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Changes to this Edition

This document is an updated version of RCC Document 321-20 Supplement (Common
Risk Criteria for National Test Ranges - Supplement). The following is a list of changes.

a. General Changes: version information and acronym updates.

b. Extensive catastrophic risk changes to Section 4.3, Table 4-9, and subsequent table
number updates. Added Table 4-10 to show catastrophic risk equation has been compared
to commonality criteria in an example study. Updated Chapter 4 table values, formats,
and references. Included fatalities as needed throughout Section 5.5.

c. Updated and cleaned up Section 4.6 with 2020 National Space Policy, and consistency
with Missile Defense Agency criteria. Added in acceptable launch collision avoidance
practices for satellite cluster and parent child deployment strategies as well as covariance
data and normality testing. Added arrival time to “dispersions” as needed in Subsection
5.8.6.

d. Removed provisional wording regarding neighboring operational personnel (NOP)
throughout.

e. Added Subsection 7.5.3, New Propellant Characterization, and testing recommendation
and procedures.
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Foreword

The Risk and Lethality Commonality Team (RALCT) was formed in 1996. The RALCT
was formed for reaching a consensus on reasonable common standards for debris protection
criteria and analytical methods. The initial version, RCC 321-97, was very useful, but was
limited in scope due to the complexity of the subject and time constraints. This standard was
updated in 1999 and again in 2002 to provide greater detail. In August 2004, the Range
Commanders Council (RCC) Range Safety Group (RSG) determined that RCC Document
321-02 (Common Risk Criteria for National Test Ranges, Subtitle: Inert Debris), should be
updated and expanded for other flight safety hazards (in addition to inert debris) and
consequences potentially generated by range operations.

The RALCT became a standing committee under the RCC RSG in 2004. It was renamed
the Risk Committee in February 2005 and developed RCC 321-07. The Committee updated RCC
Document 321-07 to include guidelines for assessing the acceptability of conditional risks
associated with launch control measures, an approach and sample criteria for evaluating the
range safety hazards to critical assets and guidelines for accounting for and reporting the
uncertainty in risk model predictions.

RCC 321-16 further updated the standard to include updates to ship protection guidelines,
updates to aircraft protection guidelines, and updates to COLA standards and guidelines. RCC
321-17 added a two-tiered risk management process for the protection of public infrastructure
and included provisional acceptable risk criteria for public infrastructure.

The current update provides further guidelines and models for protection of aircraft,
ships, spacecraft, public infrastructure, and critical assets. Discussions on approaches for
addressing hazards other than debris hazards were expanded in the supplement both explicitly
and by reference to other publicly available documents, such as FAA advisory circulars.

The previous version of this document, RCC 321-20 Supplement, provided additional
detailed information to assist in implementation of the standards in the basic document. The
criteria in the 321 standard should not be considered absolute; rather, the standard and this
supplement are intended to provide guidance on defining acceptable approaches for analysis of
hazardous range operations and to assist the user in developing more consistent risk assessments.

This supplement to the 321 standard provides changes to sections describing acceptable
launch COLA approaches, catastrophic risk analysis, some general house cleaning and acronym
updates.

This document represents the collective efforts of both government and contractor
personnel and is the result of an extensive cooperative effort.

NOTE Herein, the use of the word “supplement” or the phrase “this supplement” refers
/ to this document. This supplemental document makes many references to the
basic 321 standard. For clarity, the basic document is often referred to as the
“standard.” For example, “Chapter 3 of the standard” refers to Chapter 3 of RCC
321-23.
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Preface

The RCC 321 standard is the foundational document that defines consensus standards for
the range risk management process and risk criteria. This supplement provides additional
detailed information to assist in implementation of the standards.

The supplement is intended to:

promote a uniform process among the ranges;

promote valid, repeatable risk assessments;

foster innovation to support challenging missions;

nurture openness and trustworthiness among the ranges, range users and the public;
simplify the scheduling process;

- o o o0 T o

present common risk criteria that can reduce cost for users of multiple test ranges.

Acknowledgements for preparation of this document go to the many participating
members of the RSG Risk Committee.

Please direct any questions to:

Secretariat, Range Commanders Council

ATTN: TEWS-EDR

1510 Headquarters Avenue

White Sands Missile Range, New Mexico 88002-5110
Telephone: (575) 678-1107, DSN 258-1107

E-mail rcc-feedback@trmc.osd.mil
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CHAPTER 1

Introduction

1.1 Purpose

This document supplements the policies, criteria, and risk management process
established by RCC Standard 321. It also provides supporting rationale and guidance on models
and analyses to assist safety professionals in implementing the policies and criteria.

1.2  Scope

This supplement is for use by DoD national ranges and the Major Range and Test Facility
Base (MRTFB) members. The information provided applies to launch and reentry hazards
generated by endoatmospheric and exoatmospheric range activities, including both guided and
unguided missiles and missile intercepts, space launches, artillery, and reentry vehicles. This
document does not include aviation operations or unmanned aerial vehicle (UAV) operations
(see Section 1.2 of the standard). The RCC document 323! provides criteria for UAVS.

1.3  Application

Range safety authorities are expected to use the criteria, analysis principles, and
processes defined by the standard and this supplement document; however, the range
commander or a designated representative is the final decision authority for accepting risk and
proceeding with a mission.

