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Computational 

Fluid 

Dynamics 

Experimental 

Fluid 

Dynamics 
Database of 

Aerodynamic 

Environments 

with Uncertainty 

Numerical Error 

Grid Error 

Descritization Error 
Turbulence Model Unct 

Gas Model Unct 

Fidelity/Geom. Unct 

Support Sys. Error 

Facility Variations 
Boundary Interference 

Unmatched Flow Cond. 

Modeling Error 

•Assumptions 

•Data Creation 
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Low-Fidelity CFD 

Wind Tunnel Testing 

Simplified geometry 

Low-order codes 

Rapid turnaround 

Simplified geometry 

Small scales/Affordable 

tunnels 

Risk Mitigation Activities 

High-fidelity CFD 

Wind Tunnel Testing 

Refined Geometry 

Larger scales/Larger tunnels 

Minimize wall effects and other 

measurement uncertainties 

Spinoff activities to characterize highest 

identified aero risk, quantify impact on 

baseline aero, propose least design-

intrusive solutions and iterate. 

Time  
Database Fidelity/Maturity 

Database Complexity 
Knowledge 

Large grids, detailed geometry,  

High-order codes (Full N-S, Chemistry) 
Power effects 

Reynolds number effects 

High-fidelity CFD 

… 

… 

Physical Modeling 

As understanding increases, incorporate 

physics into the GNC dispersion models 

to reduce failure rates, increase 

closeness to truth, reduce potential 

costs and size of auxiliary systems 
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Error Source Effect Solution 
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Error Source Effect Solution 

 

AIAA S-071A-1999 Assessment of Experimental Uncertainty with Application to Wind Tunnel Testing 
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All the protuberances were designed to be 

removable. 

Data was taken at all Mach numbers on both a 
“Clean”  configuration and a “Full protuberance” 

configuration to subtract any remaining bias from 

balance/model misalignment, model fabrication… 



Lag in base pressures at low static pressures (high Mach number): 
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Solution: moved the Kulites closer to the model to 

reduce the length of tubing. Lag became insignificant. 
Re-took the data. 
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Major mechanical failure occurred in the UPWT during test on the 

Ares I (A106 geometry) 

• UPWT only source of experimental data for AFMA DB above M = 1.6 

• AFMA DB delay significantly affected project timeline 

Interim DB developed from CFD data to mitigate impact of delay 

• 1.6 < M  4.5 

• 0  
T
  8 degrees 

• 0  
a
  360 degrees 

• WT Reynolds number 

Ascent DB updated based on UPWT  

 data once available 

• WT-based DB with CFD increments 

• WT-based DB released 2 months after  

 CFD-based DB 
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Hanke 2011 



Three primary uncertainty sources: 

• Input data uncertainty 

Level of uncertainty inherent in the input data 

For CFD-based DB => A106 CFD data uncertainty 

Both a bias and random component (see next slides) 

• Database modeling (DBM) uncertainty 

Accounts for errors creating final DB from input data 

• Database query interpolation (DBI) uncertainty 

Accounts for errors querying the discrete DB at an arbitrary point 

DBM and DBI uncertainty terms were insignificant compared to the 
CFD data uncertainty 
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Reflects both aspects of V&V 

• Verification  

Quality of Ares I CFD simulations ensured through best practices based on V&V 

work throughout the project 

Code-to-code (C2C) differences used as a surrogate estimate of the discretization 

error for the A106 CFD 

• Validation  

Validation based on data from previous Ares I design cycle (A103) 

Validation term has both a bias and a random component 

Margin index (k
MI

) of 1.15 (15% margin) added for validation uncertainty 

• Included to account for validation changes from A103 to A106 

• Based on engineering judgment 
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A103 CFD and WT-based DB at M = 1.6, T = 7° vs a 

0 60 120 180 240 300 360

C
A

P
F

 

 

0 60 120 180 240 300 360

0.0

C
Y

P
F

0 60 120 180 240 300 360
0.0

PHIA

C
N

P
F

0 60 120 180 240 300 360

0.0

C
LL

P
F

0 60 120 180 240 300 360
0.0

PHIA

C
LM

P
F

0 60 120 180 240 300 360

0.0

C
LN

P
F

30 

V  



CFD-based DB uncertainty intervals contain the WT-based DB 
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Baseline 

