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Novel Multidisciplinary Shape Parameterization Approach
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A multidisciplinaryshape parameterization approach is presented. The approachconsists of two basic concepts:
1) parameterizing the shape perturbations rather than the geometry itself and 2) performing the shapedeformation
by means of the soft object animationalgorithms used in computer graphics. Because the formulationpresented is
independent of grid topology,we can treat computational� uid dynamics and � nite element grids in the same man-
ner. The proposed approach is simple, compact, and ef� cient. Also, the analytical sensitivity derivatives are easily
computed for use in a gradient-based optimization. This algorithm is suitable for low-� delity, for example, linear
aerodynamics and equivalent laminated plate structures, and high-� delity, for example, nonlinear computational
� uid dynamics and detailed � nite element modeling, analysis tools. The implementation details of parameterizing
for planform, twist, dihedral, thickness, camber, and free-form surface are given. Results are presented for a mul-
tidisciplinary applicationconsisting of nonlinear computational� uid dynamics, detailed computationalstructural
mechanics, and a simple performance module.

Nomenclature
A = wing area
AR = wing aspect ratio
B = Bernstein polynomial
b = wing span
C = chord
CD = coef� cient of drag
c = camber
d = degree
e = scale factor for twist and shearing
N = B-spline basis function
Nn = normal vector
NO = origin of parallelepiped
NP = coordinates of NURBS control point
NQ = coordinates of solid element
NR = coordinates of deformed model
Nr = coordinates of baseline model
NS = shearing vector
NT = twist plane
t = thickness
u = parameter coordinate
Nv = MASSOUD design variable vector
W = NURBS weights
X; Y; Z = Cartesian coordinates of deformed model
x; y; z = Cartesian coordinates of baseline model
® = angle of attack, deg
1 = total deformation
± = deformation
µ = twist angle, deg
3 = leading-edge sweep angle, deg
¸ = wing taper ratio
»; ´; ³ = coordinates of deformation object
½ = twist radius
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Subscripts

ca = camber
I; J; K = total numbers of control points
i; j; k = indices for NURBS control point
id; jd = design variable indices
in = inner
L = wing lower surface
le = leading edge
m = midline
out = outer
p = degree of B-spline basis function in i direction
pl = planform
q = degree of B-spline basis function in j direction
r = root
sh = shear
te = trailing edge
t = tip
th = thickness
tw = twist
U = wing upper surface

Superscript

T = transpose of the matrix

Introduction

M ULTIDISCIPLINARY shape optimization (MSO) � nds the
optimum shape for a given structural layout. Performing

MSO for a complete airplane con� guration is a challenging task
with high-� delity analysis tools. The analysis models, also referred
to as grids or meshes, are based on some or all of the airplane com-
ponents, such as skin, ribs, spars, and the stiffeners.The MSO of an
airplane must treat not only the wing skin, fuselage, � aps, nacelles,
and pylons, but also the internal structural elements such as spars
and ribs (see Fig. 1). The treatment of internal structural elements
is especially important for detailed � nite element (FE) analysis.For
a high-� delity MSO process to be successful, the process must be
based on a compact and effective set of design variables that yields
a feasible and enhanced con� guration.For more details, readers are
referred to an overview paper by this author on geometry modeling
and grid generation for design and optimization.1

Shape parameterizationis the � rst step for an MSO process.Over
the past several decades, shape optimization has been successfully
applied for two-dimensional and simple three-dimensional con� g-
urations. In a multidisciplinary application, the shape parameteri-
zation must be compatible with and adaptable to various analysis
tools ranging from low-� delity tools, such as linear aerodynamics
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Fig. 1 Internal components of wing.

andequivalentlaminatedplate structures,to high-� delity tools,such
as nonlinearcomputational� uid dynamics (CFD) and detailedcom-
putational structures mechanics (CSM) codes. Creation of CFD
and CSM grids is time consuming and costly for a full airplane
model: Detailed CSM and CFD grids based on a CAD model take
severalmonths to develop.For a multidisciplinaryproblem, the pro-
cess must use a geometry model and parameterizationconsistently
acrossall disciplines.Gradient-basedoptimizationrequiresaccurate
sensitivity derivatives of the analysis model with respect to design
variables.

The shape parameterization techniques can be divided into eight
categories: basis vector, domain element, discrete, analytical, free
form deformation (FFD), partial differential equation (PDE), poly-
nomial and spline, and CAD-based (see Ref. 2 for more details). A
brief description is provided next.

