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Multidisciplinary Design Optimization
• MDO – systematic approaches to the design 

of complex, coupled systems
• “Multidisciplinary” – different aspects of the 

design problem
• Actual definition depends on application, 

stage of design, etc.
• Define the MDO problem as the subset of the 

total design problem that can be expressed as 
a nonlinear programming problem.



Some Defining Features of MDO Problems

• Complexity of constituent analyses
• Difficulty of component integration
• Computational expense of function and 

constraint evaluations
• The need to attain multidisciplinary 

equilibrium at solutions
• Multiobjective nature of the problem
• Unreliable (non-automatic) evaluation of 

functions and constraints
• …



Computational Components of MDO

IntegrationOptimization under 
uncertaintyAutomation and robustness

User interaction/expert-in-
the-loop

Multiobjective optimization 
and decision makingSensitivity analysis

Data/process visualizationNontraditional methodsMD analysis

Software engineeringManaging variable-fidelity 
models in optimizationUncertainty quantification

Data standards
SD/MD optimization 

algorithms, including 
multilevel optimization

Error estimates and bounds

Design optimization 
frameworks

Decomposition and 
synthesis strategiesData-fitting approximations

Analysis frameworksDesign problem formulation 
with analysisVariable-fidelity models

Computational 
Infrastructure

Design Problem 
Synthesis and Solution

Design-Oriented
Analysis



A Component of MDO: Problem Synthesis



Background
• MDO formulation

– Statement of the problem as a nonlinear program
• Analysis answers questions of equivalence to canonical 

formulation, well-posedness, optimality conditions, solubility, 
sensitivity of solutions to perturbations in parameters

• Optimization algorithm
– Scheme for solving the formulation 

• Analysis answers questions of global convergence, local 
convergence rates, etc.

• Analytical features of MDO problem formulation 
strongly influence the practical ability of 
optimization algorithms to solve the MDO 
problem reliably and efficiently
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• Laborious, expensive, one-time 
process

• Difficult to transform or expand
• Need to develop Multidisciplinary
Analysis (MDA) based derivatives

• Assumes that MDA is done via 
fixed-point iteration

• Expensive to maintain MDA far 
from solution

• Little disciplinary autonomy
• Drawbacks of FIO motivate other
formulations



Motivation for Analysis and Study

• Most alternatives to FIO are based on ad hoc
approaches

• Anecdotal evidence indicates that some 
methods work better than others

• Limited computational evidence of relative 
performance properties (next page)

• Mathematical analysis looks into reasons



Example: HPCCP/HSCT Formulation Study
Alexandrov and Kodiyalam, AIAA-98-4884

Evaluated 3 formulations with respect to a number of performance metrics:



Evaluating a Formulation
• Amenable to solution?
• Robust formulation?

– Is the solution set the same as that of the canonical problem?
– Do answers satisfy necessary conditions?
– Is it sensitive to small changes in parameters?

• Efficiency of solution?
• Autonomy of implementation / ease of 

transformation?
– Claim: this is the most labor-intensive part
– Important because no single formulation is good for all problems

• Autonomy of execution?
– Wish to follow organizational structure for design
– Wish to optimize wrt local variables only in disciplines

• These questions are important in practice
– Direct influence on software and solubility



Example, continued
• Contributing formulations

– Basic formulation (FIO)
– Equivalent (Distributed Analysis Optimization, DAO)
– Non-equivalent (Collaborative Optimization, CO)

• Dramatic differences in performance

Example: representative # analyses (MDF = FIO, IDF⊂ DAO)















Example continued:

Results of NPSOL with
s0 = 0.001 and
s* = 0



Intermediate summary









Autonomy / Modularity in Implementation

• Computational elements needed for 
optimization (in particular, sensitivities) 
can be implemented autonomously by 
disciplines

• All formulations require roughly the same 
amount of work to implement

• Can reconfigure the same set of 
computational components to implement 
one formulation of another
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Moral of the Story
• Problem formulation determines the 

practical solubility of the MDO problem
• No single formulation or algorithm is 

good for all problems
• Need to ease implementation of the 

formulations and enable easy interchange 
among formulations and hybrid 
formulations

• All formulations need roughly the same 
components – identify them

• Create disciplinary modules that can be 
reconfigured dynamically 
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Managing simulation-based models

• Limiting factors:
– Extreme expense of repeated 

simulations
– Function and derivative evaluations 

prone to failure away from the nominal 
design

– Derivative-free optimization is not an 
option due to computational expense



• Engineering
– A variety of approximations and models available and 

used for a long time
– Ad hoc optimization techniques

• Mathematical programming
– Generally limited to local Taylor series models
– Rigorous and robust optimization techniques

• AMMO 
– Use of engineering approximations and models
– Rigorous and robust optimization techniques
– Can be used with any gradient-based algorithm

• Modeling and grid difficulties also being 
addressed

Approach



AMMO Idea

Conventional Optimization AMMO

High-fidelity codes

High-fidelity codes

Low-fidelity codes

OptimizationOptimization

Multi-Element Airfoil Design: AMMO Demonstration for Navier-Stokes / Euler CFD 

AMMO gives Navier-Stokes answers with five-fold savings

COST COST

Objective: reduce cost of design
optimization with simulations



Concluding Remarks

• MDO is a very complex problem
– Synthesis is difficult
– Function evaluations are not automated
– Infrastructure is in its infancy

• Some current promising areas
– Modeling for design optimization
– Rigorous approaches to problem synthesis






