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Overview 

• Background and Scope 

• Current POF Standards and Guidelines 

• Recommended updates to POF Standards 

and Guidelines (Revised Guide) 

– Allocation to phases of flight and time into flight 

– Allocation to Vehicle Response Mode (VRM) 

• Independent Review of Revised Guide  
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Background 

• Common Standards Working Group: FAA/AST, NASA, 

and USAF partnership to produce consistent 

requirements for launch safety. 

• Established common POF standard: 14 CFR §417.224 

• Developed guidelines with a framework on the total POF 

for an ELV, published in 2005 

• Product of major interagency effort and two independent reviews 

by academic experts 

• Did NOT address allocation to phases of flight, etc. 

• Essential elements captured in §A417.25, but this is not 

binding for launches from a Federal range (per §A417.3) 

• In 2010, CSWG directed to address allocation 
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Scope 

• Examine Probability of Failure (POF) for 

– Expendable Launch Vehicles (ELVs) 

– Failures that could pose a threat to public safety 

• 14 CFR § 417.224(b) “Failure. For flight safety analysis purposes, 

a failure occurs when a launch vehicle does not complete any 

phase of normal flight or when any anomalous condition 

exhibits the potential for a stage or its debris to impact the 

Earth or reenter the atmosphere during the mission or any future 

mission of similar launch vehicle capability.” 

• Focus on new ELVs: never flown before or 

only a few previous flights 

– Revised Guide will address allocation and POF for 

mature vehicles 
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Generic Vehicle Response Modes (VRMs) 

• Numerous failure modes (i.e. causes), but limited 

response modes in terms of vehicle behavior 

• VRM classes distinguish feasible combinations of 

trajectory and fragmentation outcomes:  

– If a significant trajectory excursion occurred (for the vehicle or 

parts of the vehicle) or not,  

– If fragmentation occurred immediately or not.   

• For example,  

– On-trajectory (OT) failure with immediate fragmentation, such 

as a engine explosions 

– OT failure without immediate fragmentation, such as a total 

loss of thrust (LOT) 

– Malfunction turn (MFT) failure with immediate fragmentation 

– MFT failure without immediate fragmentation 
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Analysis Flow and Scope 

Preliminary Hazard Analysis (PHA) 

Failure Modes Effects and 

Criticality Analysis (FMECA) 

Fault Tree Analysis (FTA) 

Event Tree 

Analysis (ETA) 

Ideally, an ELV POF analysis is built on-top of rigorous system 

safety analyses.  However, these are not necessary, not covered. 
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Strategy for Analysis Method Standards 

• Performance level standards in 14 CFR 417 

(Subpart C) 

– State fundamental objectives: provide an analysis to 

demonstrate that the risk to the public is acceptable 

– State top level analysis constraints: elements the analysis 

must account for 

– Constitute mandatory requirements in all cases 

• FAA Published Guidelines, and Methodology 

“requirements” (Appendix to Part 417)  
– Describe acceptable means of satisfying the performance 

level requirements, and 
 
– Provide a standard and a measure of fidelity against which 

the FAA will measure any proposed alternative analysis 

approach 

– Assist analysts in interpretation of the standards, etc. 
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Background: Common Standard 

Common standard on POF analysis in §417.224 

“A launch vehicle failure probability estimate must use accurate 

data, scientific principles, and a method that is statistically 

or probabilistically valid.”  

“For a launch vehicle with fewer than two flights, the failure 

probability estimate must account for the outcome of all 

previous launches of vehicles developed and launched in 

similar circumstances.” 

“For a launch vehicle with two or more flights, launch vehicle 

failure probability estimates must account for the outcomes 

of all previous flights of the vehicle in a statistically valid 

manner.” 

Note: Treats POF for first two flights differently than 

subsequent flights 
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Developed and Launched Under Similar 

Circumstances 

• Does not equate simply to “similar vehicles.”   
– Because factors beyond design characteristics are relevant 

to the probability of failure   

• Five factors considered to determine what this 

constitutes:  
– Design characteristics of the vehicle.  

– Development and integration processes of the vehicle, 
including especially the extent of integrated system testing.  

– Related work experience of the launch and development 
team members.  

– Outcomes of all previous flights of similar vehicles 
developed and launched by the launch operator.  

– Country where the vehicle was developed and launched.  
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Developed and Launched Under Similar 

Circumstances (2) 
• It may or may not be legitimate to subdivide a set of vehicles 

based on the specifics of the vehicle development depending 

on the divisions defined and the size of the subsequent sets  

• Flight experience shows that manufacturer experience is a 

dominant factor in the POF analysis for a new launch vehicle. 

• Many factors influence the level of experience of a launch 

vehicle developer (i.e. manufacturer).   