The intent of the safety criteria and guidelines is to provide definitive and quantifiable
measures to protect mission-essential personnel (MEP), the general public (GP), and critical
assets. The analysis principles and processes defined in this supplement can be used to
characterize the operational risk for a mission. Definitive criteria provide a standard by which the
range commander's actions can be compared to those of any reasonable person in similar
circumstances. All of the criteria have been evaluated from various perspectives and are
considered reasonable. A discussion of the supporting rationale for the risk criteria is presented

in Chapter 5.

The risk management and safety assessment processes presented in this supplement
should be used to consistently characterize and assess the hazards associated with a specific
scenario to support an informed risk acceptance decision. Results obtained by applying these
analytical methods, or other methods based on the principles endorsed here, are the product of a
disciplined process to establish objective safety recommendations. Therefore, the risk estimates
should not be subjectively altered at the end of the process. Such changes could invalidate the
informed decision process that helps protect the government from liability.

1.4  Organization
The following are the major chapters of the supplement.

! Range Commanders Council. Range Safety Criteria for Unmanned Air Vehicles. RCC 323-18. June 2018. May be
superseded by update. Retrieved 17 October 2023. Available at https://www.trmc.osd.mil/wiki/x/AYy8Bg.
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Chapter 2: Risk Management Process Level Il: This is an extended discussion of the risk
management process presented in Chapter 2 of the standard.

Chapter 3: General Risk Model Requirements: This chapter describes general model
requirements that should be applied to computational tools used to analyze the flight
safety risks in support of decisions governing safety.

Chapter 4: Risk Criteria Implementation Guidelines: This is one of the most important
chapters of the supplement. This chapter has nine major sections.

©)

(@]

o

Section 4.1 outlines the chapter and introduces different measures of risk.

Section 4.2 provides guidelines for the application of the criteria. Some of the
important concepts presented include risk accrual, different consequence metrics, the
relevance of time frame over which risk is computed and how these time frames are
defined, and guidance for treatment of different classes of related multiple launches
constituting a single mission. It then provides guidance for assessing the level of rigor
(LOR) required to support different classes of missions and mission segments. The
underlying principle expressed is that the closer the risk is to the tolerable limit the
higher the fidelity and the lower the uncertainty that can be accepted in the
calculations.

Section 4.3 introduces the topic of catastrophic risk and limits for risks in which a
single incident can produce injuries or fatalities to a large number of people.

The next group of sections provides guidelines for protecting people and critical
assets in various locations.

= Section 4.4 details implementation guidelines for protecting people on-board
airplanes.

= Section 4.5 provides implementation guidelines for protecting people in ships.
= Section 4.6 provides implementation guidelines for protecting spacecraft.

= Section 4.7 provides guidelines for protecting critical assets at a launch complex
and its surrounding areas.

= Section 4.8 provides guidance for protecting infrastructure.

The final section of this chapter presents a tutorial of uncertainty in risk analysis and
risk-based decisions; these concepts are relevant to the decision process as well as the
determination of the required LOR.

Chapter 5: Risk Criteria Rationale: Chapter 5 is designed to provide the reasoning for
adopting the various risk measures and the levels of tolerable risk. This chapter is
structured into the following sections.

o

©)

o

Rationale for Risk Metrics

Criteria Rationale Overview

Rational for Casualty Limits

Rationale for Fatality Guideline Limits
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o Rationale for Catastrophic Risk Criteria

o Rationale for Aircraft Risk Management Requirements
o Rationale for Ship Risk Management Requirements

o Rationale for Spacecraft Protection Requirements

o Rationale for Infrastructure Tier 1 Maximum Severity Classes and Protection
Acceptance Criteria

o Using Aviation as a Benchmark for Launch Risk

Chapter 6: Hazard Thresholds: The material in this chapter is organized as follows. The
first section clarifies the meaning and intended use of hazard thresholds. The second
section presents hazard thresholds for unsheltered persons. The third section provides
hazard thresholds for people inside of buildings, ships, and aircraft. The fourth section
provides information for establishing hazard thresholds for damage to critical assets. As
applicable, separate subsections are devoted to fragment hazards and explosive
overpressure hazards. In each subsection, terms are defined and hazard thresholds are
cited. Each subsection also includes an explanation of how thresholds were determined
with appropriate references for methodology, supporting data, and/or supporting
practices.

Chapter 7: Approaches and Considerations for Debris Risk Assessment Models: This
chapter is designed to provide guidance to the modeler in developing good models to
support debris risk analysis model development. The chapter identifies key submodels
that may be needed and characteristics of good models for each function. In many
sections, it also addresses the type of data that may be available as input to the model.
Major sections of the chapter have subsections providing a deeper insight to relevant
thought processes for different aspects of the modeling area.

Chapter 8: Other Hazards: This chapter provides screening criteria and analysis
considerations for hazard and risk assessments for toxics, glass breakage from far-field
overpressure, and exposure to radiation.
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CHAPTER 2
Risk Management Process Level 11

Chapter 2 of the standard presents a risk management process that provides a systematic
and logical approach for identifying hazards and controlling risks. Risk assessment is not a
single, fixed methodology; rather, it is a systematic approach to organizing and analyzing
scientific knowledge and information about potentially hazardous activities. Therefore, the risk
management process steps presented here should not be considered as binding rules. These
process steps provide a strong foundation from which the responsible safety office may depart
consistent with DoD policy when considering the unique situation posed by a range activity. A
risk management policy can legitimately contain only those elements that are relevant and
significant based on the specific requirements of the missions performed at the range in question.
Each range must perform a careful review to ensure that all needed considerations and analyses
are included in its risk assessment process. In addition, assessment of unique or unusual hazards
may require a range to expand on the considerations included in this chapter.