The shape parameterization techniques are based on parameter-
izing either the disciplinary models (grids) or the geometry (from
which the disciplinary grids can be generated).2 The advantage of
parameterizingthe grid is that the grid topologystays � xed through-
out optimization; hence, the grids can be regenerated (deformed)
automatically. The disadvantage is that the large shape changes
could produce unacceptable grids due to the � xed topology. The
most attractive feature of parameterizing the grid is the ability to
use an existing grid for optimization. The basis vector, domain
element, discrete, analytical, FFD, and our approach belong to the
grid parameterization category. Use of these approaches (with the
exception of discrete approach) would result in a consistent shape
parameterization for multidisciplinaryapplications.

The advantageof geometry parameterizationis that only one rep-
resentation needs to be parameterized. However, the optimization
processwill require automatic grid-generationtools, which may not
be available for all disciplines. The PDE, polynomial and spline,
and CAD-based approaches belong to geometry parameterization
category.

Basis vector approach3 is based on parameterizing grids. It uses
several proposed grids to represent the design shape. The proposed
grids must share the same grid topology. This approach also pro-
vides a mechanism to transfer the sensitivity data to most commer-
cial analysis codes. We followed a similar approach to transfer the
sensitivity information to commercial analysis codes.

The domain element approach is based on linking a set of grid
points to a macroelement (domain element) that controls the shape
of the model.4 As the nodes of the domain element move, the grid
points belonging to the domain will move as well. The movement
is based on an inverse mapping between the grid points and the do-
main element, and the parametric coordinates of the grid points
with respect to the domain element are kept � xed through the
optimization cycles. The domain element technique is available for
shape optimization in some commercial software. This method is
very ef� cient, and it is relatively simple to implement. We followed
a similar approach to parameterize the planform shape, but we used
multiple three-dimensionaldomain elements.

The discrete approach is based on using the grid-point coordi-
nates as design variables. This approach is easy to implement, and
only the number of design variables limits the geometry changes.
Because the shape is perturbed by moving individual grid points, a
smooth geometry is dif� cult to maintain, and the optimization solu-
tion may be impractical to manufacture, as pointed out by Braibant
and Fleury.5 For a model with a large number of grid points, the

number of design variables often becomes very large and may lead
to high cost and a dif� cult optimization problem to solve. A multi-
disciplinary design optimization (MDO) application often requires
parameterizationof multiple dissimilargrids, for example,CFD and
CSM. Because the discrete approach is not capable of parameteriz-
ing dissimilar grids simultaneously,it cannot guarantee a consistent
shape parameterizationacross multiple disciplines.

FFD is a subset of the soft object animation (SOA)6 algorithms
used in computer graphics for morphing images and deforming
models. The FFD algorithmsare used to deforma baselinemodel to
create the design model. We have used the SOA approach to model
the twist, shear, and planform.

The analytical approach7 provides a compact formulation for
parameterization of airfoil sections. The formulation is based on
adding shape functions (analytical functions) linearly to the base-
line shape. The contributionof each parameter is determinedby the
value of the participatingcoef� cients (design variables) associated
with that function. All participating coef� cients are initially set to
zero, so that the � rst computationgives the baseline geometry. The
shape functions are smooth functions based on a set of previous
airfoil designs. This method is very effective for wing parameter-
ization. We used a similar concept to model the effect of section
design variables.

The PDE approach considers the design surface generation as a
boundary-valueproblem, and it produces design surfaces as the so-
lutions to elliptic PDEs. Bloor and Wilson8 presented an ef� cient
and compact method for parameterizingthe surface geometry of an
aircraft. Bloor and Wilson showed that it was possible to represent
aircraft geometry in terms of a small set of design variables. Smith
et al.9 extended the PDE approach to a class of airplane con� gura-
tions.