Strake 

effect 

Uncertainty 

in Baseline 

Uncertainty in 

Strake effect 

Jet effect 

Increment 

Uncertainty 

in Jet effect 

increment 

Base drag 

increment 
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From: 

Bibb, K.L., et al., Development of the Orion Crew Module Static Aerodynamic Database: Part I: 

Hypersonic, AIAA 2011-3506. 
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• Early Definition 

• Ability to computationally reproduce existing Apollo data 

• Current Definition 

• Buildup from multiple sources: WT repeats, CFD code variations, grid 
convergence 

• CFD increments to cover Re range, altitude range     

• CFD increment to cover laminar/turbulent range (hypersonically) 

• Lift/Drag correlation 

• Near-term improvements 

• Non-bias-only Rolling moment model 

• Coupling of force uncertainty to Rolling moment through offset c.g.  

• Elliptical limiting of the total pitch/yaw moment (interdependency) 
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• Early Definition 

• Differences between different levels of modeling fidelity e.g. RANS to Euler 

• Current Definition 

• Buildup from multiple sources: WT repeats, CFD code variations, grid 
convergence 

• High-dimensionality due to Abort/Attitude Control/Jettison motor aerodynamic 

interactions and separation proximity effects 

• Specific modeling of Pitching Moment slope uncertainty 

• Accounts for error correlation in computation prediction of corrections from 

ground test to flight 
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ˆ  

Data  Scatter

ˆ  3 MI ˆ  3

Data  Scatter

Uncertainty Bounds Uncertainty Bounds 
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ACM JI Increment (South Firing Jets)
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ˆ  = R
d2

R = Range = Max(x) Min(x)

n  d2  RUL /R = ˆ  UL /   
(0 .995) 

2 1.128 3.5 

3 1.693 2.6 

4 2.059 2.3 

UL n= 2= 3.5  
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Low-Fidelity CFD 

Wind Tunnel Testing 

Simplified geometry 

Low-order codes (inviscid…) 

Rapid turnaround 

Simplified geometry 

Small scales/Affordable 

tunnels 

Risk Mitigation Activities 

High-fidelity CFD 

Wind Tunnel Testing 

Refined Geometry 

Larger scales/Larger tunnels 

Minimize wall effects and other 

measurement uncertainties 

Spinoff activities to characterize highest 

identified aero risk, quantify impact on 

baseline aero, propose least design-

intrusive solutions and iterate. 

Time  

Database Fidelity/Maturity 

Database Complexity 

Knowledge 

Large grids, detailed geometry, 

Evaluation of second order effects, 
High-order codes (N-S, Chemistry) 

Power effects 
Reynolds number effects 

High-fidelity CFD 

… 

… 

Physical Modeling 

As understanding increases, incorporate 

physics into the GNC dispersion models 

to reduce failure rates, increase 

closeness to truth, reduce potential 

costs and size of auxiliary systems 
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Aerodynamic strake was 

designed and placed 

using CFD, then tested 

to validate CFD results 
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Piggyback off of the SRTMV-N2 test in February 
2012. 

Position a flat test panel just aft of the SRTMV-
N2 nozzle trailing edge. 

• ~ 3 ft long by 3 ft in height by 0.5 -1.0 in thick 

• Front portion of test panel is upstream of plume 
impingement 

• Test panel is mounted at specified angle to simulate 
FTV-2 scallop surface angle relative to the AM nozzle 
at 0 deg deflection 

• Aft portion of test panel is an ablative material for 
acquiring recession rate data 

15-5 SS test panel design 

• no active cooling or TBC 

• Adjust test panel position and inclination angle to stay 
below 190 BTU/ft2s 

Instrumentation: 

• ~ 60-80 discrete surface pressure taps for static 
pressure measurement with pressure transducers 
mounted to strongback platform (away from heat of 
exhaust plume) 

• ~ 6-8 discrete Kulites recessed 0.25 inches 

• ~26-40 surface thermocouples for surface 
temperature measurement and a corresponding set 
of 26-40 backside thermocouples for heat transfer 
analysis 

• ~ 10-15 heat flux gages/calorimeters 

• ~ 2-4 radiometer gages 

• ~ 6-8 accelerometer gages 

• Exhaust plume imaging (visual/IR photo/video) 

