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Bilevel Design of a Wing Structure Using Response Surfaces
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A methodology for performing bilevel structural optimization of aircraft wing structures is proposed. The
overall design problem is decomposed into two levels: a wing (or upper) level and a panel (or lower) level. At
the upper level the wing structure is evaluated and designed using a finite element model that is less detailed
and contains fewer design variables compared to the actual structure. Constraints on the overall behavior of
the structure, such as aeroelastic constraints or constraints on the tip deflection, are imposed at this level. At
the lower level more detailed models of certain portions of the structure are used to compute more complex
failure modes and to design the details that were not included in the upper-level model. The upper and lower
design levels are coordinated with one another using a set of response surface models. Proper coordination be-
tween the two levels is maintained through the transfer of stiffness and load information from the upper design
level to the lower design level. Results obtained using the proposed technique are presented for a simple wing

model.

Introduction

HE optimal design of large aircraft structures presents a chal-

lenge to structuraldesigners. The size of the structures,coupled
with the large number of structural details that must be modeled,
can make the analysis both complex and computationally expen-
sive. One of the ways to make the design task more tractable is
to decompose the design problem into two levels: an upper level
and a lower level. At the upper design level the overall structure
is evaluated and designed using a computational model that is less
detailed and contains fewer design variables compared to the ac-
tual structure. At the lower level detailed models of certain portions
of the structure are used to compute more complex failure modes
and to design the details that were not included in the upper level
model.

In 1982 Schmit and Mehrinfar' proposeda bilevel decomposition
technique for the design of a composite wing structure. At the upper
level the weight of the structure was minimized subject to strength,
deflection, and overall buckling constraints, and at the lower level
the change in the stiffness of the skin panels was minimized sub-
ject to a set of local buckling constraints. In 1985 Sobieszczanski-
Sobieski and coworkers (e.g., Ref. 2) suggested another decom-
position procedure based on calculating sensitivity derivatives of
the lower-level optima and using them as approximations during
the upper-level optimization. Additional references of early work in
thisareaare givenby Barthelemy.? These and similar decomposition
approachesrequire close integration of the lower-level optimization
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procedure and the upper-level optimization procedure, which has
prevented their ready application with the black-box codes often
used in the aircraft industry. Instead, it is common in industry to
iterate back and forth between lower and upper design levels with-
out any systematic coordination of the two. This approach typi-
cally results in substantial difficulties in converging to an optimal
solution.

In the past few years response surface models have emerged as
a way to couple optimization procedures efficiently and black-box
analysis codes. In this approach the analysis code is executed a
large number of times, and a simple approximation is fitted to the
results. This approximation is then used as a surrogate model for
the analysis in the optimization iterations, obviating the need to
integrate the optimizer with the analysis procedure. For example,
Vitali et al.* and Mason et al.’ applied the approach in order to
connect finite element software without optimization capabilitiesto
an optimizer.

Response surfaces can similarly serve as an easy interface in
bilevel optimization schemes. For example, Balabanov et al.’ used
a response surface to perform a combined aerodynamic and struc-
tural optimization of a high-speed civil transport configuration. At
the upperlevel aerodynamicanalysis was performed,and the aircraft
configuration was optimized, whereas at the lower level structural
analysis was performed and the overall wing structural weight was
optimized. Balabanov et al.® performed thousands of wing struc-
tural optimizations for different configuration design variables and
fitted a quadratic polynomial to the optimal structural weight. This
polynomial was then passed on to the configuration optimizer, thus
removing the need to couple the structural optimization software to
the aerodynamicanalysis software directly. Aside from the software
integrationadvantage, the use of responsesurface approximationfor
coordinating bilevel optimization has another advantage over inte-
gration via derivatives of the lower-level optima. The optimum of a
function is often not a smooth function of problem parameters, and
this presents problems for optimization procedures. The smoothing
associated with the response surface approximation can provide a
solution to this problem.

When both upper and lower design levels involve structural mod-
els, itis important to formulate the design problem so that the upper-
level models and lower-level models remain consistentwith one an-
other. For example, if changes in the lower-level design variables
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are allowed to arbitrarily alter the stiffness of the local component
then the load paths in the overall structure will change as a re-
sult of the lower-level optimization (which will in turn change the
loads that are applied to the component). Such changes will create
an inconsistency between the upper- and lower-level models be-
cause at any step of the iterative design process the optimized local
components will exhibit stiffness properties that are different from
those that the upper-level optimizer used to determine the compo-
nent loads. Consequently, it is important to coordinate the flow of
information between the two design levels so as to prevent these
inconsistencies. The formulations proposed in Refs. 1 and 2 were
differentattempts to address this problem. Note that this was not an
issue in Ref. 6 because there it was assumed that the loads applied to
the lower-level structure were a function only of the upper-level air-
craft configuration parameters and not on the design of the structure
itself.