– CSWG considered a developer “who had produced at least one launch 

vehicle with a demonstrated probability of failure less than or equal to 33 

percent” to be an “experienced launch vehicle developer” 

– See notes pages for rationale  

• Using the Binomial-based Pf estimate, the earliest a 

manufacturer can be considered experienced with complete 

confidence is after four successes on its first four flights. 
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• Significant difference in the demonstrated POF for first 

2 flights based on developer experience  

• Data from “modern era,” starting with Ariane 1 in late 1979, 

the advent of commercial launch vehicle development 

• New vehicle and New operator (NN) ~ 0.75 POF 

• New vehicle and Experienced operator (NE) ~ 0.25 POF 

• Guidelines state that “a baseline value is the estimated launch 

vehicle failure probability for the first two flights unless adjustments 

away from the baseline value are justified to account for particular 

circumstances.” 

• The FAA may adjust the failure probability estimate to account for  

• the level of experience demonstrated by the launch operator, 

• other factors that affects the probability of failure. 

 

Guidelines & Appendix: First 2 Flights 
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Guidelines & Appendix: > 2 Flights 

Identify a credible range of POF for > 2 flights 

• Use 60% confidence levels and flight history for subject vehicle  

• See the “Christmas Tree” on next slide for the values (i.e. table 

A417-3 given in §A417.24 and in 2005 Guide)  

Per §A417.25(b)(5)(iii):  

• “The analysis must use a final failure estimate within the 

confidence limits of Table A417–3” 

CSWG produced guidelines on new ELV POF in 2005 

• “Once a launch vehicle completes at least two flights, the FAA 

will accept a Bayesian estimate based on a uniform prior 

distribution of one hypothetical failure in two hypothetical flights 

updated with the outcomes of all previous flights of the subject 

vehicle.” 
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§A417.25: Credible POF Range for > 2 Flights 
Next <--------Success Failure -------> 

Launch  

  0.55 0.89 1.00 

3 0.28 0.50 0.72 

  0.00 0.11 0.45 

  0.42 0.71 0.93 1.00 

4 0.21 0.39 0.61 0.79 

  0.00 0.07 0.29 0.58 

  0.33 0.58 0.79 0.95 1.00 

5 0.17 0.32 0.50 0.68 0.83 

  0.00 0.05 0.21 0.42 0.67 

  0.28 0.49 0.67 0.83 0.96 1.00 

6 0.14 0.27 0.42 0.58 0.73 0.86 

  0.00 0.04 0.17 0.33 0.51 0.72 

  0.24 0.42 0.59 0.73 0.86 0.96 1.00 

7 0.12 0.23 0.36 0.50 0.64 0.77 0.88 

  0.00 0.04 0.14 0.27 0.41 0.58 0.76 

  0.21 0.37 0.52 0.65 0.77 0.88 0.97 1.00 

8 0.10 0.20 0.32 0.44 0.56 0.68 0.80 0.90 

  0.00 0.03 0.12 0.23 0.35 0.48 0.63 0.79 

  0.18 0.33 0.46 0.58 0.70 0.80 0.90 0.97 1.00 

9 0.09 0.18 0.28 0.39 0.50 0.61 0.72 0.82 0.91 

  0.00 0.03 0.10 0.20 0.30 0.42 0.54 0.67 0.82 

  0.16 0.30 0.42 0.53 0.63 0.73 0.82 0.91 0.98 1.00 

10 0.08 0.16 0.26 0.35 0.45 0.55 0.65 0.74 0.84 0.92 

  0.00 0.02 0.09 0.18 0.27 0.37 0.47 0.58 0.70 0.84 

  0.15 0.27 0.38 0.48 0.58 0.67 0.76 0.84 0.92 0.98 1.00 

11 0.07 0.15 0.23 0.32 0.41 0.50 0.59 0.68 0.77 0.85 0.93 

  0.00   0.02   0.08   0.16   0.24   0.33   0.42   0.52   0.62   0.73   0.85 

0 1 2 3 4 5 6 7 8 9 10 

Failures on Previous n Launches 

 After 4 flights with 2 

failures: credible POF 

range for 5th launch is 

0.21 – 0.79, with a 

reference value of 0.50 

§ 
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Flexibility In The Appendix > 2 Flights 

• “Reference probability estimate” is input to the launch 

risk analysis unless the FAA has a reason to make an 

“adjustment.” 

• §A417.25(b)(5)(iii): “The FAA may adjust the failure 

probability estimate to account for  

the nature of launch outcomes in the flight history of the 

vehicle,  

corrective actions taken in response to a failure of the vehicle,  

or other vehicle modifications that may affect reliability…. 

 the demonstrated quality of the engineering approach to 

launch vehicle processing,  

meeting safety requirements in this part, and associated hazard 

mitigation.” 
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SAMPLE POF METHODS FOR 

ELVS 

Nuclear Regulatory Safety 

Policy Goals in Federal 

Register, Vol. 51, August 21, 

1986, page 28044 
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Introduction to POF Allocation 

• In 2010, CSWG directed to revise POF 

guidelines to address allocation. 

– Allocation of POF to various phases of flight (e.g. 1st 

stage, staging, 2nd stage, beyond orbital insertion) 

– Allocation of POF to various VRMs (e.g. On-trajectory 

explosion, On-trajectory thrust termination, 

malfunction turn, etc.) 

