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Abstract
The design of modern aerospace vehicles involves

multidisciplinary interactions and presents a formi�

dable challenge to the designer in a competitive mar�

ketplace� Multidisciplinary optimization technology is

a major tool for addressing this need� but its current

use in the design process is limited by its enormous

computational burden� Even re�ned models for recent

applications such as the High Speed Civil Transport fall

short of the level of complexity required for realistic de�

signs� The goal of our research is to apply the power

of emerging parallel computation systems to permit a

level of model re�nement that would produce realistic

designs� We propose a new variable�complexity ap�

proximation strategy that will take maximum advan�

tage of parallel computation capabilities�

�� Introduction

The design of modern aerospace vehicles involves
multidisciplinary interactions and presents a formi�
dable challenge to the designer in a competitive mar�
ketplace� Multidisciplinary optimization �MDO� tech�
nology is a major tool for addressing this need� but
its current use in the design process is limited by its
enormous computational burden� To address this chal�
lenge� our group at Virginia Tech recently developed a
variable�complexity�modelling approach� involving the
use of re�ned and computationally expensive models
together with simple and computationally inexpen�
sive models ������ We have applied this approach to
the combined aerodynamic�structural optimization of
transport wings focusing recently on the High Speed
Civil Transport �HSCT� ��	�
����� However� in these
applications� even the re�ned models� based on linear
aerodynamic and structural models� fell short of the
level of complexity required for realistic designs� Our
goal is to apply the power of emerging parallel compu�
tation systems to permit a level of model re�nement
that would produce realistic designs�

The application of parallel computation strategies
to multidisciplinary analysis has attracted much in�
terest� particularly in aeroelasticity research� Coupled
aerodynamic and structural problems are amenable to
parallel computation as demonstrated by the work of
Byun and Guruswamy ������ The problem decomposi�
tion and parallelization techniques developed by these
and other researchers will be applied to our existing
analysis methods and utilized in the HSCT design op�
timization process�

Rather than simply relying on the promise of
increased computational power� we consider a new
variable�complexity approximation strategy that will
take maximum advantage of parallel computation ca�
pabilities� The increased e
ciencies inherent in this
new approximation strategy together with parallel
computational power will permit us to employ aerody�
namic models based on Euler equations to supplement
the simple algebraic models and panel models for the
HSCT that we used before�

The new concept stipulates that approximations of
aircraft response should span only those regions in
design space that have some potential of being tra�
versed by the search for the optimal design� In con�
trast to present approximations that de�ne appropri�
ate regions of design space only by move limits� the
new approximation concept adds constraint and ob�
jective function limits to design variable limits in order
to further reduce the approximation region� With this
reduction in approximation region and parallel execu�
tion of re�ned analyses at selected points in the region�
we hope to achieve an e
cient and accurate approxi�
mation of both aerodynamic and structural response�

We envision an initial three�levels�of�complexity
strategy� First we use the lowest level and least ex�
pensive models to arrive at a reasonable initial design�
Next we use these models to de�ne approximation do�
mains for the more complex models� We use the two



Figure 1. Inter-relationship of the technical tasks to the overall HSCT design. The
application of all three research efforts to the HSCT will cement the activities into a
single, coordinated group effort.

more complex models for constructing a multipoint
variable�complexity approximation�

The overall research plan� in which multipoint ap�
proximation plays a crucial role� is geared toward
rede�ning variable�complexity modelling in a paral�
lel computing environment� as illustrated in Figure
�� The focus here is on the development of a par�
allel multipoint approximation with primary appli�
cation to the aerodynamic design of the HSCT� Re�
search challenges include the development of a strat�
egy for selecting points in the approximation domain�
constructing the multipoint approximation in paral�
lel� and the coordination of algebraic models� panel
models and Euler�Navier�Stokes models for predict�
ing aerodynamic drag�

�� Multipoint approximations

Our previous work on scaled approximations �����
���� ���� utilized a single re�ned analysis� possibly with
its derivatives with respect to design variables� to
construct the variable�complexity approximation� We
now seek to develop approximations based on multi�

ple re�ned analyses� executed in parallel� Multipoint
approximations have attracted growing interest in the
past few years� �e�g�� ����� and we believe that paral�
lel computation advances will give them an edge over
single�point approximations�

Past attempts to construct multipoint approxima�
tions worked well only for small to moderate num�
bers of design variables� For large numbers of design
variables the �curse of dimensionality� dictated a very
large number of analyses even for a low order approxi�
mation� For example� a quadratic approximation in n

variables requires about n� analyses� We use the sim�
ple analysis to limit the region in design space where
the approximation is utilized to alleviate the problem
of constructing a good approximation when the num�
ber of design variables is large� This requires the fol�
lowing steps� �i� De�ne the approximation domain by
using simple analysis� �ii� Select points in the approx�
imation domain where we execute the re�ned analysis�
�iii� Construct an approximation based on the re�ned
and simple analyses�

���� Approximation domain de�nition

The approximation domain is centered around a
nominal design point� usually obtained from the previ�
ous approximate optimization cycle� In current prac�
tice� the approximation domain is bounded only by
move limits on the design variables� We bound the
domain by additional limits on the values of the con�
straints and the objective function obtained from an
inexpensive approximation� When the simple analysis
is several orders of magnitude cheaper than the re�ned
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Figure 2. Cylindrical container design example illustrating the utility of the approxima-
tion domain concept. An approximation domain is based on a limitation of the objective
function and constraints based on a simplified analysis. For the cylindrical container
problem, the cost is a complicated function which is approximately proportional to the
surface area. The approximation domain, indicated by the shaded area, is calculated
for a 10% change in volume and surface area from an optimum based on the simple
analysis. A large variation in design variables is indicated by the sketched shapes, but
the approximation domain is only a thin sliver of design space.

analysis then the simple analysis de�nes directly the

approximation domain� Otherwise� a linear approxi�

mation to the simple analysis is used� Constraints can

bound the approximation domain by requiring that

the approximation to the constraint not be violated by

more than a certain margin� say �� percent� Similarly�

the objective function can bound the approximation

domain by limiting the change in the objective func�

tion�

To illustrate the e�ectiveness of bounding the ap�

proximation domain by the constraint and objective

function we consider the problem of designing a cylin�

drical container of given volume for minimum cost�

Assume that from a simple analysis the cost is pro�

portional to the surface area� Assume that a re�ned

analysis of the cost requires a complex �nite�element

analysis of the can to determine the required thickness

of the top� bottom and sides� as well as an analysis

of the manufacturing cost� Based on a simple analy�
sis the optimum container has a ratio of diameter to
height of one� We use this as a nominal design and de�
�ne the approximation domain to include all designs
where the volume and surface area change by �� per�
cent from the nominal design� Figure � shows the
approximation domain with the diameter D normal�
ized by the optimum diameter D�� and the height H
normalized by the optimum height� H�� We see that
the limits on the constraint �volume� and objective
function permit large changes in the design variables
and the shape of the cylinder� as illustrated by the two
cylinders sketched in the �gure� However� the approx�
imation domain is a thin sliver �shaded area� of the
total domain�

���� Point selection for re�ned analysis

We next consider the problem of optimal placement
of N points in the often elongated domain S produced



HSCT Design Examples

L.E. Sweep = 77 deg.
T. E. Sweep = 50 deg.
CD(lift)/CL^2 = 0.580

L.E. Sweep = 77 deg.
T. E. Sweep = −55 deg.
CD(lift)/CL^2 = 0.567

L.E. Sweep = 79 deg.
T. E. Sweep = −55 deg.
CD(lift)/CL^2 = 0.569

L.E. Sweep = 79 deg.
T. E. Sweep = 50 deg.
CD(lift)/CL^2 = 0.573

Figure 3. HSCT planforms corresponding to four extreme design points.

by bounds on design variables� constraints� and objec�
tive function in n dimensional space� We will evaluate
several competing approaches� one based on treating
the points as particles that repel one another� say like
electrons� and the other based on an orderly progres�
sion using simplices�

Placing the points by treating them as electrons
requires us to minimize the potential energy associated

with the forces between all pairs� That is� we select the
points xi� i � �� � � � � n� so as to minimize

nX

i��

i��X

j��

�

kxi � xjk
� xi � S �

where x� denotes the nominal design� Of course� we
must scale or normalize the design variables properly
for the distances to be meaningful� This approach has
an intuitive appeal� but the problem of minimizing the
potential may prove to be computationally expensive�

The other scheme is based on the use of the sim�
plex� which is the generalization of the triangle and the
tetrahedron to higher dimensions� We start with an
initial simplex with x� as one of its vertices� and cre�
ate additional vertices by re�ecting one vertex through
the face opposite to it� For a two dimensional domain
the result is a triangulation of the domain�

���� Construction of approximation

We seek to approximate a function f�x� given a

simple analysis s�x� and a set of points xi where the

function was calculated by both a simple analysis s�xi�

and re�ned analysis r�xi�� These correction functions
are chosen so as to minimize the di�erence between
f�xi� and r�xi�� We propose to begin with the ap�
proximation

f�x� � c��x�s�x� � c��x��

where c��x� and c��x� are multiplicative and additive
corrections to the simple models� We plan to begin
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Figure 4. Noisy calculated surface for drag due to lift.