In the present paper response surface models are used to perform
a bilevel structural optimization of a simple wing structure. At the
upper level the wing structure as a whole is designed using a simple
finite element model. At the lower level the panel weight is mini-
mized, and the details of the stringer cross sections are designed by
using a more thorough analysisof the panel response. A new bilevel
optimization formulation is explored such that stiffness constraints
are imposed on the lower-level optimization problem so as to pre-
vent any inconsistency between the upper- and lower-level design
models. A paralleleffort (Liu et al.”) explores the use of an alternate
formulation, where, instead of minimizing the lower-level weight,
the lower-level failure load is maximized.

Design Decomposition

The bilevel design procedure is demonstrated using the simple
wing model illustrated in Fig. 1. This untapered wing has a 350-in.
span and a 30-deg sweep angle. The spar and rib panels were mod-
eled using membrane elements, and the skin panels were mod-
eled using membrane elements and rod elements (representing the
stringers). The material properties were assumed to be isotropic with
E =10.7 x 10° psiand v = 0.3. All translational and rotational de-
grees of freedom at the wing root are restrained, and the wing model
is subjected to a single load case, consisting of a 3600-1b upward
load applied at the wing tip. Given this load, the design objective is
tominimize the total weight of the wing structure subject to strength,
panelbuckling, and tip deflection constraints. Four of the upper skin
panels (marked “Panel 17 near the wing root through “Panel 4” near
the tip in Fig. 1) are stiffened panels and will be designed in detail
using the bilevel procedure.

If the skin-paneldimensions are small in comparison to the depth
of the wing box, the loads on the skin panels will be in the plane of
the skin only (N,, Ny, N,,). These loads will be dictated by the in-
plane stiffness of the panel and will not depend on the details of the
panel cross section (for example, the exact shape of the stiffeners).

Wing Tip

Leading Edge Panel 4
Panel 3

Panel 2

Panel 1

Trailing Edge

Wing Root

Fig. 1 Upper-level wing finite element model.

Table1 Upper-level design variables

Identifier Description
P1,P2,P3, P4 Upper skin thickness
P5,P6, P7, P8, P9, P10 Lower skin thickness
S1,S2, S3, S4, S5, S6 Spar thickness

R1, R2,R3, R4, R5,R6, R7 Rib thickness

Q1,Q2,Q3,Q4
Q5. Q6.Q7,Q8,Q9. Q10

Upper skin stringer area
Lower skin stringer area

This suggests a natural decomposition for the present problem. At
the upper level the in-plane stiffness of the panel can be specified,
and the in-plane panel loads computed. Given the specified in-plane
stiffness properties (or rather requirements) and the corresponding
in-plane loads (N,, N,, N,,), a detailed lower-level model (such
as a detailed buckling load computation model) can be used to de-
sign the details of the panel cross section. By iterating back and
forth between the upper and lower design levels, a minimum weight
wing design can be determined. A more detailed discussion of this
iterative procedure is discussed later in the Combined Bilevel Opti-
mization Procedure section.

Upper-Level Design Formulation

Upper-leveldesignvariablesincludethe thicknessesof membrane
elements (representing the spar, rib, and skin thicknesses) and the
areas of rod elements (representing the cross-sectional areas of the
stringers). As listed in Table 1 and shown in Fig. 2, there are 33
upper-level design variables: 23 panel thickness design variables
and 10 rod area design variables. A lower bound of 0.0125 in. was
imposed on all thickness design variables, and a lower bound of
0.050 in.2 was imposed on all stringer area design variables. The
design optimization problem is as follows:

Given: applied loads

Minimize: total structural weight, wy,,

By varying: design variables listed in Table 1

Such that.

1) tip deflection, § < 30.0 in.

2) von Mises stress in spar, rib, and skin elements <
+37,155 psi

3) maximum stress in rod elements < £55,000 psi

In addition, it is desired to impose a constraintat the upper level
to prevent the top surface panels from buckling. Unfortunately, it is
not possible to compute these buckling loads accurately using the
upper-level model. Instead, it is necessary to use a computational
model that includes the cross-sectional dimensions of each panel
and takes these dimensions into account. A design problem is for-
mulated at the lower level to determine these dimensions and meet
the buckling requirements.