Polynomial and spline approachesrepresentdesign surfaceswith
the polynomial and spline representations.Use of polynomial and
spline representationsfor shape parameterizationobviously can re-
duce the total number of design variables. Braibant and Fleury5

showed that Bezier and B-spline curves are well suited for shape
optimization.A polynomial can describe a curve in a very compact
form with a small set of design variables. Cosentino and Holst10

optimized a transonic wing con� guration by using a cubic-spline
representation for two-dimensional airfoils that de� ne wing geo-
metry. In a design case study on the Lockheed C-141B aircraft,
Cosentino and Holst reduced the number of design variables from
120 to 12by usingthecubic-splinetechnique.Schramm andPilkey11

used a B-spline representationto performstructuralshapeoptimiza-
tion for a torsion problem with direct integration and B-splines.
Similarly, Anderson and Venkatakrishnan12 used B-splines with
an unstructured grid CFD code for aerodynamic design optimiza-
tion. The polynomial and spline techniquesare well suited for two-
dimensional and simple three-dimensionalmodels. Complex three-
dimensional models are made of many curves and surfaces; as a
result, these curves and surfaces are dif� cult to model outside of a
CAD system. Also, complex models require a large number of con-
trol points, and optimization is prone to creating irregular or wavy
geometry.

CAD-based approach uses the commercial feature-based solid
modeling CAD systems to create the design surfaces. To
parameterize an existing model is still a challenging task in today’s
CAD systems, and the models created are not always good enough
for automatic grid-generation tools. Feature-based solid modeling
(FBSM) CAD systems are capable of creating dimension-driven
objects. Even though use of parametric modeling in design would
make the FBSM tools ideal for optimization, existing FBSM tools
are not capable of calculating sensitivity derivatives analytically.
Townsend et al.13 discussed issues involved in using a CAD sys-
tem for an MDO application. The computer codes for commercial
CAD systems are very large; to differentiate the entire system with
automatic differentiation tools may not be feasible. Therefore, cal-
culation of the analytical sensitivity derivatives of geometry with
respect to the design variables could prove to be dif� cult within a
commercial CAD environment. For some limited cases, the analyt-
ical shape sensitivityderivativescan be calculatedbased on a CAD
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model; however, this method will not work under all circumstances.
One dif� culty is that, for some perturbation of some dimensions,
the topology of the CAD part may be changed. Another way to
calculate the sensitivity derivatives is to use � nite differences, as
long as the perturbedgeometry has the same topology as the unper-
turbed geometry. Both methods, the analytical and � nite difference
approximations,have their dif� culties and limitations.

This paper presents a shape parameterization approach suitable
for MSO as part of a MDO application. This approach was imple-
mented in a computer code called multidisciplinary aerodynamic-
structuralshape optimizationusing deformation(MASSOUD). The
combinedalgorithmwassuccessfullyimplementedfor aerodynamic
shapeoptimizationwith analyticalsensitivityfor structuredgrid14;15

and unstructured grid16 CFD codes. This algorithm has also been
used for multidisciplinaryapplicationof a high-speedcivil transport
(HSCT).17;18 The approach consists of two basic concepts, which
are expanded in the next two sections. The � rst concept is based
on parameterizingthe shape perturbations rather than the geometry
itself. The second concept is based on using the SOA6 algorithms
for shape parameterization.

Parameterizing the Shape Perturbations
Typically, the optimization starts with an existing wing design,

and the goal is to improveor redesignthewing performanceby using
numerical optimization. The geometry changes (perturbations) be-
tween initial and optimized wing are very small,7;10 but the differ-
ence in wing performance can be substantial. This is demonstrated
in Fig. 2, where the airfoil shapes and the correspondingcoef� cient
of pressuredistributionsare shown for M6 and NACA0012 airfoils.
An effective way to reduce the number of shape design variables is
to parameterize the shape perturbations instead of parameterizing
the shape itself. For example, 89 points are used to represent the
airfoils shown in Fig. 2. However it only takes nine control points to
representthe differencebetween the two airfoils,as shown in Fig. 3.
Throughout the optimization cycles, the analysis grid can then be
updated as

NR. Nv/ D Nr C 1 NR. Nv/ (1)

For MASSOUD, the change 1 NR is a combination of changes in
thickness, camber, twist, shear, and planform:

1 NR D ± NRth C ± NRca C ± NR tw C ± NRsh C ± NRpl (2)

Far fewer design variables are required to parameterize the shape
perturbations1 NR than the baseline shape Nr itself.

Fig. 2 Shape and coef� cient of pressure for NACA and M6 airfoils.

Fig. 3 Design perturbation for airfoils.

Fig. 4 Typical MSO process.

Fig. 5 MASSOUD process.
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Figures4 and5 show the typicalMSO andMASSOUD processes.
In a typical MSO process (Fig. 4), a geometry modeler perturbs
the baseline geometry model. Then, grids must be generated for
each discipline. Because automatic grid-generation tools are not
available for all disciplines, automating this MSO process would
be very dif� cult. In contrast, the MASSOUD process (Fig. 5) relies
on parameterizing and deforming the baseline grids and avoids the
manual grid-generationprocess.