with linear polynomials with coe
cients obtained by
a least�squares �t to the data� Obviously� we can con�
sider higher order polynomials for the correcting poly�
nomials� Because of the special shape of the approx�
imation domain� polynomial approximations may not
do well� even if they only need to correct the simple
analysis� Instead we plan also to explore the use of
rational functions and neural networks to determine
c� and c��

���� HSCT drag calculation

We have used ����� variable�complexity modelling
to calculate the wave drag and drag due to lift of the
HSCT� However� the re�ned approximations� the Har�
ris drag code� and a vortex lattice approach were still
not very accurate� We expect to test the proposed
approach to upgrade the re�ned analysis to Euler��ow
analysis� We plan to use all three analysis levels simul�
taneously� The least expensive analysis will de�ne the
approximation domain� while the other two analyses
will be used in the approximation itself�

���� HSCT example problem

Our current HSCT design optimization research in�
volves up to twenty�three design variables and �fty�
three constraints� Although di
cult to visualize in
higher dimensions� the design space is easily visual�
ized with only two design variables� When the objec�
tive function is plotted as a function of the two design
variables� a three�dimensional surface is formed reveal�
ing the topography of the design space� Therefore� an

example case was selected using two design variables�
with the remaining variables held constant�

For the example case the two design variables were
the wing leading�edge and trailing�edge break points�
The design variables were changed by 	 percent from
the current baseline HSCT con�guration used in our
studies� This corresponded to a variation of the
leading�edge sweep angle from �� to �� degrees and a
variation of the trailing�edge sweep angle from �		 to
	� degrees� The extreme HSCT designs produced by
these variations are shown in Figure �� The design sur�
face was than discretized using a �� x �� uniform grid�
and drag due to lift was calculated for the HSCT con�
�guration at each point on the mesh� This produced
a detailed map of the surface topography as shown
in Figure �� This view of the drag demonstrates the
jagged surface features which reduce the e�ectiveness
of derivative based optimization techniques� Similar
results were obtained for the volumetric wave drag�

Response surface approximations to the surface in
Figure � were constructed using both polynomial func�
tions and rational approximations� The most simple
polynomial model was the bilinear tensor product

f�x� y� �
�
a�x� a�

��
a�y � a�

�
�

Also employed were the quadratic polynomial

f�x� y� � a�x
� � a�xy � a�x� a�y

� � a�y � a�

and the biquadratic tensor product

f�x� y� �
�
a�x

� � a�x� a�
��
a�y

� � a�y � a�
�
�
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Figure 5. Biquadratic tensor product least squares approximation to noisy drag due to
lift surface.

In addition to these models� the rational approxima�
tion

f�x� y� �
a�x� a�y � a�

a�x� a�y � a�

was utilized� Because of the computational costs as�
sociated with evaluating the large number of point
designs required for multipoint approximation� the
present work focuses on methods to determine the
minimumnumber of calculations required to construct
various response surfaces� From this work with two
design variables� the simple models and the mathe�
matical techniques developed will be extended to de�
sign problems involving many variables where compu�
tational costs are signi�cant�

The construction and evaluation of a response sur�
face involved several steps� Initially� a number of
points were selected at random from the design surface
and the drag due to lift was calculated for each point
design� A three�dimensional surface was then �t to
the data� For the bilinear� quadratic� and biquadratic
functions� this surface was found by performing a lin�
ear least�squares surface �t to the drag due to lift data
points� For the rational function approximations� a
Levenberg�Marquardt nonlinear least�squares surface

�tting routine was used� To evaluate the quality of
the surface �t� the in�nity�norm� ��norm� and ��norm
of the residual were calculated between the discrete
points on the exact� known surface and corresponding
points on the response surface�

As an example of this method� Figure 	 shows a re�
sponse surface model produced using the biquadratic
tensor product� This response surface modeled the
exact surface topography fairly accurately both in the
region near the global minimumand along the bound�
aries of the design surface� However� it required ap�
proximately �	� to ��� drag calculations to model the
design surface before the surfaces became independent
of the number of points in the analysis� In this exam�
ple problem� the computational costs of calculating
the response surface using a biquadratic tensor prod�
uct were minimal� The computational costs would
become prohibitively expensive if more accurate drag
calculation procedures were utilized or if this model
were extended to the twenty�three dimensions of the
entire HSCT design problem�

Additional research is planned to validate the ap�
plication of multipoint approximation methods to the
HSCT optimization problem� Future work will focus
on the example problem with respect to the techniques



for point selection and on methods for quantifying the
accuracy of the response surface �ts� In addition�
the response surface methodology will be extended
to problems involving many variables and higher di�
mensional design spaces� Because the response sur�
face technique requires numerous independent calcu�
lations� it o�ers an excellent way to exploit coarse
grained parallel computation�
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