Lower-Level Design Formulation

Detailed computational models of the top surface skin panels
were created using the PASCO (Ref. 8) panel analysis/optimization
code. A typical PASCO repeating element is illustrated in Fig. 3. Six
design variables were used for the detailed lower-level panel design:
the thickness of the skin 7, the thicknessesof the attachment flange
1y, the thickness ¢, and length /,, of the web, and the thickness .
and length /. of the stiffener cap. Panels 1-4 have the same overall
dimensions: a width of 64.95 in. and a length of 80.82in. A stringer
spacing of 5.413 in. was assumed for all three panels (this translates
to 12 stringers per panel). The PASCO models were generated assum-
ing that the lateral edges of the panels (at the skin/spar interface)
were simply supported.

Each panel was to be designed such that it does not violate any
of the lower-level failure constraints (such as buckling or strength
constraints) when subjected to the loads N,, N, and Ny,. In ad-
dition, each panel is required to have in-plane stiffness properties
that match the upper-level stiffnesses dictated by the upper-level
dimensions. These specified upper-level stiffnesses are represented
by Aj;, which describesthe “smeared” axial stiffnessesof the panel,
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Fig. 2 Upper-level design variables.
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Fig. 3 Typical PASCO repeating element.
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and Age, Which describes the smeared shear stiffness of the panel
(see Appendix A). Therefore, the lower-level panel optimization is
defined as follows:

Given: panel loads N,, Ny, and N,, and in-plane stiffness para-
meters Aj; and Agg

Minimize: total lower level panel weight w,

By varying: ty, tq, ty,, Ly, t., 1.

Such that:

1) buckling load factor, A > 1.0

_ 2)smearedin-planestiffnessesof the panel match the specified
A, and Agg values

Bilevel Optimization Procedure

To find the optimumdesign for the overall structure,itis necessary
to iterate back and forth between the upper and lower design lev-
els. For a given upper-level design the upper-level design variables
are used to compute the inplane stiffness parameters A, Ags, and
weight w, for each panel. Likewise, the upper-level computational
model is used to compute the in-plane loads N,, Ny, and Ny, in
each of the panels. For each panel that is to be designed at the
lower level, the upper-level optimizer then passes these loads and
stiffness parameters to the lower design level. The lower-level opti-
mizer then finds the lowest weight design that satisfies the buckling
constraints when subjected to the loads N,, N,, and N,, and that
matches the specified A;; and Ags values. The requirement for stiff-
ness matching during the lower-level optimization ensures that the
optimized lower-level design will carry the same loads as the cor-
responding panel in the upper-level design, thus avoiding any load
redistributionin the upper-levelmodel as a result of the lower-level
optimization.

The upper-level optimizer then compares the optimized weight
of the panel obtained using the lower-level optimizer w; with the
weight of the same panel computed using the upper-level design
variables w, and a “weight margin” is computed. If w; is less than
w,, the weight marginis positive. This means that the panel contains
more material than is requiredin orderto satisfy the lower-level con-
straints. During future iterations, the upper-level optimizer will try
to manipulate the upper-level design variables to reduce the weight
of this panel. If w, is greater than w, the weight margin is negative.
This means that for the given load and stiffness requirements the
lower-level design code is unable to generate a design that satisfies
the lower-level panel constraints without increasing the amount of
material in the panel beyond that present in the upper level model.
The upper-level optimizer must manipulate the upper-level design
variables in future iterations in order to obtain a positive weight
margin for this panel. Therefore, the weight margin can be used to
impose a constraint on the upper-level optimization problem that
will ensure that the lower-level strength and buckling constraints
are satisfied:

& =1.0—w,/w <00 (1)

where w, is the weight of the upper-level panel (calculated using
the upper-level thickness and area design variables) and w; is the
optimal weight of the lower-level panel computed using the lower-
level design variables.
The formulation for the upper-level optimization problem can
thus be restated as follows:
Given: applied loads
Minimize: total structural weight wyy
By varying: design variables listed in Table 1
Such that:
1) tip deflection, § < 30.0 in.
2) von Mises stress in spar, rib, and skin elements<
+37,155 psi
3) maximum stress in rod elements < £55,000 psi
g =1.0—wy/w' <00;n=1,4
where wy is the weight of panel n computed using the upper-level
design variables and w; is the weight of panel n computed using
the lower-level optimization problem.