Most test ranges have developed integrated tools to automate this process. Desirable
characteristics for these tools are identified in Chapter 3 and Chapter 7. It is incumbent on the
ranges to ensure that the tools adequately incorporate these characteristics and accurately convey
the risk estimate and the uncertainties inherent in the methods and data used.

2.1  Historical Background

The original RCC Document 321 included a top-level approach to risk analysis to aid
safety professionals in implementing the policies and criteria of the standard. The approach,
known as the 8-Step Process, provided a description of activities included in the analysis of inert
debris risk. This approach was expanded to include the major activities required to conduct the
entire risk management process and includes considerations to address hazards beyond just inert
debris.

The current approach is an adaptation of the risk management process accepted as
standard by the system safety community and provides a more comprehensive picture of overall
risk management. The approach highlights the iterative aspects and critical reviews commonly
found in successful risk management programs and in existing range practices. While providing
insight, this approach neither is an “approved” methodology nor inclusive of all considerations
required to properly assess the risks encountered by every range or mission. The remainder of
this chapter describes the risk management process developed for this standard.

2.2  Risk Management Process - Level 11: Overview

This chapter expands the process defined in Chapter 2 of the standard to the next level of
detail. The flowchart presented in Figure 2-1 provides an overview of the major analysis tasks
required to perform risk management from the flight safety perspective. Tasks are grouped into
the four phases of Risk Management described in Chapter 2 of the standard. This section
describes each of these four phases. Section 2.3 gives a brief description of the steps within each
phase. Subsequent sections provide checklists of analytical considerations for each step that
might be included in the specific analysis approach adopted by a test range.
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PHASE I: PHASE II:
Mission Definition and Hazard Identification Risk Assessment
“Mission” includes: (1) flight vehicle
description, (2) ﬂlg.ht scenario, (53) safety V5. dentiy Hazards 1. Characterize D|A|-2. Model f
system, (4) operating rules / limits and Hazard Hazards at Ispersion 0
’ Hazard Source
Producing Events Events N
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- ¥
R-1. Hazard g
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Safety System(s) Operating Rules Fight Temminaton 1= Conainment 4, Gojegiye
rera casbily + Catastrophic
Termination Criteria Yes
Operational Limits
Protected Assets/Areas ” .
R-2. Critical Review of
Data and Assumptions

R-3.
Critical
Analysis
Review

1I-2. Refine
Assumptions
And Analysis

IV-2b. Disapprove 11I-3. Modify
Mission as Proposed Planned Mission
IV-1. Review Mission, Scenario lll-1. Evaluate Risks vs
Proposed Operating Rules, RCC-321Criteria

And Risk Analyses * Risk Reduction Opportunities
(Designated Authority) 1Il-4. Refine « Risk Reduction Requirements
Safety Limits /
Operating Rules

IV-2a. Approve Mission —
Launch When
Constraints are Met

11I-5. Modify

IV-3. Follow Mission System Design

Rules — Terminate if
Real-time Limits
are Violated

NOTE: Checklists for all numbered boxes are provided in sections 2.3.1-2.3.4

Figure 2-1. Level 2 Risk Management Process Flowchart

2.2.1 Mission Definition and Hazard Identification

Definition of the vehicle, safety control systems, and planned manner of flight are
required to support identification of the hazards associated with the mission. Potential hazard
sources are then examined by evaluating the system being flown and the range safety constraints.
Information sources include range safety data packages, system description documents, MEP
locations, surrounding population data, locations of facilities or properties to be protected, the
range safety system (RSS) used, and lessons learned from similar missions. The hazards
associated with launch or test operations typically result from inert and explosive debris,
chemical toxicity of propellants or other toxicants, and the distant focusing of an overpressure
blast wave under certain meteorological conditions. These hazards may be the result of a launch
vehicle or test article malfunction and subsequent breakup or intact impact, or the combustion
and release of chemical constituents during normal operations.

2-2



Common Risk Criteria Standards for National Test Ranges — Supplement
RCC 321-23 November 2023

2.2.2 Risk Assessment

The initial approach in the risk management process is to contain the hazards and isolate
them from populated areas wherever practical or to define hazard containment areas to minimize
the population exposed and/or evacuate persons not associated with the hazard-generating event.
This is in accordance with the primary policy that no hazardous condition is acceptable if
mission objectives can be attained from a safer approach, methodology, or position (i.e.,
minimizing the hazards and conducting the mission as safely as reasonably possible). If hazards
cannot be contained or minimized to an insignificant level, then more-detailed assessments
should be performed to determine if the remaining risk is acceptable.