– Define data relevant to the POF and allocation for a 

given launch vehicle 

• Classic tension for relevant data selection 

– More narrowly defined is more clearly representative, 

but often leads to a tiny data set with large uncertainty 
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Failure Rate as a Function of Time (2) 

• This figure illustrates the 

effect of the constant failure 

rate given that the stage has 

not yet failed.   

• The effect is very pronounced 

for stages with high failure 

probabilities and can be 

ignored for stages with low 

failure probabilities.   

• For those stages with rather 

high failure probabilities, the 

effect front-loads the POF: a 

failure is less likely toward the 

end of the burn because of the 

likelihood that a failure 

already occurred earlier in the 

burn. 
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Summary and Conclusions 

• Data from past launches show: 

– New ELVs from new developers fail more often than 

those from experienced developers 

–  New ELVs from experienced developers that fail, 

reach orbit more often than new ELVs from new 

developers that fail   

• Data from past launches of new ELVs are 

used to estimate the POF of a new ELV 

using various techniques. 
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INDEPENDENT ASSESSMENT 

Nuclear Regulatory Safety 

Policy Goals in Federal 

Register, Vol. 51, August 21, 

1986, page 28044 
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Review Point 1: 

General Efficacy and Validity 

5/9/2013 24 

A. History provides a good basis for estimation for early POF 
 Early flights POF driven by “surprises”: defects and unexpected system-level 

interactions. 
 Historical “surprises” the only basis of estimate to quantify that component of 

POF 

B. When interpreting history as Bernoulli trials, Tab. 2 
approximates Bayesian 80% confidence intervals. 

C.  It is appropriate to treat level of experience as the greatest 
driver of launch vehicle POF. 

D. Moving from total POF estimation to breakdown by VRM and 
time of flight is sensible to improve the accuracy of expected 
casualty (EC) calculations. 

E. The proposed methods are generally consistent with the 
standards and somewhat complementary in their strengths 
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Review Point 1.C: 
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 Independent analysis supports two eras: pre- and post-1979 

as driver of initial growth rate  also affecting initial POF 
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Review Point 2: 

Limits of History for VRM Distribution 

5/9/2013 26 

A. Historical failure frequencies at the system level do not provide an accurate basis of 
estimate for failure bins.  

 History quantifies the probability of “surprises” but their propagation into failure can be design-specific 

 Examples: Challenger failure not as dramatic in a solid-only 1st stage;  engine failure on Falcon 9 leads to 
low orbit, not 1st stage reentry, etc. 

B. Analysis at the stage or “major element” level can be much more relevant to the failure 
bin breakdown while retaining “top-down” and “practicality” features. 

 Be as configuration and technology specific without loosing the system-level component of POF. 

C. If VRM breakdown is a driver of EC, then a more detailed analysis of the design is 
warranted. 

 “Sculpt” the analysis to refine only those assumptions that drive the EC result. 

D. The result of design-specific analyses can also be good estimators of the relative 
likelihood of failure bins. 

 PRAs and physics-of-failure simulations can underestimate total POF 

 But they stem from a understanding of the specifics of the design, thus they inform about the relative 
likelihood of failure modes that might follow „surprises‟ 
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Review Point 3: 

Limits of the Bernoulli Assumption 

5/9/2013 27 

A. Bernoulli-based confidence intervals have no relevant meaning 
in most practical cases (see next slides) 

B. Reliability growth often invalidates the Bernoulli assumption 
even for a single vehicle (see next slides) 

C. The presence of reliability growth also affects the VRM 
allocation process. 
 Most likely failure modes are also the first ones to be eliminated from the design 

 Different stages and technology types grow at different rates 

D. The review recommends use of a common database and 
systematic evaluation of “method uncertainty”. 
 Use several methods, including methods that account for reliability growth 

 Evaluate sensitivity of methods to choice of historical dataset and other key assumptions. 

 Evaluate resulting method uncertainty at the end-to-end level (EC result). 
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Review Point 3.B: 

Reliability Growth Invalidates Bernoulli Assumption 

5/9/2013 28 

Average reliability growth over NN and NE population: 

POF a factor of 2-4 below CI lower bound. 
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Review Conclusion: 

Recommended Future Work 

5/9/2013 29 

A. Develop general criteria of acceptability for “adjustments” allowed from the 
historically-based POF estimate.  
 Cannot limit estimate to remain within CI 

 But can require them to: limit assumptions; justify them on the basis of actual data; ground 
estimates in, and explain differences form, historical results; etc. 

B. Develop methods to allow the POF estimate to depend on more than the 
success/failure outcomes of similar flights.  
 Partial failures and anomalies inform about the erosion of margins 

 They provide a basis for estimating POF in the absence of full failures 

 Anomalies and corrective actions are very informative regarding the reliability growth of the 
ELV 

C. Request post-flight reports from ELV developers, no matter what the outcome 
of the flight. 
 Provide insight into the specific weaknesses and strengths of the vehicle, its margins in the 

flight environment, and the rigor of the defect correction processes as play 

 Provides the basis for crediting the ELV with reliability growth compared to historical early 
flights. 
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BACKUP SLIDES 

Nuclear Regulatory Safety 

Policy Goals in Federal 

Register, Vol. 51, August 21, 

1986, page 28044 