Bilevel Optimization Interface

In many applications it can prove difficult or time consuming to
directly connect the lower-level optimizer to the upper-level opti-
mizer and to coordinate the flow of information between them. An
alternativeis to approximate the output of the lower-level optimizer
(w;) using one or more simple functions (response surface mod-
els) before the upper-leveliterations begun. That is, an approximate
function can be constructed such that

w; = f(Ny, Ny, Ny, Arr, Ags) = wy 2)
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Once the response surface models are constructed, they can be
usedas surrogatesfor the lower-leveloptimizer. For any set of design
variables that specify the overall wing design, the wing-designcode
can use the response surface to obtain an estimate of w; and use it
in Eq. (1) to check whether or not enough material is available at
the lower level to satisfy the lower-level failure constraints.

These response surface models are constructed using the lower-
level design code before the upper-level design iterations begin. To
build the response surface approximationmodel, first it is necessary
to select approximate upper and lower bounds on the in-plane loads
N, N,,and N,,, as well as upper and lower bounds on the in-plane
stiffness parameters A, and Agq for each of the upper-level panels.
These bounds are the maximum and minimum values that each
of these parameters is expected to assume during the upper-level
optimization process. The lower-level design code is then used to
generate a number of optimized (minimum weight) panel designs,
each as a function of the loading parameters N,, Ny, N,,, Ay,
and Aee chosen from within the specified bounds. These designs
are then used to generate a response surface approximation to the
optimal panel weight as a function of N, N,, N,,, Ay, and Age.
Details of this response surface generation for the present problem
are discussed in the next section of this paper.

Because the response surfaces are generated before the bilevel
iterations begin, this approach yields certain advantages over the
conventionaliterative approach. First, a single response surface ap-
proximation can be usable for a large number of panels in the struc-
ture as long as the general features of the panels are the same.
[The panels might still differ from one another by the loads that
they carry and/or their stiffnesses.] Next, the designers can ensure
that each of the detailed panel designs (and therefore each response
surface associated with a particular configuration) is accurate. For
example, the designers have the time needed to ensure that each of
the detailed panel designsis a true minimum, and not merely a local
minimum. Finally, this approach allows for a more compartmen-
talized approach to the design process, such as might be found in
some large organizations. Designers and analysts who specialize in
detailed design can direct the construction of the response surfaces
and then pass the resulting data to those designers who control the
upper-level optimizer. The proposed approach does not suffer from
the usual shortcomingsof a compartmentalizeddesign approach be-
cause during the upper-leveldesign process the optimizerhas access
to a range of optimal lower-level designs rather than just a single
point design.

In addition to the built-in flexibility of the proposed method,
it might prove to be more efficient than current design methods.
As compared to conventional iterative methodologies, the primary
computational expense of the proposed method occurs during the
generation of the response surface models and before the upper-
level iterations actually begin. Once accurate response surfaces are
obtained, the designer can access the optimal panel weight infor-
mation over and over again at very little additional expense by
evaluating a simple response surface function. This will be true
as long as changes are not made to the upper-level model that re-
sult in significant load or stiffness redistributions which exceed the
bounds of the response surface model(s). The computational ex-
pense incurred in generating the response surfaces will depend on
the efficiency of the chosen lower-level design code and upon the
judgment of the designer. If the designer makes inaccurate esti-
mates of the initial load and stiffness bounds for a given response
surface, it might be necessary to go back and generate additional
lower-level designs before a satisfactory response surface can be
obtained.

Response Surface Approximation Model

Response surface methodologies consist of a group of numerical
techniques used for constructing empirical models. In general, the
methodologies are used to approximate the complex relationship
between a set of input variables and an output, or response variable,
using a relatively simple functional relationship or model. Because
the actual relationship between the input variables and the response
variablecan be complex (or unknown), the response surface approx-

imation might be valid only for a finite and restricted range of the
input variables.

After the response variable has been evaluated at each design
point, the resulting data can be fit using an appropriate model, for
example, a polynomial function. Once the model is constructed, its
accuracy is evaluated and improved as required. The accuracy of
a given model can be improved by scaling the input and/or out-
put variables or by eliminating unnecessary input variables. In ad-
dition, statistical techniques are available for assessing how well
each polynomial coefficient is characterized by the data. Poorly
characterized coefficients can be eliminated in order to improve
the predictive capabilities of the approximation. If the model’s ac-
curacy is still not adequate, it might be necessary to either resort
to a different model or to further restrict the range of the input
variables.