SOA
The � eld of SOA in computer graphics6 provides algorithms for

morphing images19 and deforming models.20;21 These algorithms
are powerful tools for modifying the shapes: They use deformation
of a high-level shape, as opposed to manipulation of lower level
geometric entities. Hall presents an algorithm and provides com-
puter codes for morphing images.19 The deformation algorithms
are suitable for deforming models represented by either a set of
polygonsor a set of parametric curves and surfaces.The SOA algo-
rithms treat the model as rubber that can be twisted, bent, tapered,
compressed,or expanded,but will still retain its topology.This tech-
nique is ideal for parameterizingairplane models that have external
skin as well as internal components, for example, see Fig. 1. The
SOA algorithms link vertices of an analysis model (grid) to a small
number of design variables. Consequently, the SOA algorithms can
serve as the basis for an ef� cient shape parameterizationtechnique.

Barr presented a deformation approach in the context of physi-
cally based modeling.20 This approach uses physical simulation to
obtain realistic shape and motions and is based on operations such
as translation, rotation, and scaling. With Barr’s algorithm, the de-
formation is achieved by moving the vertices of a polygon model
or the control points of a parametric curve and surface. Sederberg
and Parry presented a variant21 of the FFD algorithm, which op-
erates on the whole space, regardless of the representation of the
deformed objects embedded in the space. The algorithm allows a
user to manipulate the control points of trivariate Bezier volumes.
The disadvantage of FFD is that the design variables may have
no physical signi� cance for the design engineers. This drawback
makes it dif� cult to select an effective and compact set of design
variables. This paper presents a set of modi� cations to the original
SOA algorithms to alleviate this drawback.

For the modi� ed SOA algorithms presented in the next several
sections, implementationwill include the following common set of
steps.

1) Select an appropriate deformation technique and object. This
step de� nes the forward mapping from the deformation object
coordinate system »; ´; ³ to the baseline grid coordinate system
x; y; z.

2) Establish a backward mapping from the baseline grid coor-
dinate system x; y; z to the deformation object coordinate system
»; ´; ³ . The »; ´; ³ mapping parameters are � xed and are indepen-
dent of the shape perturbations.This preprocessingstep is required
only once.

3) Perturb the control parameters (design variables) of the defor-
mation object.

4) Evaluate the grid perturbation1 NR and shape sensitivityderiva-
tives (@ NR=@ Nv).
The followingsectionsproviderecipes forusingSOA algorithmsfor
parameterizing airplane models for thickness, camber, twist, shear,
and planform changes.

Thickness and Camber
We used a nonuniformrationalB-spline (NURBS) representation

as the deformation object for thickness and camber parameteriza-
tion. The NURBS representationcombined the desirable properties
of NACA de� nition22 and spline techniques, and it did not deterio-
rate nor destroy the smoothness of the initial geometry.

The changes in thickness and camber were represented by

± NRth.»; ´/ D

PI
i D 0 Ni;p.» /

PJ
j D 0 N j;q .´/Wi; j

NPthi; jP I
i D 0

Ni;p.» /
PJ

j D 0
N j;q.´/Wi; j

(3)

Fig. 6 Thickness and camber de� nitions in wing coordinate system.

Fig. 7 Thickness and camber de� nitions in x, y, and z coordinate
system.

± NRca.»; ´/ D

PI
i D 0

Ni;p.» /
PJ

j D 0
N j;q.´/Wi; j

NPcai; jPI
i D 0 Ni;p.» /

PJ
j D 0 N j;q.´/Wi; j

(4)

Figures 6 and 7 show the NURBS control points in »; ´ and x , y,
z coordinate systems, respectively. The control points and weights
could be used as design variables.

Readers are referred to the textbook by Farin for details on the
properties of NURBS representation.23 The NURBS representa-
tion has several important properties for design and optimization.
A NURBS curve of order p, having no multiple interior knots, is
p ¡ 2 differentiable.As a result, the NURBS representationis able
to handle a complex deformation and still maintain smooth surface
curvature. The control points are the coef� cients of the basis func-
tions, but the smoothness is controlled by the basis functions, not
by the control points. The NURBS representationis local in nature,
allowing the surface to be deformed locally, hence leaving the rest
of the surface unchanged. Equations (3) and (4) served as the for-
ward mapping between the thickness and camber design variables
and the grid perturbation,± NRth and ± NRca .

