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Introduction�Design History

Aircraft Design History

Tam summarizes in [1]:

"Edisonian" era

Little theory available, rely on experiment

Analysis-and-test

Physics-based modeling and simulation

Tools & Methodology

Chosen design tools impact the design methodology:

Re�ect schedule constraints

Analysis �delity

Dictates trustworthiness of results
Sets the stage for later design phases

Consider design phase objectives and experience
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Introduction�De�nitions
Analysis Fidelity
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Introduction�De�nitions
Computer Aided Design (CAD) Usage
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Introduction�De�nitions
Fidelity of Analysis in MDO
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State-of-the-Art
Conceptual Design Methodology

Design Process In-Series

High-level con�guration parameters used [2, 3, 4, 5]

Low-�delity analysis permits quick analysis of con�guration
performance [6]

Medium- and high-�delity analysis utilized in later development phases
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State-of-the-Art
Conceptual Design Methodology

(Taken from Kesseler [7])
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State-of-the-Art
Conceptual Design Methodology

Common Available Tools

Design Sheet [8]

Program for Aircraft Synthesis Studies (PASS) [9, 10]

ASWING [11]

New Variable-�delity Tools

Design and Engineering Engine (DEE) [12]

Web-services, CAD-based MDO framework [13, 14, 6]

Multidisciplinary Aircraft Design and Evaluation (MADE) [15]
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State-of-the-Art
Applying High-�delity Analysis in MDO

In 2003, Bowcutt listed the following areas for advancement [16]:

Parametric geometry generation

Automated data transfer between tools

Automated high-�delity analysis

MDO

Probabilistic tools for systems-level risk assessment, uncertainty-based
optimization

Collaborative/distributed/grid computing

Quantify system e�ectiveness by modeling development,
manufacturing, operations and campaign use
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State-of-the-Art
Needed Areas of Advancement

Parametric geometry generation

Automatic 3D model creation and regeneration [17, 18], considering:

Continuous design variables
Design space smoothness or irregularity

CAD systems are well established in aerospace industry

Spectrum of parameterization choices depending on geometry
representation [19, 20, 21, 6, 22]

Shape functions
NURBS surfaces
Lines, conic sections, algebraic & four-point curves
Bezier & B-spline curves
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State-of-the-Art
Needed Areas of Advancement

Automated Data Transfer Between Tools

Generally Input/Output (IO) schemes are incompatible between
analysis tools

File IO
XML, web-services [14, 6]
Oracle databases [15]

Commercial MDO frameworks attempt to simplify data transfer

ModelCenter [23] & iSIGHT [24]

Automated High-�delity Analysis

Historically mesh/geometry creation is a tedious manual process

Automatic cartesian mesh generation in Cart3D [25]

Automatic surface tesselation with CAPRI [26]

D. Lazzara (MIT) Thesis Proposal Defense 9 Oct. 2008 14 / 44



State-of-the-Art
Needed Areas of Advancement

MDO

Optimization methods research

Integrating low- and high-�delity analysis in MDO

Low-�delity gradients, high-�delity objective function evaluations [27]
Surrogate methods (Trust Region Model Management�TRMM)
[28, 29]
Organizational adaptations [30, 31]
Aircraft con�guration errors found earlier [32]

50% improvement of radically new designs; 10% and 2% for novel and
mature designs, respectively.

Existing frameworks try simplifying low- and high-�delity analysis
integration

πMDO [33]
Boeing MDOPT [34]
DEE [12]
Work by Amadori et al. [14, 13] and Jouannet [6]
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State-of-the-Art
Sensitivities for CAD-based Optimization

CAD-free Methods

Analytic shape functions [35]

Finite-di�erencing or adjoint methods of surface geometries

Free-form deformation (FFD) [36]

Basis vectors [37]

Domain element approach

Partial di�erential equations [38]

Discrete approach [39, 40]

Polynomial/spline approaches [32, 41]

Topology optimization [42, 43, 44]
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State-of-the-Art
Sensitivities for CAD-based Optimization

CAD-based Methods

Automatic
di�erentiation�intractable
without source code [31]

Develop in-house CAD
system�easily di�erentiable with
source code, as done recently in
[45]

Finite-di�erencing of nodes or
element centroids in surface
geometry or body mesh
[46, 47, 45, 48, 49]
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State-of-the-Art
Sensitivities for CAD-free Optimization

As stated in Zang [30]:

∂F

∂x
=

∂F

∂U︸︷︷︸
1

· ∂U

∂V︸︷︷︸
2

· ∂V

∂S︸︷︷︸
3

· ∂S

∂x︸︷︷︸
4

F =
∫

Ω
fdΩ

f = f(x,U)
U = CFD Solution

V = Volume Mesh

S = Surface Geometry

x = Con�guration Parameters

Sensitivity of:

1 Objective Function to Solution

2 Solution to Volume Mesh

3 Mesh to Geometry

4 Geometry to Parameter
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State-of-the-Art
Shape Sensitivity Analysis

As derived in Choi & Kim [50]:

xτ = T (x, τ),
Ωτ = T (Ω, τ)
x ∈ Ω
T : x→ xτ (x)

~V (xτ , τ) ≡ dxτ
dτ

=
dT (x, τ)

dτ
=
∂T (x, τ)

∂τ
≡ Design Velocity

T (x, τ) = T (x, 0) + τ
∂T

∂τ
(x, 0) + · · · = x + τ ~V (x, 0) + · · ·

= x + τ ~V (x)
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State-of-the-Art
Shape Sensitivity Analysis

As derived in Chen et al. [51]:

Ω : b→ Ω(b)
T : x(b)→ x(b+ δb)