In the present work a single response surface was constructed
for all four upper skin panels. The upper-level finite element model
was run for several different wing designs to determine typical val-
ues for the panel load and stiffness values. Based on these results,
the following load and stiffness ranges were used to construct the
response surface approximation (Ib/in.):

—9000 < N, <0, —450 < N, <0, 0<N,, <300
1.5x10° < A, <4.0x 10°
0.15 x x10° < Ag < 1.0 x 10° (3)

Once the ranges have been established, the response variable is
evaluated at a number of discrete design points (combinations of
the response surface variables) that can be (and typically are) cho-
sen based on the methods of design of experiments. In the present
problemthe response surface constructionis complicated by the fact
that not all design points are physically realizable. For example, a
design point with a high axial load (V,) and a low axial stiffness
(A7) might lie outside of the feasible domain of the lower-level
design code. One method of working with these infeasible design
points is to assign them an artificially high weight (a penalty term).
This will prevent the upper-level optimizer from moving into these
designregions.

In the present work an initial set of 42 design points were se-
lected using the D-Optimality criterion’ The number 42 is arbi-
trary; it corresponds to twice the number of points required to
fit a second-order polynomial in five dimensions. Once the 42
design points were chosen, PASCO was run at each point. Each
lower-level design was generated subject to constraints on mate-
rial strength and panel buckling. Because PASCO is not capable of
imposing equality constraints on the stiffness parameters (only up-
per and lower bound constraints can be imposed), it was necessary
to run PASCO yp to four times for each design point, each run corre-
sponding to different combinations of the upper and lower bounds
on Ay and Ags (i-Ap1 < Ay, Ass < Aggs 1i-Apn S AT, Ass = Aggs
iii-Ay > A}, Agg < A% and iv-Ay > AT}, Age > Af, where the
quantities with an asterisk correspond to the required stiffnesses
for a selected design point).

The result of this procedure was the generation of up to four can-
didate PASCO designs corresponding to each attempt to match the
stiffnesses of the original design point. In many cases one or more
of these candidate designs matched the corresponding original de-
sign point stiffness requirement. If, however, PASCO was unable to
generate a candidate design matching the required stiffnesses, the
original design point was marked as infeasible, and its weight was
computed using a penalty term (describedin Appendix A). Regard-
less of whether or not the stiffnesses of a given design point was
matched by PASCO, all unique feasible designs that were generated
during this process were retained and used to generate the response
surface model. The total number of design points obtained in this
manner was approximately 100.

A third-order polynomial was used to obtain an accurate fit to
the data. One criterion that was used to assess the quality of fit is
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a biased measure of the root-mean-square error (e,,s) defined as
follows:

1 N )
w= | g Z;(w — i) )

where N is the total number of points considered, § the number of
coefficients in the cubic polynomial (in this case 56), w is the exact
value of the weight function (determined from PASCO), and w is the
estimated value of the weight function. The presentresponse surface
was created using 104 design points and had an e, =2.4 1b. This
value can be compared to typical panel weights that range from 80
to 200 Ib. Another measure of the quality of fit is the R? statistic,
which represents the fraction of the variation about the mean that
is explained by the fitted model.’ It has a maximum value of 1.0,
with values of R? near 1.0 indicatinga good fit. R? for the present
response surface model was calculatedto be 0.9993. The R? statistic
can be adjusted to take into account the number of coefficients in
the response surface model; in this form, denoted as R(f, the statistic
gives an improved indication of the predictive capabilities of the
approximation. For the present model R =0.9986.

Results

The bilevel methodology was implemented using the Aeroelastic
Design Optimization Program ADOP! for the upper-level design
code. When extracting internal panel loads from the upper-level
model during the bilevel iterations, the N, load on each panel was
arbitrarily assumed to be 5% of the corresponding N, (compressive)
load. This was done because the NV, loads that were obtaineddirectly
from the upper-levelmodel, although small in comparisonto the N,
loads, varied wildly in both magnitude and sign from panel to panel
as aresult of the coarseness of the upper-level finite element mesh.
Additional details of the implementation of the design methodology
in the ADOP design environment are presented in Appendix B.

By starting the global-level optimizer at several different points
in the design space, two different optimized wing designs, desig-
nated design 1 and design 2, were successfully obtained using the
proposed method (Table 2). Both designs had similar values for
the wing weight, but differed in the distribution of material in the
bottom wing surface. Design 1 had relatively thinner skin elements
and larger stiffener elements on the bottom surface compared to
design 2. (Detailed designs of the panels on the bottom surface
were not sought in the present problem formulation.) The final ADOP
load, stiffness, and weight values for the top surface panels 1-4 are
presentedin Table 3 (design 1) and Table 4 (design 2). Note that de-
sign 1 and design 2 yield essentially the same results for the four top
surface panels. In each case five upper-level constraints were active
at the end of the optimization process. These constraints were the tip
displacement constraint and the bilevel weight constraint imposed
on each of panels 1-4.