The next step was to establish the backward mapping from the
deformation object, that is, the NURBS surface, coordinates, »; ´,
to the baseline model coordinates, x; y; z. The percentage of chord
%C was used for » , and the spanwise location y was used for ´:

» D %C; ´ D y (5)

To calculate %C , we needed to determine the wing chord at each y
station.The baselineCAD model provided the leading edge NR le.´/,
trailingedge NRte.´/, wingmidline NRm .´/, andnormalvectorde� ning
the airfoil plane, NT.´/, as shown in Fig. 8. The curve de� ning the
wing midlinedid not have to be at the center of the wing, but needed
to be somewhere between the upper and the lower wing surfaces.
The NRle.´/, NRte.´/, and NRm.´/ were used to separate points on the
upper surface from points on the lower surface.

Because we knew ´ for each grid point, we were able to de� ne a
plane that passed throughthe grid point by means of a normal vector
de� ned by NT.´/. We then used the following equations to � nd the
intersection of this plane and the curves shown in Fig. 8:

NT.´/ ¢ [Nr ¡ NRle.´/]T D 0 (6)
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Fig. 8 Curves de� ning the backward mapping.

NT.´/ ¢ [Nr ¡ NRte.´/]T D 0 (7)

NT.´/ ¢ [Nr ¡ NRm .´/]T D 0 (8)

Equations (6–8) must be solved for each grid point in the model.
For a high-orderNURBS curve, Eqs. (6–8) are nonlinearand can be
solved by the Newton–Raphson method. The solution to Eqs. (6–8)
for each ´ was a set of three points located at the leading edge,
the trailing edge, and the center. The %C was calculated based on
the leading-and trailing-edgepoints.Next,we neededto separatethe
grid points de� ning the wing model into upper and lower surfaces.
We connected the three points obtained from Eqs. (6–8) to form a
curve that separated the upper surface from the lower surface. This
curve need not representthe camber line accurately,and a wing with
drooping leading edge or with highly cambered airfoil sectionsmay
requiremore than one NRm .´/ to de� ne the curve.With this approach,
the deformationmay be localized to a speci� c designarea by setting
allowable %Cmin, %Cmax , ´min , and ´max.

As the design variables (control points NPthid ; jd and NPcaid ; jd
)

changed,we calculatedthe contributionto the thicknessand camber
by Eqs. (3) and (4). The advantageof this process was that the sen-
sitivity of grid-point location with respect to design variables was
only a function of the B-spline basis functions,

@ NR
@ NPthid ; jd

D @ NR
@ NPcaid ; jd

D
Nid ;p.» /N jd ;q.´/Wi d; j dPI

i D 0 Ni;p.» /
PJ

j D 0 N j;q .´/Wi; j

(9)

Consequently, the sensitivity, as shown in Eq. (9), was independent
of the design variables NPid; jd and the coordinates x; y; z. Thus, we
needed to calculate the sensitivity with respect to thickness and
camber only at the beginning of the optimization.

Figure 9 shows four deformed airfoil shapes; the airfoil shape
is the root airfoil of a blended-wing body. The dashed line is
the baseline shape, and the solid lines are the deformed shapes.
The baseline airfoil shape was de� ned with 89 control points. The
shape deformations were achieved with only two NURBS control
points, that is, design variables, for the camber as de� ned by Eq. 4.

Twist and Shear
The twist angle is de� ned as the difference between the airfoil

section incident angle at the root and each airfoil section incident
angle. Similarly, the shear (dihedral) is de� ned as the difference
between the airfoil leading-edge z coordinate for the root and the
z coordinate at each airfoil section. If the twist angle at the tip is
less than the twist at the root, the wing is said to have a washout,
which coulddelay the stall at the wing tip. Also, as thewing washout
increases,the wing load shifts from outboard to inboard.As a result,
the spanwise distribution of the twist angle plays an important role
in the wing performance.

The SOA algorithms are used to modify the wing twist and shear
distribution. Barr presented a series of SOA algorithms for twist-
ing, bending, and tapering an object.20 Watt and Watt referred to
these algorithms as nonlinear global deformation.6 Sederberg and
Greenwood24 extended Barr’s ideas20 to handle complex shapes.
Modi� ed versions of these algorithms are presented in this paper.