The risks are determined using quantitative methods that take into consideration the
probability of failure (Psir), failure response modes, the actions of the range safety officer (RSO)
and RSS to contain the failing vehicle, winds, distribution of the debris, and the location and
vulnerability of the exposed population or other assets. This assessment produces risk measures
such as individual probability of casualty (Pc) or fatality (Pr), expected casualties (Ec) or
fatalities (Er), etc. These measures are compared with the risk acceptability criteria to determine
whether the mission can be allowed to proceed as planned. If the collective risk criteria is greater
than 1/3 of the acceptability criteria, further steps should be taken before the launch is permitted
to proceed. Either mitigations are introduced to reduce the computed risk to the 1/3 level of the
criteria, or an uncertainty analysis of the quantification process is performed to determine
whether the refined risk estimates, which account for model and parameter uncertainty, are less
than the risk acceptability criteria. If the uncertainty analysis shows that the acceptability criteria
are still not satisfied, it will be necessary to introduce risk mitigations until the risk acceptability
criteria are no longer exceeded or waived by proper the authority.

2.2.3 Criteria Comparison and Risk Reduction

If the risk is unacceptable when initially compared to the criteria, then various protective
measures should be considered to eliminate, mitigate, or control the risks. Elimination is
achieved by design or system changes that remove the hazard source. Mitigation is achieved by
reducing the hazard level or the effect of the hazard. Control is achieved by using flight
termination systems (FTSs), containment approaches, evacuation, sheltering, or other measures
to protect assets from the hazards. Risk reduction should include confirmation of the resolution
of anomalies and failures of all safety-critical systems during previous tests or flights.
Implementation of these measures may warrant a reassessment of the risk using revised
assumptions and inputs.

2.2.4 Risk Acceptance

Each organization should establish and use procedures that assure that risk levels are
reviewed at the proper level of authority. This review should compare the operational risk to the
criteria defined in this document and other applicable mission documents. In general, higher-risk
operations require a higher level of approval. This final and necessary step in risk management is
the acceptance of operational risks by a properly designated and informed authority. In general,
this acceptance should be documented using existing procedures. These procedures should
include the means of ensuring that planned standards and controls are being implemented.
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2.3  Detailed Checklists for Phases of the Risk Analysis Process

Figure 2-1 provides only a top-level flow of the types of activities required to identify,
assess, mitigate, and accept the risks resulting from a flight operation. The checklists below
provide additional insight into those factors that should be considered for incorporation into a
range’s analysis process. Considerations are provided for the steps in the four phases of the Level
2 risk management process shown at Figure 2-1. The checklists for each phase are contained in
the following sections as follows:

Phase Title Section
I Mission Definition and Hazard ldentification 2.4
I Risk Assessment 2.5
i Criteria Comparison and Risk Reduction 2.6
v Risk Acceptance 2.7

These checklists are not exhaustive and may not contain all parameters that should be
considered in a given analysis. Each range is responsible for determining the level of analysis
required to assess the risks of a given mission. Some examples of factors that should be
considered in the range’s process can be found in Chapter 3 and Chapter 7.

2.4 Phase I: Mission Definition and Hazard Identification

For the purpose of the flight safety analysis (FSA) discussions the term “mission” is
defined to include a flight vehicle description, the flight scenario, the FTS on-board the vehicle,
the RSS from where the vehicle will be controlled, and the rules and safety limits under which
the operation must be conducted.

Phase | of the risk management process is the information-gathering phase. This is often
accomplished through technical reviews and meetings between the range users and the range
operations and safety personnel. This phase identifies credible scenarios that can either
intentionally or unintentionally produce hazards and define the scope of the risk assessment to be
performed. The outcome of this phase will be a list of hazards and hazardous events to be
analyzed in the risk assessment phase. Key steps of this phase and items that should be
considered are described below.

2.4.1 Step I-1: Define Vehicle/System

Identify characteristics of the vehicle and vehicle behavior that can create potential
hazards, represent a means of controlling hazards, or affect the magnitude of the hazard. See the
checklist at Table 2-1.

Table 2-1.  Define the Vehicle/System (Step 1-1)

A. Vehicle characteristics

O Configuration

e Booster stack — motors/stages (liquid/solid, strap-ons), interstages,
skirt(s), payload fairings

e Payload(s) and reentry bodies
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Mass properties as a function of time

O o Dry weight
O o Propellant (to include ambient and pressurized conditions)
O Structural limits
O Thrust history/capability
0 Turn capability (velocity turn data, malfunction turn trajectories, or lateral

acceleration)
O Guidance/control systems (thrust vector controller, fins, jets/thrusters, etc.)
0 On-board data/tracking instrumentation (telemetry, Global Positioning System

units, transponders)

o Data rates
e Tracking uncertainties
B. Vehicle failure modes and responses

0 Failure Mode Effects and Criticality Analysis/Failure Modes and Effects

Analysis
O Event Tree Analysis

C. Vehicle failure probabilities — derived from:

O Historical data
O Similar vehicles
O Reliability analysis or demonstration
O Bayesian analysis
O Relevancy of aging data (e.g., fading memory filter)

2.42 Step I-2: Define Mission Scenario

Define where and how the vehicle is intended to fly to identify potential hazardous events

or pre-determined bounds that may be dictated by mission/program requirements. See the
checklist at Table 2-2.