To obtain the optimized detailed dimensions for each lower-level
panel, a final PASCO optimization was performed for each. These fi-
nal optimizationswere performed at the converged values of the load
and stiffness parameters obtained from the upper-level model. For
the present problem PASCO was able to generate designs that closely
matched the final load and stiffness values for each panel. The op-
timized upper surface panel designs were essentially the same for
both wing designs. The PASCO Joad, stiffness,and weight values that
were achieved for each of panels 1-4 are presented in Table 5, and
the corresponding detailed PASCO designs are presented in Table 6.
In Table 6 7, is the thickness of the skin, #; is the thickness of the
attachment (lower) flange, f,, and /,, are the thickness and length
of the web, and 7, and /. are the thickness and length of the stiff-
ener cap. The weight that was predicted by the response surface is
Wysm, and Wy, is the weight predicted by a single PASCO optimiza-
tion run (repeated from Table 5). Graphical representations of a
repeating element of each of the final panel designs are presentedin
Fig. 4.

Each of the optimized lower-level panel designs was buckling
critical. The critical compressive axial stresses for panels 1-4 were
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Table 2 Final values of upper-level
design variables (designs 1 and 2)

Identifier Design 1 Design 2
Pl 0.226in. 0.224in.
P2 0.183in. 0.187in.
P3 0.145in. 0.145 in.
P4 0.112in. 0.107 in.
P5 0.250 in. 0.287in.
P6 0.261 in. 0.322in.
P7 0.219in. 0.250 in.
P8 0.167 in. 0.173in.
P9 0.098 in. 0.099 in.
P10 0.046in. 0.031in.
S1 0.0125" in. 0.0125" in.
S2 0.074 in. 0.070 in.
S3 0.050 in. 0.051 in.
S4 0.050 in. 0.051 in.
S5 0.056in. 0.054 in.
S6 0.050 in. 0.050 in.
Ql 0.961 in.? 0.998 in.?
Q2 0.805 in.? 0.792in.?
Q3 0.738 in.? 0.744 in.?
Q4 0.6411in.? 0.674 in.?
Q5 0.870in.? 0.442in.?
Q6 0.664 in.? 0.094 in.?
Q7 0.307 in.2 0.050* in.2
Q8 0.050* in.2 0.050* in.2
Q9 0.050* in.2 0.050* in.2
Q10 0.050* in.2 0.050* in.2
R1 0.0125* in. 0.0125* in
R2 0.055 in. 0.061 in
R3 0.020 in. 0.020in
R4 0.0125* in. 0.0125* in
R5 0.0125* in. 0.0125* in
R6 0.0125* in. 0.018in
R7 0.025 in. 0.027 in.

Table3 Design 1—final ADOP Joads (Ib/in.), stiffness parameters
(Ib/in.), and weights (Ib)

Panel Aq Asgs Ny Ny Ny w

1 321%x10° 093 x10° —6200 —310 91 1583
2 2.63x10° 0.76x 10° —4754 —238 106 129.5
3 2.16x 10  0.60x 10° —3275 —164 71 106.5
4 1.73x 10  0.46x10° —1883 —94 70 85.1

Table4 Design 2—final ADOP Joads (Ib/in.), stiffness parameters
(Ib/in.), and weights (Ib)

Panel All Aﬁﬁ NX Ny ny w

1 3.22x 10 0.92x10° —6169 —309 89 1582
2 2.65%x 10  0.77x10° —4754 —238 106 130.7
3 2.17x10°  0.60x10° —3264 —163 72 106.5
4 1.70 x 10 0.44x 10° —1885 —94 66 83.9

Table 5 Final PASCO Joads (Ib/in.), stiffness parameters (Ib/in.),

and weights (Ib)
Panel A 11 Aﬁﬁ NX NV NX v Wpas
1 3.21x10°  0.94x10° —6200 —310 91 157.4
2 2.66x 10 0.76x 10° —4754 —238 106 130.5
3 2.16x 10 0.60x 10 —3275 —164 71 106.0
4 1.73x 10  0.49x10° —1883 —94 70 84.7
Table 6 Final PASCO designs
Panel ty,in. fg,in. ty,in. Ly, in. fe,in. [, in. Wim, 1b Wy, Ib
1 0.204 0.035 0.072 401 0.114 0803 1582 1574
2 0.160 0.034 0.066 3.86 0.120 0.742 129.5 130.5
3 0.122 0.035 0.058 3.68 0.117 0.689 106.5 106.0
4 0.101 0.027 0.041 3.07 0.192 0488  85.1 84.7
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Fig. 4 Optimized panel cross sections (repeating element).

