methods to facilitate reliability analysis and robust design optimization, see
Figure 5. Asan example, the il tanker example described in Section 11 was used to compare the
performance of response surface and kriging approximations for six sigma based probabilistic
design optimization in Ref. 50.
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Giunta used the plot in Figure 6 to illustrate the differences between a global non-robust
optimum and a local robust optimum for a computational shock physics application.”® The
application uses a large finite element code to simulate the shock physics involved with
imploding an inertial confinement fusion capsule that is subject to manufacturing variation.

Given manufacturing variation in the radius of the outer layer of plastic ablator material that
surrounds the capsule, he stated that was more important to find robust, “flat” regions in the
design space that are insensitive to these variations than it was to find the global optimum.
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Figure 6. Robust Design in Shock Physics™

Giunta presented the following formulation for simulation-based optimization under uncertainty:

minimize:  f(x) +WTS(x,u)

subjectto: g, <g(x)<g,
a < ATS(x,U) <3,
X S X< X,
xOogd”
u are probabilistic
(Normal, Weibull, etc)

where §(x,u) are statistical metrics (e.g., means, standard deviations, failure probabilities, etc.)
andW andA are weighting vectors/matrices. Approximation models are employédkyog(x),

and Sx,u) to reduce the computational expense of these analyses. Detailed results for the
computational shock physics example shown in Figure 6 can be found in Ref. 53. Giunta also
mentioned that approximation models are useful for reducing the numerical noise that might
occur in the output responses, citing his earlier work wherein response surface models helped
smooth numerical noise in an aerodynamic analysis exafhpl&Vhile optimization and
uncertainty quantification are becoming more important, they are still not viewed as critical path
items at Sandia; he said the focus is still on “getting the physics right.”

V1. Handling Problems with L arge Numbers of Variables

Often referred to as the “curse of dimensionaliy” a constant challenge in building accurate
approximation models is handling problems with large numbers of variables: the more design
variables you have, the more samples you need to build an accurate metamodel. This becomes
increasingly important when modeling uncertainty because the design (input) variables and the



uncertain (noise) variables must be captured in the model, thereby increasing the dimensionality
of the design space even more.

Screening experiments are often employed to reduce the set of factors to those that are most
important to the response(s) being investigated. Statistical experimentation is used to define the
appropriate design analyses that must be run to evaluate the desired effects of the factors. Often
two level fractional factorial designs™ or Plackett-Burman®? designs are used for screening, and
only main (linear) effects of each factor are investigated.

Among the earliest such work, Box and Draper™ proposed a method to gradually refine a
response surface model to better capture the real function by “screening” out unimportant
variables. Ghosh discussed the use of intermediate design variables to reduce the dimensionality
of the design space; a topology optimization example of an automobile body to improve
structural rigidity was given as an examffle. The variable-complexity response surface
modeling method uses analyses of varying fidelity to reduce the design space to the region of
interest®® A procedure for screening unimportant variables is offered by Welch *&tdilich

uses a Kkriging-based approximation methodology to identify important variables, detect
curvature and interactions, and produce a useful approximation model for two 20 variable
problems using only 30-50 runs of the computer code. Booker noted, however, that the
interaction between screening methods and optimization still needs to be investigated further.
For instance, variables that might not be important during initial experimentation may become
important in the later stages of the optimization such that the variables that were initially
“screened out” need to be added back into the model.

Problems involving mixed discrete/continuous variables were also mentioned as one of the
challenges facing the design of experiments for building approximation models. Booker
emphasized that the judicious selection of the experimental design is needed when factors with
discrete levels are considered. For instance, the design variables for the power system
example¥” ' mentioned in Section Il had ON/OFF levels, mandating the use of an experimental
design with two levels. Orthogonal arrays with discrete level choices are also available for
problems with two or more discrete lev&sin general though, problems with both continuous

and discrete variables require special consideration and have thus far been solved largely on a
problem-by-problem basis.

VIl. Closing Remarks

The discussion that followed the presentations by the panelists revolved primarily around the
research topics outlined in the previous sections. Two additional topics that continued to surface
during the discussion involved using gradient information in approximation models and
sequential methods for model fitting and building. Yang stated that gradient information was
usually not readily available in their crashworthiness models; therefore, he did not advocate the
use of gradient-enhanced approximations because obtaining gradient information added
computational expensive. Booker and Giunta agreed that if the information was readily
available, or could be easily obtained through procedures such as automatic differéfitiation,
then it should be used to improve the accuracy of the approximation model; Booker
recommended a paper by Morris, ef’ahat offered a method for using gradient information in
kriging models and a paper by Koefifahat discusses the use of gradient information in kriging



models and its usefulness for estimating transmitted variation. Methods for using gradient
information to enhance approximation models were also being developed by several members of
the audience.®”®°

Sequential and adaptive approximation methods were also being developed by several members

of the audience.”’® A sequential method combining response surface models and kriging

models was also mentioned,” which used “inherited” sample points in latin hypercube designs as
new samples were takéh. The merits of sequentially sampling the design spaoceimprove

the accuracy of the approximation model in one or more regions of interest were also discussed.
The work by Osio and Amdhwas cited for their multi-stage sampling procedure for building
kriging models.

Kriging models for approximation and global optimization were another big topic of discussion.
In fact, more papers involving kriging-based approximation models appeared at this MA&O
Symposium than at the past symposiums combined. Global optimization procedures using
kriging models were discuss&d® and a procedure for calibrating a kriging model during
optimization that avoided problems with an ill-conditioned correlation matrix was discussed by
Booker®! see Figure 7. Procedures for updating the theta parameters in a kriging model during
continuous experimentation are investigated in Ref. 82.
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In addition to outlining research directions for advancing approximation methods themselves,
panelists also charged the academic community with helping to educate engineers in how to use
them. Ghosh emphasized that engineers should gain some basic exposure to approximation
methods and their uses. He said that a strong theoretical background was not necessary, but it
was important to know how to formulate a problem and interpret results to identify when
problems occur. Koch echoed his comments, stating that a basic level of understanding is
needed to build, validate, exercise approximation models even though the majority of these
processes are automated by software packages. A similar philosophy is used in academia when
teaching finite element methods prior to using a finite element software package.

Giunta also stated that many engineers and analysts do not have sufficient background in applied

math (i.e., optimization) and statistics to understand approximation methods and how they are
used. They are often unfamiliar with the statistical terms and concepts and are overwhelmed by
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the many choices available for the experimental design (e.g., central composite designs, latin
hypercubes, uniform designs, orthogonal arrays) and the approximation model (e.g., kriging,
response surfaces, neural net, etc.). He closed in saying that good graphical user interfaces can

help mitigate this but considerable “hand-holding” is needed in the meantime. Booker made
similar comments, stating that it is helpful to know what an engineer plans to do with the results
(e.g., identify main effects, screen variables, use the approximation for optimization) since that
often dictates the approach and tools employed in the study.
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