Table 2-2.  Define Mission Scenario (Step 1-2)

A. Mission objectives

Type of mission

e Payload launch

o Orbital (including type of orbit)

o Suborbital

e Demo/experiment

O 0. |ic

e Intercept

Data collection/performance requirements

e Altitude requirements

e Range requirements

o Velocity requirements

e Vehicle attitude requirements

e Event/timing requirements

O|o|;.io;ia

e Program instrumentation requirements
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Other program auxiliary requirements (e.g., sun angle, distance from land
target flies, etc.)

B. Nominal flight trajectory/scenario

O Flight path (including target area for suborbital launches)

Event timing (staging; other hardware jettisons; guidance, navigation, and
control maneuvers; energy management; payload deployments)

O Intercept geometry

C. Flight performance envelope

Trajectory dispersions derived from guidance, navigation, and control

O performance and motor performance

O Allowable or permitted intercept control volume (ICV)

2.4.3 Step 1-3: Define Safety Limits/Operating Rules

Identify known or pre-defined safety limits and operating rules to serve as a baseline for
beginning the analysis. These are typically revised and refined based on analysis results (See
Step 11-5). See the checklist at Table 2-3.

Table 2-3.  Define Safety Limits/Operating Rules (Step 1-3)

A. First-cut flight termination criteria

Credible RSO and system reaction time

Pre-defined flight corridors (azimuth fans, impact limit lines [ILLs], etc.)

Destruct or flight termination limit lines, vertical plane limits, vehicle attitude
criteria, protection circles, gates, etc.

I B I

Rules for “No Data” destruct

B. General safety and operating rules

Instantaneous impact point (11P) overflight

a

Protected assets/areas - “assets”(also called receptors) includes people

e Regions to be protected

e High-value assets (facilities, property or other)

e Population centers

o Staffed personnel locations

Pre-defined personnel sheltering and evacuation requirements

Minimum number of tracking data sources and other applicable requirements such as
capability of failing gracefully, etc.

Initial launch commit criteria and launch constraints

I [ O

Special mission rules identified by the range user or flight analysts

2.4.4 Step I-4: Define Safety System(s)

Identify planned and available means of controlling, containing, or mitigating the hazards
and the characteristics of the safety system(s) that define/bound the scope of the assessment. See
the checklist at Table 2-4.
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Table 2-4.  Define Safety Systems (Step 1-4)
A. Vehicle FTS characteristics
] Determine need for FTS - dependent on type of vehicle (some do not require FTS)
and capability of a vehicle to hazard a protected area.
Type(s) of system(s)
L] 1. Commanded
L] 2. Automatic (such as triggered by a premature separation)
] 3. Autonomous (such as vehicle system determining violation of some
predetermined criteria)
Termination method(s)
[] e Linear shaped charge - longitudinal, circumferential
[] e Conical shaped charge
[] e Thrust termination - ports, fuel line cuts
[] FTS reliability
[] System delays — the time to receive and execute the termination command
L] Antenna type/patterns
B. RSS characteristics
Identify system(s) to be used
[] e Fixed, land-based system
L] o Mobile (land, sea, air platform)
Mode(s) of operation
[] e Manual destruct
[] e Automatic destruct
[] Antenna type(s) - directional (dish or helix) or omni-directional.
Ll Antenna location(s) (for plume shadow assessment)
[] Transmit range (for link margin analysis)
System delays
[] e Time to receive and process time-space-position information data
[] e Time to transmit after destruct button push
L] Method of handover, if applicable (transfer of command and control)
[1] | C. Tracking instrumentation feeds (accuracy, frequency of data, data latency)

2.4.5 Step I-5: Identify Hazards and Hazard Producing Events

Given the inputs of the previous four steps, define the hazards and hazardous events that

will be evaluated in the risk analysis and assessment. See the checklist at Table 2-5.

Table 2-5.  ldentify Hazards and Hazard Producing Events (Step 1-5)

A. Inert debris impact

B. Explosive debris (near-range effects)

C. Explosive debris (far-range effects) i.e., distant focusing overpressure (DFO)

Ooo;|ia

D. Toxics

E. Typical hazard-producing scenarios:

2-7




Common Risk Criteria Standards for National Test Ranges — Supplement
RCC 321-23 November 2023

Malfunctioning vehicle terminated at destruct line or due to other criteria such as
O potential loss of FTS link or tracking data or obviously erratic flight
O Malfunctioning vehicle exceeding structural limits

Motor case rupture (overpressure, burn-through — explosion while following nominal
O trajectory)

Inadvertent separation of strap-on motors during either normal flight or a vehicle
O malfunction
O Scheduled jettisons
O Planned intercept event (whether Kinetic, explosive, or directed energy)
O Planned destruct (post-mission prevention of recovery)
O Planned payload deployments and activations

2.4.6 Review R-1: Hazard Analysis Input Review

Review at this point provides an opportunity to reconfirm the scope of the analysis to be
performed and verify that all of the hazards to be assessed are reasonable and feasible. See the
checklist at Table 2-6.

Table 2-6.  Hazard Analysis Input Review (Review: R-1)

O | A. Has a sanity check been performed that all potential/feasible hazards have been
addressed?

Have common-cause failures been addressed?

Have multiple simultaneous or sequential failures (stacked failures) been included
that are not realistic or feasible?

O | B. Have the failure modes and responses been adequately identified, supported, justified,
and rationalized?

O | C. Do the failure probabilities make sense?

Consider similarities and differences between similar vehicles and similar subsystems

Are the failure probabilities justified by the vehicle’s flight experience?