To modify the twist and shear distributions,the wing was embed-
ded in a nonlineardeformationobject referred to as a twist cylinder,
shownin Fig.10.The centerof thecylinderwas de� nedbya NURBS

Fig. 9 Deformed airfoil shapes for blended-wing body.

Fig. 10 Inner twist cylinder.

curve NRm .´/. The effect of deformationwas con� ned to a section of
a wing by limiting the parameter ´ to vary between ´min and ´max.
The ´min could be extended to the wing root, and the ´max went be-
yond the wing tip. The cylindercouldbe twisted and shearedonly in
a plane (twist plane) de� ned by a point along NRm.´/ with a normal
vectorof NT.´/. The ½in.´/ and ½out.´/ were the radii of the inner and
outer cylinders, respectively (see Fig. 10). The deformation had no
effect on grid points locatedoutside the outercylinder,and the effect
of deformationwas scaled linearly from the outer cylinder to the in-
ner cylinder. This linear blending allowed us to blend the deformed
region with the undeformed region in a continuous manner.

The µ.´/ and NS.´/ variablesare de� ned by the NURBS represen-
tations:

µ.´/ D
PI

i D 0
Ni;p.´/Wi µiPI

i D 0 Ni;p.´/Wi

(10)

NS.´/ D
PI

i D 0
Ni;p.´/Wi

NSiPI
i D 0 Ni;p.´/Wi

(11)

Similarly to thickness and camber algorithms, we used

´ D y; NT.´/ D .0; y; 0/T (12)

The second step for twist and shear deformationwas to establish
the forward mapping from the deformation object (twist cylinder)
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coordinatesystem´ to the modelcoordinatesystem x; y; z. We used
Eq. (8) to determine ´. Once ´ was determined, we calculated the
local ½.´/, ½in.´/, ½out.´/, NT.´/, µ.´/, and NS.´/. The point Nr was
rotated µ .´/ deg about NRm.´/ and sheared NS.´/:

± NRtw.´/ D e.½/½.´/[sin µ .´/; 0; cosµ .´/]T (13)

± NRsh.´/ D e.½/ NS.´/ (14)

where e.´/ was a scale factor that diminished the effect of defor-
mation as we approached the outer cylinder,

e.´/ D

8
><

>:

0; if ½.´/ ¸ ½out.´/

½.´/ ¡ ½out

½in ¡ ½out
; if ½in · ½.´/ < ½out.´/

1; if ½.´/ < ½in

(15)

The sensitivity of a grid point with respect to the twist and shear
design variables was

@ NR
@µi

D e.½/½.´/
@µ.´/

@µi
[cos µ.´/; 0; ¡sin µ.´/]T (16)

@ NR
@ NSi

D e.½/
@ NS.´/

@ NSi

(17)

The term @µ.´/=@µi was independent of the twist design variables
µi [see Eq. (10)]. However, sin µ.´/ and cos µ.´/ depended on the
twist design variables and were updated for every cycle of the opti-
mization. In contrast, the term @ NS.´/=@ NSi was independentof shear
design variables NSi [see Eq. (11)].

Figure 11 shows the inner twist cylinderand the CFD surfacegrid
for a commercialtransport.Figure 12 shows the result of twisting the
wing 45 deg at the tip. This amount of twist is large and unrealistic,
but demonstrates the effectivenessof the SOA.

Planform Parameterization
The wing planform is typically modeled with a set of two-

dimensional trapezoids in the x – y plane. Figure 13 shows the plan-
form of a generic HSCT that uses two trapezoids. As shown in
Fig. 14, each trapezoid is de� ned by the root chord Cr , tip chord
Ct , span b, and sweep angle 3. From these values, other planform

Fig. 11 Twist de� nition for a transport.

Fig. 12 Result of 45-deg twist on a transport wing tip.

Fig. 13 Planform of a generic HSCT.

Fig. 14 Planform de� nition.

Fig. 15 Parallelepiped volume for FFD.

