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Project motivation

• Analysis and design typically begin with low-
fidelity models and progressively incorporate 
higher fidelity tools

• Many information sources available: multifidelity 
models, historical data, operational data, 
experimental data,
expert opinions

– Telling us different things about the system: the 
collective information they provide is greater than the 
individual parts
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Experimental data

Physics-based 
models

Source: www.directindustry.com

ExpertsData-fit/surrogate/reduced models

Source: wikipedia.org



Challenges and research gap

• Existing multifidelity optimization approaches calibrate low-fidelity 
models or replace low-fidelity results with higher fidelity data 

• Major challenges not addressed by current multifidelity approaches: 

– Managing a broad range of information sources to select which next 
information sources to invoke and at what inputs as the decision process 
unfolds, while balancing cost and benefit.

– Certifying overall analysis and design results, including assessment of 
risk, through new methods to define and assess the fidelity of 
information, and to incorporate the associated uncertainties in the 
decision process.

– Adapting to new decision goals, so that quantification of uncertainty and 
management of information sources are driven explicitly by the decision 
goals, can adjust to dynamic system behavior, and can account for 
changing resource constraints.

• Further challenges for multi-physics systems, where different 
information sources relate to different parts of the system and where 
there are choices for how to couple (or decouple) the various parts



Research objectives

1. Develop statistical approaches for defining and quantifying 
fidelity

2. Establish decision-theoretic methods for optimally managing 
sources of uncertain multi-physics information

3. Create reduced-order models with goal-driven adaptation to 
multi-physics interactions and with quantified uncertainty

4. Formulate an information-theoretic approach for handling 
multi-physics coupling

5. Create a scalable framework for solving multi-physics 
analysis and design problems under uncertainty



Research thrusts

1. Develop statistical approaches for defining and 
quantifying fidelity

2. Establish decision-theoretic methods for 
optimally managing sources of uncertain multi-
physics information

3. Create reduced-order models with goal-driven 
adaptation to multi-physics interactions and 
with quantified uncertainty

4. Formulate an information-theoretic approach 
for handling multi-physics coupling

5. Create a scalable framework for solving multi-
physics analysis and design problems under 
uncertainty

RT1: Optimal 
information-source 
management

RT2: Goal-oriented 
ROMs for the  
multi-source 
multi-physics 
setting

RT3: Managing 
coupling in multi-
physics systems



Research thrust integration

Information 
Sources

models
experiments
experts
historical data
adjoints

Design & 
Analysis 

Goals

A scalable multi-source framework for certifiable solution of 
multi-physics analysis and design problems under uncertainty

RT2
Goal-oriented 

reduced-
order 

modeling

adapting 
models

exploiting 
structure to 
derive new 
information 
sources

adapting to interactions

representing uncertainty

RT3
Managing 

multi-physics 
coupling

where/how 
to couple?

composing/ updating 
information in a 
coupled system

managing 
parameterizations

problem formulation

RT1
Optimal 

information-
source 

management

which information 
sources to use? 

what design choices 
to evaluate?

what is information-source 
fidelity?

what is acceptable level of 
uncertainty?



RT1: Optimal information-source management 

• A statistical foundation to define and quantify information-source fidelity
• Experimental design methods, both to guide the overall design process 

and to validate models
• Statistical models of relationships among different information sources as 

they relate to analysis/design goals
• Multi-information source optimization (MISO)

Statistical formulation of the MISO problem:

real world
conditional 
distribution

•

information 
source 

conditional 
distributions

•
objective 
function •

cost of
a query •

prior & 
posterior

distributions

Methods for solving MISO problems:

value of information 
analysis •

cross-
validation •

stochastic 
optimization

Beyond traditional 
fidelity and validation:

experimental 
design for model 

invalidation

goal-driven
probabilistic multi-
source certification

goal-driven
statistical definition 

of fidelity

lay the theoretical foundation

solve the optimal source management problem numerically
model uncertainty 
and certify results

stochastic process
models of multi-source 

discrepancy



RT2: Goal-oriented ROMs for the  multi-source
multi-physics setting

• Goal-oriented ROMs: resolving and adapting multi-physics couplings at 
an appropriate level of fidelity, driven by specific analysis/design goals