O | D. Have there been any new design changes to the systems (vehicle or other) since the
risk management process was started?

25 Phase I1: Risk Assessment

Phase Il consists of conducting qualitative and quantitative risk analyses and assessments
to determine the level of risk posed by the mission. The output of Phase Il will be the measures
of risk to be evaluated against the acceptable risk criteria. The risk assessment phase may be an
iterative process where portions of the analyses are conducted more than once as data inputs and
assumptions are refined and finalized. All assumptions and the uncertainties associated with
these assumptions should be noted at each step for consideration in the critical reviews and
decision-making phases. If the analysis shows that containment is achieved then the analyst can
finalize the assessment at that point, document the results, and proceed directly into the reviews
of the risk acceptance phase (Phase 1V).

Risk assessments should be conducted using tools that are both validated (fulfills the
requirements of the task) and verified (correctly executes the function). Assessments can either
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be industry-accepted tools or custom tools developed by the range to meet their specific analysis
needs. The tools used should be documented to include a statement identifying the means of
verification and validation (V&V). Example statements include commercially produced; industry
accepted; compared to available empirical data either from launch accident, planned event or
from lab tests/experiments; compared to other accepted or validated tools; and demonstrated to
match theoretical models. Additional information on recommended tool/model requirements is
provided in Chapter 3.

2.5.1 Step lI-1: Characterize Hazards at Events

Identify specific, detailed characteristics of the hazards to be evaluated. Hazards other
than those listed here may need to be included as described in Chapter 8. See the checklist at
Table 2-7.

Table 2-7.  Characterize Hazards at Events® (Step 11-1)

A. Debris lists - includes size, shape, material, ballistic coefficient, and fragment imparted
velocity information (see Section 7.1 for additional guidance on the development of
debris lists).

FTS event - either commanded, auto, or premature separation system - including time
variance

O Breakup — aerodynamic/inertial, motor pressure (explosion), structural failure

Intercept — relevant mechanisms considered, e.g., direct hit vs. glancing blow,
O explosive, directed energy; special characteristics of the target or intercept
mechanism

Payload deployment activities (explosive and dispersal payloads)

a

Credibility of debris list

e Accounts for total mass of vehicle hardware and propellants

e Consistent with launch accident debris data

e Debris pieces adequately defined in terms of weight, size, shape, ballistic
characteristics, imparted velocity, propellant content (type, weight)

B. Initial source clouds for toxics

C. Explosives quantities, yields, and geometries

oooOo)loa OoQ

D. Residual thrust dispersion of prematurely separated strap-on motors

This list is not all encompassing and should be supplemented/changed as appropriate to the
particular vehicle and/or mission.

2.5.2 Step 11-2: Model Dispersion of Hazard Source Locations

Define the origination points of the hazard sources (whether they be debris, toxics, or
explosives) taking into account wind dispersions and the uncertainties in vehicle performance
and in the hazardous event models. See the checklist at Table 2-8.

Table 2-8.  Model Dispersion of Hazard Source Locations (Step 11-2)

A. ldentify conditions at breakup, including:

State vector(s) (at a minimum position and velocity; other parameters, such as
attitude, are sometimes relevant)
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O Imparted velocity to each debris class and its probability distribution
Type of breakup (e.g., overpressure/burst, aerodynamic, inertial, destructive flight
= termination action, thrust termination, intact vehicle, etc.)
O Data required to characterize debris resulting from an intercept event
B. Failure turns - some modeling options are:
O Credible malfunction trajectories
O Velocity turn data (turn angle and velocity magnitude histories)
O Maximum energy footprint
O 90-degree turn
O Maximum rate turn
O Credible malfunction turns/tumbles
C. Address significant sources of uncertainty that may include:
O Probability distribution of performance and/or event model
O Monte Carlo of trajectories and/or performance and event model data
Tracking instrumentation uncertainties. (Uncertainty in measuring the state vector.
O This largely affects real-time displays but should be accounted for in analysis when
defining/refining flight termination criteria.)
D. Winds
O Measured
O Statistical

2.5.3 Step 11-3: Propagate Hazard Characteristics (Spatial and Temporal)

Propagate the results of the hazardous events to the points and times of interest. This
could be debris propagated to the ground, to aircraft altitudes, or to orbital demise; or explosive
or toxic hazards characterized as a function of time and distance from the hazard origination or at
specific asset/receptor locations. The outcome of this step is defined hazard characteristics at the
points and times of interest. Items that may affect propagation and post-propagation
characteristics of the hazards are listed. See the checklist at Table 2-9.

Table 2-9.  Propagate Hazard Characteristics (Spatial and Temporal)
(Step 11-3)

A. Drag — tumbling or trim (consider applicable flow regime)

B. Aerodynamic lift

C. Gravity (appropriate degree of refinement)

Ooo;|ia

D. Meteorological profile

E. Winds

Measured

Statistical

F. Aero-thermal demise and propellant burn

G. Vapor cloud dispersion rate

H. Vapor cloud travel rate

I. Time for debris to pass through aircraft altitude

OoOiaoo|d

J. Blast wave propagation
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2.5.4 Step l1-4: Compute Spatial/Temporal Statistics at Protected Assets Exposed to Hazard

Identify the assets (also called receptors) for which risk is to be assessed and determine

the level of the hazard exposure for each identified asset. Levels of hazard exposure are often
expressed in the form of density statistics or as function of time. See the checklist at Table 2-10.