Fig. 16 NURBS volume for FFD.

parameters, such as area A, aspect ratio AR, and taper ratio ¸, are
de� ned

A D .b=2/.Cr CCt /; AR D b2=A; ¸ D Ct=Cr (18)

The FFD algorithm described by Sederberg and Parry21 is ideal
for deforming the polygonal models. Like other SOA algorithms,
this algorithmmaintains the polygonconnectivity,and the deforma-
tion is applied only to the vertices of the model. The FFD process is
similar to embedding the grid inside a block of clear, � exible plastic
(deformation object) so that, as the plastic is deformed, the grid is
deformed as well. Deformationof complex shapes may require sev-
eral deformation objects. The shapes of these deformation objects
are not arbitrary. In fact, the shapes must be three-dimensionalpara-
metric volumes and could range from a parallelepipedas shown in
Fig. 15 to a generalNURBS volume as shown in Fig. 16. The block
is deformed by perturbing the vertices that control the shape of the
deformation block, for example, corners of the parallelepiped. For
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parametric volume blocks, parameters controlling the deformation
are related through the mapping coordinates »; ´; ³ . These coordi-
nates are used in both forward and backward mapping.

Figure 15 shows a general parallelepipedde� ned by a set of con-
trol points forming three primary edges or directionsalong » , ´, and
³ . The relation for a parallelepiped is de� ned as

Nr.»; ´; ³ / D NO C Nn» » C Nn´´ C Nn³ ³ (19)

where NO is the originof the parallelepipedand Nn» , Nn´, and Nn³ are the
unit vectors along the parallelepipedprimary edges in the » , ´, and
³ directions,respectively.Equation (19) de� nes a mapping between
the deformationobject (parallelepiped) and the grid points.The grid
points Nr are mapped to the coordinates of the parallelepiped, » , ´,
and ³ , as

» D
Nn´ £ Nn³ ¢ .Nr ¡ NO/

Nn´ £ Nn³ ¢ . Nn» /
; ´ D

Nn» £ Nn³ ¢ .Nr ¡ NO/

Nn» £ Nn³ ¢ . Nn´/

³ D
Nn» £ Nn´ ¢ .Nr ¡ NO/

Nn» £ Nn´ ¢ . Nn³ /
(20)

A grid point is inside the parallelepiped if 0 · »; ´; ³ · 1.
The FFD technique based on the parallelepiped is very ef� cient

andeasy to implement.This techniqueis suitablefor localandglobal
deformation. The only disadvantage is that the use of the paral-
lelepiped limits the topology of deformation. To alleviate this dis-
advantage, Sederberg and Parry proposed to use nonparallelepiped
objects.21 They also noted that the inverse mapping would be non-
linear and would require signi� cant computations.

Another popular method to de� ne FFD is to use trivariate para-
metric volumes. Sederberg and Parry21 used a Bezier volume.
Coquillart25 extendedtheBezierparallelepipedto nonparallelepiped
cubic Bezier volume. This idea has been further generalized to
NURBS volume by Lamousin and Waggenspack.26 The NURBS
blocks are de� ned as

Nr.»; ´; ³ /

D

PI
i D 0

Ni;p1.» /
PJ

j D 0
N j;p2.´/

PK
k D 0

Nk;p3.³ /Wi; j;k
NPi; j;k

PI
i D 0 Ni;p1.» /

PJ
j D 0 N j;p2.´/

PK
k D 0 Nk;p3.³ /Wi; j;k

(21)

Lamousin and Waggenspack26 used multiple blocks to model com-
plex shapes. This techniquehas been used for design and optimiza-
tion by Yeh and Vance27 and also by Perry and Balling.28

Fig. 17 FE analysis solid elements.

The common solid elements used in FE analysis (Fig. 17) can be
used as deformation objects as well. The mapping from the solid
element coordinates is de� ned29 by

Nr.»; ´; ³/ D
X

i

NQi Ni .»; ´; ³ / (22)

where Ni are the FE basis functionsand NQi are the nodal coordinates
of deformationobjects,whichare relatedto thedesignvariables.The
equations for inverse mapping are nonlinear for all solid elements
with the exceptionof tetrahedronsolid elements.The solid elements
provide a � exible environment in which to deform any shape. Com-
plex shapes may require the use of several solid elements to cover
the entire domain.

To model the planformshape,we used hexahedronsolid elements
with four opposing edges parallel to the z coordinate. Then, the
planform design variables were linked to the corners of the hexahe-
dral elements. Figure 18 shows the initial and deformed models for

Fig. 18 Planform deformation of a transport.
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Fig. 19 MASSOUD implementation diagram.

a transport con� guration. The solid lines represent the controlling
hexahedron solid elements. The baseline model is on the left-hand
side, and the deformed shape is on the right-hand side.

As with the camber and thickness algorithms, the sensitivity of
grid-point coordinates was independent of the design variables NQi

and coordinatesx; y; z. Thus, we needed to calculate the sensitivity
only once, at the beginning of the optimization.