Strongback 

SRTMV 

Nozzle 

Exhaust Flow 

Plume 

Boundary 

Plume 

Impingement 

on Test 
Panel 

FTV-2 fairing 

inclination angle 

Test 

Panel 

14 in 

Protective Windscreen 

Support Arms 

Ablative Material 

~ 5 ft 
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TPS Risk Mitigation for 

MPCV (recession rates) 
Unique Plume 

Impingement 

Database (public) 

Abort Motor 

Environment 

Characterization 
Commercial Crew 

Benefits Validation Data for 

Multiple CFD 

Codes 

LAS Risk Mitigation 

Project (NESC) 

USM3D 
LOCI-

CHEM 
DPLR 

Analytical 

Methods 
… 
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For examples see Bibb 2011, Chan 2011, & Hemsch 2011 
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Ares Aerodynamic Database 

Working Group 

Branch level Independent 

Technical Review 

Ares Aeropanel Review 

Directorate level Independent 

Technical Quality Review 

Ares Guidance, Navigation & 

Control Evaluation 

Ares Ascent Flight System 

Integration Group Review 

Orion Aerodynamic Database 

Working Group 

Branch level Independent 

Technical Review 

Orion Aeropanel Review 

Directorate level Independent 

Technical Quality Review 

Orion Guidance, Navigation & 

Control Evaluation 

Orion Vehicle Integration Team 

Acceptance Review 

Release Candidate Review/

NESC Independent Review 

Orion Vehicle Integration 

Control Board 

Constellation Element Aerodynamic Database Review Processes 
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Performance 

Analysis 

Aerodynamic 

Environment 

Mass 

Properties 

Atmospheric 

Environment 
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Loads & 

Structures 
Propulsion 
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Propulsion 

Aerodynamic 

Environment 
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Atmospheric 

Environment 

Aerodynamic 

Environment 
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Guidance, 

Navigation, & 

Control 

Aerodynamic 

Environment 
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Aerodynamic 

Environment 

Loads & 

Structures 
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Level   Interpretation 

5 Highest confidence. 

Data and database model consistent with flight vehicle.  

No anticipated improvements. 

4 High confidence. 

Data and database model are best estimates of the flight vehicle produced with 

best tools available.  

Improvements only expected when flight data is available. 

3 Moderate confidence. 

Data and database model are expected to be representative of the flight vehicle. 

Results containing this can be used. 

Improvements can be made based on better data 

2 Low confidence. 

Database model not based on data. Extrapolated results.  

Results containing this in critical regions should be used with caution. 

Improvements could be made based on need. 

1 Minimal confidence. 

Database model are not expected to be fully representative of the flight vehicle.  

0 Inputs inconsistent with expected values. 

Results containing this should not be used. 
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Abort Trajectories 
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Jeremy Rea 
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INTRODUCTION 

• Based on HXLV F1 Mishap Investigation Report, contributing 

factors to the divergent roll instability that triggered the mishap 

were modeling inaccuracies in the following: 

– Fin actuation system 

– Aerodynamics 

– Mass properties 

• Also based on HXLV F1 Mishap Investigation Report, potential 

contributors that could not be quantified were the modeling of: 

– Dynamic aerodynamics 

– Aeroservoelasticity 

• During the Mishap Investigation and RTF activities, the 

uncertainty associated with the first type of contributors was 

classified as aleatory and captured quantitatively while the 

uncertainty for the second type was never defined and/or its risk 

assessed (instead AP design requirements were set higher). 
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SCOPE 

• The scope of this analysis is to find out if an epistemic uncertainty 

formulation for the potential contributor factors (dynamic 

aerodynamics and aeroservoelasticity) would result in an 

increased level of risk failure during the transonic part of the 

HXLV F1. 

• The uncertainty classification as epistemic for these potential 

contributor factors is due to the limited understanding of the 

physics phenomena associated with the roll damping in the HXLV 

and the insufficient amount of data to precisely characterize the 

interaction between the unsteady aerodynamics, the structure, 

and the control system in the HXLV. 

• Modeling inaccuracies in the definite contributor factors constitute 

also an epistemic uncertainty but it is not assessed in this 

analysis (although could have been indirectly inferred).  Instead, 

model deficiencies associated with those factors have been kept 

the same in the first case and fixed in the other two cases. 
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RESULTS ON Clp 

• For HXLV F1, the required system success probability is 3-  , that 
is, 99.73%. 