Table 2-10. Compute Spatial/Temporal Statistics at Protected Assets
Exposed to Hazard (Step 11-4)

A. Asset identification

O Personnel — category, location, and number (includes distribution by shelter types)
e What is at risk? (unsheltered people, people in cars, people in structures, - are
the people in locations where the safety organization can restrict their presence?)
- Aircraft — category, size, engines, # passengers, location (including altitude), flight
path, and speed
- Surface craft — category, size, # personnel, material (metal, fiberglass, wood, etc.),
location, speed
O Spacecraft — type, location (ephemeris)
O Valuable structures/equipment (control centers, instrumentation sites, radars, etc.)
O Protected natural spaces
B. Debris density (or probability density function [PDF]) by hazard level at location
(accounting for flight termination action once flight termination criteria are defined)
O At altitude (as a function of time)
0 At surface
C. Toxic cloud concentration as function of time at location
O Peak at location
O Time of exposure
0 | D. Explosive pressure and impulse at assets

NOTE: These next two steps are often performed as an iterative process.

2.5.5 Step 11-5: Create/Refine Flight Termination Criteria

Determine whether to define flight termination criteria after debris characteristics are

approved or after assessing containment feasibility as a means of achieving containment. Flight
termination criteria must not induce an excessive conditional risk. See the checklist at Table
2-11.

Table 2-11. Create/Refine Flight Termination Criteria (Step 11-5)

A. Define/refine flight termination boundaries.

B. Define exclusion areas (often referred to as caution or hazard areas).

C. Refine/revise the launch commit criteria and launch constraints as necessary.

O |Ob|o

D. Return to Step 11-1 and recompute the debris statistics once flight termination criteria
and launch criteria are finalized.
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2.5.6 Step 11-6: Assess Containment Feasibility

Identify the ability to contain hazards and thus not put any personnel or property at risk.
Containment may be achievable by implementing flight termination criteria and launch
constraints; thus this step is performed in close coordination with Step 11-5 above. See the
checklist at Table 2-12.

Table 2-12. Assess Containment Feasibility (Step 11-6)

0 | A. Are any assets at risk?

00 | B. Does debris, explosive, or toxic hazard reach any protected area or defined boundary?

2.5.7 Review R-2: Critical Review of Data and Assumptions

Double-check inputs and assumptions and make any necessary or available adjustments
to the analysis before going on to computing the risk numbers, which can be a time-consuming
process. See the checklist at Table 2-13.

Table 2-13.  Critical Review of Data and Assumptions (Review: R-2)

A. Sanity check of assumptions®

B. Update/refine inputs as available

C. Replace assumptions with better data if/when provided

d
d
O
d

D. Return to Step 11-1 and refine analyses with revised/new data as necessary

1See Conditional Risk Management Discussion (Section 2.8)

NOTE If containment is achieved and the analyst has conducted the critical review of
/ data and assumptions, the assessment may be ended here and the analyst may
proceed to documenting the results, conditions, and assumptions for review with
the decision authority in Step 1V-1 (Subsection 2.7.1). The steps of the risk
reduction phase are no longer required.

2.5.8 Step 11-7: Compute Risks

Calculate the various measures of risk that are to be evaluated against the acceptable risk
criteria. This includes individual, collective, and catastrophic risk for the people exposed.
Measures of risk are commonly expressed as probability of impact, Pc/Pg, Ec/Er, and probability
of n or more casualties or fatalities. See the checklist at Table 2-14.

Table 2-14. Compute Risks (Step 11-7)

0 | A. Probability of modeled event
B. “Lethal Hazard Area” and “Casualty Area” (measured as function of asset size and/or
debris size and shape, terminal trajectory characteristics such as angle of impact and
impact velocity, nature of debris [inert, burning, explosive], and impact phenomenon
such as cratering, sliding, and bouncing). Defined for:
Person
Aircraft
Ship
Structure
C. Probabilities of impact on asset(s)

OooOi;a
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D. Assess post-impact hazards at receptors (assets)

Explosion (overpressure/impulse and secondary fragmentation)

Cratering

Bounce/slide

Heat/fire

OoOi;a

Asphyxiation

E. Modification of hazard by structures as applicable

Type of structure

a

e Structure category (reinforced concrete, steel frame, tilt-up, corrugated metal,
wood frame, etc.)

o Material makeup (wood, steel, concrete, glass, brick, etc.)

e Construction method

e Number of stories

e Wall/Roof thickness

e Number and types of windows

Protection provided

Spalling

Penetration

Collapse

Window breakage (flying glass shards)

(|

Ventilation, air exchange rate

F. Probability of casualty/fatality from inert debris

G. Probability of casualty/fatality from toxics

H. Probability of casualty/fatality versus overpressure and impulse for explosive debris

Person

Aircraft

Ship

Oomoia

Structure

I. Expected fatalities/casualties (aggregate risk from the various scenarios, hazards, and
assets [receptors])

Individual

Collective

Catastrophic

O O&|c

Risk profile (a plot of the probability of the N or more casualties from an accident vs.
N, i.e. P[>N] vs. N)

2.5.9 Perform Review R-3: Critical Analysis Review

This is a final sanity check and “all bases covered” review to assure that the risk numbers
to be evaluated in the risk reduction phase and to be presented to the decision authority are as
accurate as possible. See the checklist at Table 2-15.