20,800 psi; 19,300 psi; 16,400 psi; and 11,800 psi; respectively.
These stresses were considerably below the maximum axial stress
allowablesforthese elements (£55,000 psiin tension/compression).
Agreement between the predicted response surface weights and the
actual PASCO weights is good in all four cases. All four panels ap-
pear to have realistic configurations, although it might be desir-
able to impose some type of manufacturability constraintson future
designs.

Conclusions

A method for performing bilevel design optimization of aircraft
wing structures was described. The proposed approach enables de-
signers to account for local structural details, such as stiffener di-
mensions that require costly analysis computations during the de-
sign optimization of the entire structure. Using the finite element
code ADOP g5 a test bed, a simple but flexible interface between the
upper and lower design optimization levels was constructed using
response surface models. The interface was designed so as to mini-
mize the changes required in either the existing upper-level design
codes or the lower-level design codes. Proper coupling was main-
tained between the upper and lower design levels via the transfer of
upper-level stiffness information to the lower-level design code.

The method was demonstrated using a simple isotropic upper-
level wing model and the panel design code, PASCO, At the upper
level a constraint was imposed on the tip displacement and on el-
ement stresses. Using the proposed methodology, four upper skin
panels were designed subject to strength and buckling constraints.
Lower-level design variables included the thicknesses of skin, web,
flange, and cap elements as well as the web height. The resulting
panel designs appear to be realistic given the assumptions of the
problem.

Appendix A: Calculation of Penalty Terms
When PASCO was unable to convergeto a feasible design at or near
one of the original design points that will be used for constructing
the response surface approximation, the infeasible design point was
still retained for use in generating the response surface model. The
panel weight used for the infeasible design point was that of an

alternate feasible point plus a variable penalty term. The alternate
feasible point was chosen from the data that PASCO had generatedin
the attempt to match the original design point and was chosen to be
as near to the originaldesign pointas possible. A “nearby” point was
defined as a design point that had the same values for the three load
parameters as did the original design point and with values for the
two stiffness parameters as close as possible to those of the original
design point. Typically, the chosen alternate points matched one of
the stiffness parameters from the original design point, but not both.

Given the fact that the weight corresponding to the infeasible
original design point was not allowed to drop below that of the al-
ternate design point (penalty term was not allowed to be less than
zero), an optimization problem was set up to determine the values
for the penalty terms. The objective was to minimize the root-mean-
square error of the resulting response surface fit to the complete set
of data. The design variables were the penalty terms, and except for
the requirement that they remain positive there were no additional
constraints imposed on the problem. The task was accomplished
using the multipurpose optimizationcode, ADS (Ref. 11). In retro-
spect, this particular scheme for selecting the design points seems
overly complex; other simpler schemes for determining the penalty
terms can be devised as well.

Appendix B: Implementation in the ADOP
design environment

In the present work the finite element based design code ADOP!0
was used as the upper-level design code. To implement the bilevel
methodology in the ADOP design environment, it was necessary to
program the proposed weight constraintand response surface inter-
face at the upper level. The inputs to the response surface from the
upper-level design code are the panel in-plane loads N,, N,, and
N,, and the average in-plane stiffnesses A;; and Ag. Because a
panel in the upper-level model is, in general, comprised of a group
of several finite elements, it is necessary for the upper-level design
code to calculate average load and stiffness values for each panel.
A description of the proceduresused to calculate the average panel
loads, average panel stiffnesses, and constraint derivatives in the
case of an isotropic structure can be found in this section.
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Average Panel Loads

In a typical ADOP finite element wing model the wing skin is
modeled using membrane elements, and the stiffeners are modeled
using rod elements. The following procedure was programmed in
ADOP o calculate the average panel loads in this case:

First, the averageloads in the membrane elements are calculated.
These loads represent that portion of the total panel load that is car-
ried in the panel skin. Each ADOP membrane element has four gauss
points, and associated with each gauss point s a fixed value of N,
a fixed value of N, and a fixed value of N, each in the element
coordinate system and in units of pounds/inch. These loads are first
converted to the panel coordinate system using user-supplied di-
rection cosines. In the panel coordinate system the x direction is
parallel to the stringers, and the y direction is in the plane of the
skin. After these element loads have been converted to the panel co-
ordinate system, ADOP searches for the maximum load components
in each element. These maximum values are assumed to act over
the entire element. The total loads on the panel skin are then ob-
tained by averaging these maximum element loads over the total
number of membrane elements in the panel. The resulting N$* and
N*¥ are equal to the final load values used for the panel N© and
N, The resulting N** value must be combined with the total force
in the rod (stringer) elements in order to obtain the total force in the
x direction.