• To neither drastically reduce the probability of a successful Monte 
Carlo analysis nor produce large quantities of data, a 4,000-case 
6DOF Trajectory Monte Carlo sets are run. 

• Based on the Mishap Investigation Report sensitivity analyses, 
the damping-in-roll derivative (Clp) is selected as the dynamic 
aerodynamics potential contributing factor for this study. 

• Three scenarios are analyzed and compared using: 

– Pre-flight 1 Clp model (without uncertainties) 

– Post-flight 1 Clp model (with aleatory uncertainties) 

– Post-flight 1 Clp model (with epistemic uncertainties) 

• The uncertainties in the third scenario were propagated using a 
second-order probability approach where Clp was sampled using 
an interval with the same limits as the uniform distribution defined 
for the Clp aleatory uncertainties in the second scenario. 
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CONCLUSIONS 

• Based on the results of the 6DOF Trajectory Monte Carlo analyses 
performed only for the transonic part of flight: 

– There is 98.28% confidence in the first scenario of having a 
probability of success of at least 3- . 

– There is 91.30% confidence in the second scenario of having a 
probability of success of at least 3- . 

– There is 28.94% confidence in the third scenario of having a 
probability of success of at least 3- . 

• Although these analyses use post-flight 1 aerodynamic and mass 
properties models, it is expected that results would have provided 
similar conclusions using the pre-flight 1 models jointly with the 
lessons learned during the Mishap Investigation on the dynamic 
aerodynamics and aeroservoelasticity. 

• Results like those for the epistemic uncertainty formulation would 
have risen enough concerns to dig into the system modeling and 
potentially uncover other issues (i.e. FAS modeling). 
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Low-Fidelity CFD 

Wind Tunnel Testing 

Simplified geometry 

Low-order codes (inviscid…) 

Rapid turnaround 

Simplified geometry 

Small scales/Affordable 

tunnels 

Risk Mitigation Activities 

High-fidelity CFD 

Wind Tunnel Testing 

Refined Geometry 

Larger scales/Larger tunnels 

Minimize wall effects and other 

measurement uncertainties 

Spinoff activities to characterize highest 

identified aero risk, quantify impact on 

baseline aero, propose least design-

intrusive solutions and iterate. 

Time  

Database Fidelity/Maturity 

Database Complexity 

Knowledge 

Large grids, detailed geometry, 

Evaluation of second order effects, 
High-order codes (N-S, Chemistry) 

Power effects 
Reynolds number effects 

High-fidelity CFD 

… 

… 

Physical Modeling 

As understanding increases, incorporate 

physics into the GNC dispersion models 

to reduce failure rates, increase 

closeness to truth, reduce potential 

costs and size of auxiliary systems 
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−1 � εi � 1

Monte Carlo dispersion functions: 

Random sampling of constants from a 

uniform distribution: 

10 samples 
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g(x̄) = a1 sin (2π (x̄+ h1)) + b1 cos (2π (x̄+ h1))

+a2 sin (2π (2x̄+ h2)) + b2 cos (2π (2x̄+ h2))

2nd order model 

20 samples 

˜f(x) = f(x) + gi(x)U(x)
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60% reduction in max predicted vehicle roll rates at stage separation 

Ares I-X No Roll Control – 2,000 Monte Carlo Simulations (Hough & Lee - MSFC) 
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Backup Material 



90 National Aeronautics and Space Administration 

Hanke, J., Uncertainty Quantification Efforts for CFD Results of the NASA Ares I Design Analysis 

Cycle 2 (ADAC-2) Configurations, Proceedings of the 55th JANNAF Propulsion Meeting, CPIA 

Publication, Boston, MA, May 12-16 2008. 

