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Habitable exoplanet CONFIRMED! 
Warm and wet, scientists say 

“French scientists have confirmed 
with computer models that Gliese 
581d, a planet orbiting a red dwarf 
star about 20 light years from here, 
has a stable atmosphere, 
comfortable temperatures, and a 
surface covered in liquid water. It's 
the first planet orbiting another star 
that could definitely support life, 
and it’s basically next door.” 

http://dvice.com/archives/2011/05/gliese-581d-con.php 

WOULD YOU GO ON THE FIRST MISSION? 
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Tell me about YOU

What science/engineering problems do you care about? 
 
What is the science question you want to answer? 
 
What does “uncertainty” mean in your work?



HOW DO WE KNOW ANYTHING AT ALL?
 
A 10-MINUTE SOCRATIC EXERCISE



Sacks et al. (1989) 

What is error in a computer simulation?

Kennedy and O’Hagan (2001) 



What is error in a computer simulation?

Oberkampf et al. (2002) 



REALITY  
(EXPERIMENTS) 

MATH MODEL 
(GOVERNING EQUATIONS) 

COMPUTER MODEL 
(DISCRETIZATION) approximates 

verification:   
ensuring the computer model is getting sufficiently 
close to the solution of the governing equations 
 
Are we solving the equations right? 

validation:   
comparing model predictions to experiments 
to instill confidence in the model 
 
Are we solving the right equations? 

KEY TERMS: Verification and Validation



“Error bars” on computer model predictions
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What is error in a computer simulation?

von Neumann and Goldstine 
Bulletin of the AMS (1947) 
 
[h/t Joe Grcar] 



“This analysis of the sources of errors should be objective and strict inasmuch as 
completeness is concerned, but when it comes to the defining, classifying, and 
separating of the sources, a certain subjectiveness and arbitrariness is unavoidable. 
With these reservations, the following enumeration and classification of sources of 
errors seems to be adequate and reasonable.” 
 
 
 Mathematical model 

 Observations and parameters 

 Finitistic approximations 

 Round-off 

The von Neumann and Goldstine Catechism 



“This analysis of the sources of errors should be objective and strict inasmuch as 
completeness is concerned, but when it comes to the defining, classifying, and 
separating of the sources, a certain subjectiveness and arbitrariness is unavoidable. 
With these reservations, the following enumeration and classification of sources of 
errors seems to be adequate and reasonable.” 
 
 
 Mathematical model 

 Observations and parameters 

 Finitistic approximations 

 Round-off 

The von Neumann and Goldstine Catechism 

NOTES 
How well math model 
approximates reality 
 
Model-form error 
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 Observations and parameters 
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 Round-off 

The von Neumann and Goldstine Catechism 

NOTES 
Forward and inverse UQ 
 
Most of the UQ methods 
literature 



“This analysis of the sources of errors should be objective and strict inasmuch as 
completeness is concerned, but when it comes to the defining, classifying, and 
separating of the sources, a certain subjectiveness and arbitrariness is unavoidable. 
With these reservations, the following enumeration and classification of sources of 
errors seems to be adequate and reasonable.” 
 
 
 Mathematical model 

 Observations and parameters 

 Finitistic approximations 

 Round-off 

The von Neumann and Goldstine Catechism 

NOTES 
Asymptotics from classical 
numerical analysis 
 
Deterministic numerical noise
 
“Computational noise in 
deterministic simulations is as 
ill-defined a concept as can be 
found in scientific computing.” 
Moré and Wild (2011) 



SO WHAT IS UQ?
 



What is UQ?

Combining computational models, physical observations, 
and possibly expert judgment to make inferences about a 
physical system.   
(David Higdon – Los Alamos National Labs) 

Uncertainty quantification attempts to express the known 
unknowns.  
(Bill Oberkampf – Sandia National Labs) 

UQ is about providing bounds on our knowledge of system 
behavior and on confidence in our predictions. 
(Omar Knio – Johns Hopkins University) 



What is UQ?

UQ is the difference between success and failure. 
(Gianluca Iaccarino – Stanford University) 

UQ is quantification of the effect of uncertainty. It sounds 
boring indeed but I don't see anything else to it.  
(Dongbin Xiu – Purdue University) 

Man – that’s a hard question!! 
(Tim Trucano – Sandia National Labs) 

UQ is engineers discovering statistics. 
(Overheard at a UQ summer school) 



What is UQ?

I guess “uncertainty" means a lack of certainty or 
knowledge; i.e. ignorance. This is one definition that 
suggests that subjective probability may be a reasonable 
way to think of uncertainty wherein randomness refers to 
a lack of knowledge. Quantification, of course, means to 
quantify, to observe and assign a measure. I like the 
Wikipedia definition: an act of measuring that maps 
human observations and experiences into a set of 
numbers. I would weaken that a little: human observations 
include those made by humans using instruments. Thus, 
Uncertainty Quantification is precisely the quantification 
of one's lack of knowledge concerning (in science and 
engineering) a physical reality. 
(J. Tinsley Oden – University of Texas) 



What is UQ?

stochastic 
computations data 

assimilation 
response surface 

modeling 

probabilistic 
models 

inverse 
problems model 

reduction 

approximation 
methods 

robust 
optimization 



What is UQ?

Problem: Model inputs (e.g., boundary conditions, forcing terms, 
material properties) may be underspecified, or measurements may 
contain error. 
 
Question: How do uncertainties in model inputs effect the confidence 
in model prediction? 
 
Approach: Using the best available knowledge, construct probabilistic 
representations of uncertain model inputs. Propagate the stochastic 
inputs through the model to quantify uncertainty in predictions.   



What is UQ?

Problem: Computers are fundamentally deterministic machines. 
 
Question: How do we mimic probabilistic models with computers? 
 
Approaches:
1.  Pseudorandom number generators produce a sequence of samples 

consistent with the probabilistic models (e.g., Monte Carlo). 
2.  Vary model inputs in a controlled way to produce desired statistics 

deterministically (e.g., numerical integration, numerical 
optimization, response surface modeling). 



data 
model 
noise 
parameter 
error 
uncertainty 
knowledge 
information 

WORDS TO WATCH OUT FOR