The force in the stringersis obtained from the rod elements. Each
rod element has an F' j“’ value (pounds) associated with it. The total
stringer force is then obtained by summing the forces from each rod
element in the panel. To combine the F*' with the N** value, first
the membrane N** value is converted to a force by multiplying by
the total width of the panel. This skin force can then be added to the
stringer force F' to obtain a total panel force F!*'. This force is then
converted into N\* by dividing by the total panel width. This final
value of N, along with N!°* and N°! just obtained, are passed to
the response surface model. ’

The number of stringers present in the upper-level model for a
given panel might differ from the number of stringers presentin the
lower-level analysis model for that same panel. This will be the case
when several stringers are lumped into a single stringerin the upper
level model for efficiency reasons. The preceding calculations take
into account this possibility.

Average Panel Stiffness

The following procedure was programmed in ADOP to calculate
the average panel stiffnesses. For each membrane element Ak and
Ag¢ are calculated using the following formulas:

A = Et,, ASE = G, (B1)
where 1, is the thickness of the membrane. These element mem-
brane stiffnesses are averaged over all of the membrane elements in
the panel to arrive at the average membrane stiffnesses A and Ak,
The skin in each repeating element of the panel will be assumed
to have these average stiffness values. Because the stringers are as-
sumed to have no contributionto the shear or transverse stiffnesses,
A will be equal to the total panel shear stiffness A% The stringer
axial stiffness must be added to A in order to obtain the total axial
stiffness. ~

The stringer axial stiffness A3} is computed using the rod ele-
ments. For each rod element the axial stiffness is calculated using
the following formula:

(EA) =ES (B2)

where S is the area of the rod element. The average element axial
stiffness (E A)™¢ is obtained by averaging (E A)** over the total
number of rod elements in the panel. Each stringerin the upper panel
is assumed to have this average axial stiffness. The total stringer
axial stiffness for the panel is obtained by multiplying this average
stringer stiffness (EA)™¢ by the total number of stringers in the
panel. This total axial stiffness is then divided by the number of

stringers in the lower-level model and the stringer spacing in the
lower-level model to obtain the A3 value for a single stringer.
The final A value for the panel is obtained as follows:

A = A% + AY = AKX + (EA™(n, /b)) (B3)

where b, is the lower-level panel stringer spacing, n, is the number
of stringers in the upper panel, and n; is the number of stringers in
the lower level panel. A and Ay} are passed to the response surface
model.

A variety of different methods for obtaining the average panel
forces and stiffnesses from the upper-levelfinite element model can
be envisioned. Alternative methods can be easily incorporated into
ADOP if desired.

Constraint Derivatives

To arrive atan optimal solution, the upper-leveldesign code needs
to be able to calculate derivatives of the interface constraint with
respect to each of the upper-level design variables. The derivative
of the interface constraint with respect to the ith design variable
dg;/9D; is calculated using finite differences.

The following procedure is followed for each design variable.
First, a perturbed value of the design variable D; is obtained by
incrementing the ith design variable by a small number A D;:

D, = D; + AD; (B4)

ADOP then internally calculates the derivatives of the internal loads
with respect to the ith design variable df;, /9 D;. These derivatives
are calculated using many of the same subroutines already used to
calculate stress derivativesin ADOP. These internal force derivatives
are multipliedby A D; in order to obtain the incrementin the internal
force vector. The updated internal force vector f;, is then obtained
as follows:

9 fint
D,

The updated load parameters N, N/, and N/ can be extracted
from this vector. The updated stiffness parameters A}, and A}, as
well as the updated upper-panel weight w,, are easily obtained in
ADOP by calling the original stiffness and weight routines with the
perturbed value of the design variable D;.

Next, the updated load and stiffness parameters N, N ;,, N )’(y, Al
and Ag, are passed to the response surface model, and the updated
lower-level panel weight w; is returned. The updated interface con-
straint value g, can then be calculated using Eq. (1). Finally, the

desired constraint derivative can be calculated as follows:

Jone = Jine + AD; (B5)

a =
i — 8 &I (B())
aD; AD;
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