Ω(b+ δb) = T (Ω(b); δb)

x(b+ δb) = T (x(b); δb) = x(b) + ~V δb

With F (b) =
∫

Ω(b)
f(b,x(b))dΩ

F (b+ δb) =
∫

Ω(b+δb)
f(b+ δb,x(b+ δb))dΩ

=
∫

Ω(b)

[
f(b+ δb,x(b) + ~V δb)|J |

]
dΩ
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dF

db
=

∫
Ω(b)

∂f

∂b
dΩ +

∫
∂Ω(b)

f ~V · ndΓ︸ ︷︷ ︸
Uses design velocity
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db
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∂f
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∫
∂Ω(b)

f ~V · ndΓ

⇒
∫
∂Ω(b)

f ~V · ndΓ =
∑

k∈A(b)

∫
∂Ωk

f ~V · ndΓ

︸ ︷︷ ︸
Sum over Active Boundaries
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State-of-the-Art
Shape Sensitivity Analysis

As derived in Chen et al. [51]:

Ω : b→ Ω(b)
T : x(b)→ x(b+ δb)

Ω(b+ δb) = T (Ω(b); δb)

x(b+ δb) = T (x(b); δb) = x(b) + ~V δb

De�ning Φ as an implicit analytical function of a primitive relative to pa-
rameters b,

dF

db
=

∫
Ω(b)

∂f

∂b
dΩ +

∫
∂Ω(b)

f

|∇Φ|
∂Φ
∂b
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Open Issues for Research
Conceptual Design

Design Methodology

Solely low- or high-�delity analysis in MDO is insu�cient

Legacy codes are limited in analyzing new con�gurations [52]
Larger design space explored by changing legacy codes [32]
Costly work arounds for missed con�guration issues [32, 16, 31]

CAD-free design provides information, yet exact translation into a
CAD model is di�cult [31]

CAD model is regenerated post-analysis; analysis relies on CAD-free
mesh/geometry [13, 6]
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Open Issues for Research
Conceptual Design

CAD in Design

3D model-centered design (Knowledge Engineering)

Di�erent CAD generation methodology

Design intent driven by low- and medium-�delity con�guration
parameters (problem-speci�c)

Robustly incorporating internal structural assemblies [30]
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Open Issues for Research
CAD-based Sensitivity Analysis

Design Velocity Calculation

Need implicit representation of boundary primitives [51]

Issues in projecting triangulation nodes, or element centroids, onto
model faces [49]

Topological change modi�es the total number of model faces
Face IDs may vary even with no topological change (slivers)

Long computational time for design velocity calculation

Assumption of constant topology (otherwise need mesh history)

Di�culty in selecting parameter step-size for �nite-di�erencing [45]

Need less than 1% error

Di�culty in using �nite-di�erencing of nodes on face boundaries
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Proposed Research
Research Objectives

1 Develop a conceptual design methodology that conducts
multidisciplinary, gradient-based optimization of aircraft CAD models
using multi�delity analysis

2 Develop a methodology for creating robust, multidisciplinary CAD
models, where both outer mold lines and internal subsystem
assemblies are coupled and driven by the parameter space from low-
and medium-�delity analysis codes.

3 Develop e�cient and robust design velocity calculations when �nding
performance sensitivities for gradient-based optimization.
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Proposed Research
General Approach

1 Literature Review

2 Develop an MDO framework with low-, medium- and high-�delity
analysis codes

Investigate e�cient data communication methods, such as web-services

3 Develop CAD models with proper design intent (de�ned above)

Include methodology for generating internal structural assemblies
Develop codes to automatically generate CAD models

4 Develop algorithms for design velocity calculation from CAD models

Explore ways to improve robustness and reduce computational time

5 Demonstrate full functionality of the framework under development

Comparison with similar frameworks via certain performance metrics
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Proposed Research
Summary of Current Work

Selected Analysis Codes

PASS

Empirical models calculate
performance

Internal optimizer

Con�guration parameters

JAVA

ASWING

Coupled lifting-line and
vortex-lattice aerodynamic
modeling with a nonuniform,
nonlinear structural formulation

3D location of major structural
components and lifting surfaces

FORTRAN

Cart3D

Euler �ow solver

Use triangulation of model
surface
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Proposed Research
Summary of Current Work

Connectivity between PASS and SolidWorks model (via CAPRI) to
create triangulation for Cart3D

CAD model regeneration and data extraction via CAPRI

CAD model information used in all three �delity levels of analysis
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Proposed Research
Summary of Current Work

Functionality

XML post-processing of PASS database

Iteration history of PASS design variables
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Proposed Research
Summary of Current Work

Con�guration Representation

Centralize parameter space for PASS & ASWING in CAD model
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Proposed Research
Summary of Current Work
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Expected Contributions

Conceptual Design Methodology

More robust and e�cient design velocity calculations

Demonstrated feasibility of CAD-based multi�delity analysis in MDO

Applicable methodology for creating CAD models for use in this
framework

Demonstrate exploration of a larger design space and quantitative
con�guration down-select
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Timeline

Phase Duration Task

Oct08 � Dec08 Complete integration of PASS with SolidWorks model via CAPRI
Create code to construct sensitivity matrix for aerodynamics analysis

Jan09 � Mar09 Create and implement design velocity calculation schemes

Apr09 � Jun09 Create automatic geometry generator for various concept aircraft
Test robustness of solid models

Jul09 � Sept09 Create code to construct sensitivity matrix for structural analysis
Create code to construct sensitivity matrix for controls or other
subsystems
Create web-services based framework
Integrate NASTRAN module with PASS

Oct09 � Dec09 Resolve issues with multi�delity MDO integration
Demonstrate feasibility and e�ectiveness of the completed CAD-based
multi�delity MDO framework

Jan10 � Mar10 Write Thesis Draft

Apr10 � May10 Finish Thesis
Thesis Defense
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