Implementation
Figure 19 shows the implementation diagram for the combined

algorithm. The implementation started with a CAD model that de-
� ned the geometry.The � rst two stepswere implementedin parallel.
The � rst step was to determine the number and the locations of the
design variables with the aid of the CAD model. In the second step,
the gridswere manuallygeneratedfor all involveddisciplines.In the
third step, the forward and backward mappingsdescribed in the pre-
ceding sections were calculated for each grid point for all involved
disciplines. In the fourth step, the new grids were deformed in re-
sponse to the new design variables, and the sensitivity derivatives
were computed as well. The third and fourth steps were completely
automated.The � rst three stepswere consideredpreprocessingsteps
and needed to be done only once.

Parameterizing CSM Models
Parameterizing CFD and CSM models appears to be similar in

nature, but the CSM model parameterizationhas two additional re-
quirements.First, the CSM modelparameterizationmust includenot
only the OML but also the internalstructuralelements, such as spars
and ribs. Second, the deformed CSM model must be a valid design.
For example, the spars must stay straight during the optimization.
The algorithms presented in this paper can easily handle the � rst
requirement. However, if the planform design variables are not se-
lected with care, the second requirement could easily be violated.
To avoid creating an invalid CSM model, the model must be param-
eterized with few hexahedron solid elements, and those used must
be aligned with major structuralcomponents such as spars and ribs.

Results
The algorithms presented in this paper have been applied for

parameterizing a simple ONERA M6 wing,14;16 a blended wing
body, and several HSCT con� gurations.

An aerodynamic optimization of an ONERA M6 wing was
performed14 using a sequential linear programming technique.The
objective of the optimizationwas to minimize the drag while main-
taining the same lift as the baseline design. Figure 20 shows the

Fig. 20 Design cycle history of ONERA M6 wing optimization for co-
ef� cient of drag.

Fig. 21 Comparison of the M6 wing � nal design and baseline surface
pressures.

Fig. 22 Design cycle history of HSCT optimization for drag.

design cycle history for drag. In this optimization, the angle of at-
tack is � xed, and it was found that to move away from the current
design, the constraint on the lift coef� cient had to be relaxed tem-
porarily. This is shown clearly in Fig. 20: for the � rst 19 design
cycles, CL was allowed to deviate by up to 0.01 from the desired
value. After design cycle 19 the tolerance on the lift constraint was
tightened to 10¡6 . The net result was approximately 29 counts of
drag reduction at the baseline lift. Figure 21 shows comparisons of
the solutions computed on the baseline and � nal designs. The re-
sults indicate a signi� cant reduction in the shock strength at most
spanwise stations.

This approach has also been applied to multidisciplinary opti-
mization of an HSCT.17;18 Figure 22 shows the design cycle his-
tory for aircraft drag, as measured relative to the baseline values.
Figure 22 shows the drag has been reduced by 7.5% relative to the
baseline. Although the optimizer has not fully converged for this
case, the convergence history from 20 design cycles suggests that
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Fig. 23 Comparison of the HSCT � nal design and baseline surface
pressures.

Fig. 24 Baseline and deformed models of an HSCT.

little additionalreductionin drag would be obtained from additional
designcycles.Figure23 showsa comparisonof thebaselineand� nal
surface pressures on both the upper and lower surfaces of a HSCT.
The planform changes that occurred between the initial and � nal
design cycles are also represented. The primary effect on the plan-
form has been to increase the span and aspect ratio slightly and to
move the outerwing leading edge break to a more inboard spanwise
location. Although not evident in Fig. 23, the wing thickness has
been slightly reduced. Figure 24 shows the baseline and deformed
miscellaneous geometry, and CSM, CFD, and linear aerodynamic
grids corresponding to the optimized shape.

Conclusions
The parameterization algorithm presented in this paper is easy

to implement for an MDO application for a complex con� guration.
The resulting parameterization is consistent across all disciplines.

Because the formulationis basedon the SOA algorithms,the analyt-
ical sensitivityis also readilycomputed.The algorithmsarebasedon
parameterizingthe shapeperturbations,thusenablingtheparameter-
ization of complex existinganalysismodels (grids). Another bene� t
of parameterizingthe shape perturbationis that the process requires
few designvariables.Use of NURBS representationprovidesstrong
local control, and smoothness can easily be controlled.
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