• View a ROM as an information source that can be used in concert with 
other information sources; characterize ROM uncertainty, but move 
beyond just a posteriori error estimates

• Specific research focus addresses uncertainty modeling and 
management in ROMs, adaptation of ROMs to multidisciplinary 
interactions, and compositional and localized ROM strategies

use of random 
matrix theory to 
model, quantify 
and manage the 

uncertainty 
associated with a 
parametric ROM

goal-driven 
uncertainty 

analysis as a driver 
for adaptation of 
ROMs to capture 

multi-physics 
interactions 

multi-level ROM 
formulation that 

combines coarse- and 
fine-scale 

representations using 
homogenization 

approaches 

compositional 
approach to ROM 

combining 
localization methods 

with a variational
Bayesian approach to 

managing coupling



RT3: Managing multi-physics coupling

• Goal: a rigorous mathematical framework that can learn and adapt 
to different forms of coupling, handles combinations of fidelity 
arising from the various models in a multi-physics system, and 
seamlessly fuses multiple sources of information beyond just 
computational models

• Specific research focus: scalable multi-source formulations and 
solution methods; information-theoretic and statistical approaches 
for characterizing, modeling and handling multi-physics coupling

model the system as a 
large, block-partitioned, 

nonlinear-algebra problem

information-theoretic 
approach to learning 
and approximating 

multi-physics 
coupling, inspired by 

variational approaches 
to inference and by 

model selection 

automatic coupled sensitivity 
analysis via coupled adjoint
method with multifidelity 

compositional goal-driven UQ 
approach, to update an 

individual information source 
in an integrated system

tailor different solvers and 
optimization algorithms to 

subcomponents and to 
different levels of fidelity



An integrated multidisciplinary research program

• leverages the mathematical foundations and methods of 
information theory, decision theory, and machine learning

• brings these elements together in new ways with 
multidisciplinary design optimization (MDO), multifidelity 
optimization, uncertainty quantification (UQ), and reduced-
order modeling

Crosscutting research themes:
(de)composition • statistical learning • exploiting structure
• goal-driven uncertainty management • scalable methods



Application system of interest
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• Multi-physics challenges of a tailless aircraft
– interactions among aerodynamics, structural flexibility, and longitudinal trim and 

stability constraints

– thermal interactions due to aircraft electronic systems and power requirements

– thermal-structural interactions for embedded engines

• Multiple information sources spanning multiple levels of system 
parametric representation

• Many sources of uncertainty



Overall project structure

Crosscutting research themes:
(de)composition • statistical learning • exploiting structure
• goal-driven uncertainty management • scalable methods

RT1: Optimal information-source management 

RT2: Goal-oriented reduced-order modeling 

RT3: Managing multi-physics coupling

Application 
system of 
interest

Tailless
Aircraft

Executive 
Committee

Frazier

Mignolet

Martins

Advisory Board Collaboration with AFRL

PI
Willcox

Integrated Research Thrusts

MURI PIs: Allaire, Frazier, Martins, Marzouk, Mignolet, Willcox, Wolpert
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Desired project outcomes

• New formulations, methods and algorithms, demonstrated in 
the context of our application system: analysis, design and risk 
assessment of a tailless aircraft

– leading to better design decisions, e.g., through a vehicle design process 
that accounts more fully for uncertainties and coupling among 
disciplines, reducing the chances of not meeting system requirements, 
thus reducing expensive re-design work later in the program

– leading to a better decision process, e.g., through a more principled 
approach to harmonization of multiple information sources and more 
systematic ways to incorporate existing knowledge and expertise

• Prototype code implementations and testbed problems

• Scholarly output (papers, invited talks, theses, etc.)

• Professional development of students, postdocs, junior faculty

• Collaborations with and transitions to AFRL and industry
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