Hemsch, M., Hanke, J., and Walker, E., Detailed Uncertainty Analysis for Ares I Ascent 

Aerodynamics Wind Tunnel Database, AIAA Paper 2008-4259 

Houlden, H., Favaregh, A., and Hemsch, M., Quantification of the Uncertainties for the Ares I A106 
Ascent Aerodynamic Database, AIAA Paper 2010-4926 

Hemsch, M. and Walker, E., The Crucial Role of Error Correlation for Uncertainty Modeling of CFD-

Based Aerodynamics Increments, AIAA Paper 2011-173 

Hanke, J., Detailed Uncertainty Analysis of the Ares I A106 Liftoff/Transition Database, AIAA Paper 

2011-3647 

Hanke, J., Assessment of CFD-based Response Surface Model for Ares I Supersonic Ascent 
Aerodynamics, AIAA Paper 2011-3648 

Pinier, J., A New Aerodynamic Data Dispersion Method for Launch Vehicle Design (Invited), AIAA 

Paper 2011-3167 

Bibb, K., Walker, E., Brauckmann, G., and Robinson, P., Development of the Orion Crew Module 

Static Aerodynamic Database, Part I: Hypersonic, AIAA Paper 2011-3506 

Bibb, K., Walker, E., Brauckmann, G., and Robinson, P., Development of the Orion Crew Module 
Static Aerodynamic Database, Part II: Supersonic/Subsonic, AIAA Paper 2011-3507 

Chan, D., Walker, E., Robinson, P., and Wilson, T., Modeling Powered Aerodynamics for the Orion 
Launch Abort Vehicle Aerodynamic Database (Invited), AIAA Paper 2011-3648 

Walker, E.L., et al., Constellation Program Lessons Learned in the Quantification and Use of 

Aerodynamic Uncertainty, AIAA 2011-3345. 



91 

Ballistic Trajectory, Flat Ground, No Drag 

v = initial velocity 

= initial angle 

d = strike distance 

x = distance away from initial launch 

h = height 

g = gravitational constant (9.81m/s2) 

    
d = v 2 sin(2 )

g

h = x tan( ) gx 2

2v 2 cos2 ( )

v

d
x

h
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Normal 

Uniform 
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Velocity treated as aleatory with Uniform distribution 

Initial angle treated epistemically (no distribution modeled, weakest statement) 

LHS = Latin Hypercube Sampling 

Epistemic treatment of angle results in a family of CDFs for 

velocity. One for each selection of angle. 
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Probability Box 

Taking the Min and Max of the CDFs Results in a P-box for the Response     

Aleatory (Random) treatment  

of both quantities 
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Just increasing an incorrectly classified uncertainty does not yield a more 

conservative result. This is counterintuitive!!  

1.0 x 

1.2 x 

1.4 x 
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Aleatory dominated predictions (negligible epistemic uncertainty) 
More experimental data and better simulation data  

Will only support the current distribution used  

Not reduce the uncertainty 

Resources directed to robust design 

Epistemic dominated predictions (negligible aleatory uncertainty) 
More experimental data and better simulation data 

Can lead to better understanding  

Should reduce uncertainty 

Resources directed to better understanding the problem 

Mixed aleatory and epistemic predictions 
Use sensitivity analyses to determine resource allocation based on programmatic risk tolerance 

Segregating aleatory and epistemic uncertainty is not a worst-on-worst 
analysis.  It is a true representation of both random variation and lack of 
knowledge. 
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Requirement XXX shall be verified by analysis. … The requirement shall be 
considered satisfied when analysis results show there is at most a YYY 
probability of XXX {with a “consumer risk” of ZZ%, or omit}. 

YYY --> Response Requirement  

XXX --> Probability Requirement 

ZZ% --> Consumer Risk Requirement 

 Taken from 

 Steven G. Labbe, Constellation Chief Engineer  

        EA-07-005, May 14, 2007 
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Use Probability Bounds Analysis to Propagate Input to Output Uncertainty 

Keep aleatory and epistemic uncertainties segregated before, during, and 

after propagation 

Aleatory uncertainties are characterized as a probability distribution 

Epistemic uncertainties are characterized as an interval 

Probability bounds analysis uses segregated sampling of aleatory and 

epistemic uncertainties1 

Use Monte Carlo with variance reduction techniques (e.g. Latin hypercube [LHS], etc.) 

Samples from aleatory uncertainties are used to form a probability distribution, i.e., 

CDF 

Samples from epistemic uncertainties are treated as possible realizations, i.e., they 

are each assigned a probability of unity 

Uncertainty in the responses,   , is represented as a probability box (p-box).   

A p-box shows a mixture of random variability and lack of knowledge. 

1Helton, 1997; Cullen and Fry, 1999; Ferson, 2002, 2003; Haimes, 2009; Vose, 2008 
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Taking the Min and Max of the CDFs Results in a P-box for the Response     y