Table 2-15. Critical Analysis Review (Review: R-3)

O | A. Sanity check of assumptions and processes
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B. Update/refine inputs as they are made available. Examples:

Revised trajectories

Updated aero/thrust models

Updated mass properties

Refined wind data

Refined debris lists

Updated population counts

C. Return to Step 1l-1 and refine risk analysis and assessment with revised/new data if
necessary.

O I o

2.6 Phase Ill: Criteria Comparison and Risk Reduction

During Phase I11, the risk measures computed by the analyst are evaluated to determine if
there is a need or desire for risk reduction measures to be taken to eliminate, mitigate, or control
risks. Not all the steps of the risk reduction phase are required to be performed — only those that
are found applicable. Frequently, risk reduction is accomplished through modification of the
mission definition and requires coordination with the range user to determine reasonable,
appropriate measures since some modifications can severely impact cost and schedule. Risk
reduction should also include confirmation of the resolution of anomalies or failures of all safety-
critical systems during previous tests or flights. Once risk reduction measures are taken, the
hazards are reassessed to compute the revised levels of risk. The result of this phase is a
comparative summary of the measures of risk against the appropriate criteria and a
recommendation for the decision authority to either approve or disapprove the mission.

2.6.1 Step I1I-1: Evaluate Risks vs. Criteria

Compare risk measures with established criteria to determine if risk reduction is required
or desired. Identify areas where risk reduction may be achievable. See the checklist at Table
2-16.

Table 2-16. Evaluate Risks vs. Criteria (Step 111-1)

0 | A. Compare computed risks to acceptable risk criteria for all categories of assets.
B. Evaluate risks for common-sense checks even if criteria are not exceeded.
O Does the scenario make sense?
O Can minor modifications be made to achieve containment or to reduce risk?
C. Identify risk reduction requirements.
What area of risk is exceeded — personnel, aircraft, etc.?
By how much are the criteria exceeded?
D. Identify risk reduction opportunities.
Have assumptions been made that are very conservative and could be revised so as to
justifiably reduce the predicted risk?
What area(s) of the mission definition can affect risk reduction?
What area(s) of the mission definition provide the greatest risk reduction?
What area(s) of the mission definition can be altered most easily?
What area(s) of the mission definition can be altered with the least schedule/cost
impact?

OO

O @ooOo) O
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O What evacuations and sheltering of people can be realistically accomplished?
O Prioritize areas of focus.
E. Evaluate the uncertainties and conservative biases in the data, model parameter, and
O analysis process and, if necessary, compute the casualty/fatality expectation
considering uncertainty.

2.,6.2 Step 111-2: Refine Assumptions and Analysis (returning to Step 11-1)
Reevaluate the analysis methodology to determine if any assumptions should be adjusted
or if any steps or processes should be refined with further detail. See the checklist at Table 2-17.

Table 2-17. Refine Assumptions and Analysis (returning to Step I1) (Step
111-2)

A. Remove any excess conservatism in assumptions (so long as the reduction is
supportable).

B. Adjust level of depth of the analysis.

Was any part of the process initially deemed unnecessary that should be
O reconsidered? (example: initially looked at only worst cases or bounding cases now
refine to assess Monte Carlos or 3-sigma performance)

2.6.3 Step 111-3: Modify Planned Mission Scenario (returning to Step 1-2)

Reevaluate the scenario and determine if any changes can be made to move the hazards
further away from endangered areas while still meeting mission requirements. See the checklist
at Table 2-18.

Table 2-18. Modify Planned Mission Scenario (returning to Step 1-2) (Step
111-3)

O | A. Shift trajectory azimuth.

0 | B. Increase or decrease quadrant elevation.

C. Modify flight profile - doglegs, Generalized Energy Management Steering maneuvers,
pitch up, pitch down, lofting, etc.

2.6.4 Step l11-4: Refine Safety Limits/Operating Rules (returning to Step 1-3)

Reevaluate the safety and mission rules to determine any changes that can eliminate or
control the hazards or can reduce the severity and/or probability of the hazard. Again, flight
termination criteria should be optimized by balancing the risk given a failure and flight
termination against the risk given a failure and no flight termination. See the checklist at Table
2-19.

Table 2-19. Refine Safety Limits/Operating Rules (returning to Step 1-3)
(Step 111-4)

A. Adjust destruct lines, ILLs, and/or protection boundaries.?

B. Adjust allowable RSO response time (so long as the adjustment is supportable).

O OO

C. Evacuate or shelter personnel.
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D. Implement hands-off gates or critical-event markers.

E. Implement gates or critical-event markers for staging, ignition, or performance.
F. Utilize automatic destruct system if available.

ee Conditional Risk Management Discussion (Section 2.8)

w|O|o|o

2.6.5 Step 111-5: Modify System Design (returning to Step 1-1)

Reevaluate the vehicle and safety system(s) designs to determine if any modifications can
be made that will eliminate hazards or significantly reduce the hazardous effect. See the checklist
at Table 2-20.

Table 2-20. Modify System Design (Returning to Step I-1) (Step 111-5)

O | A. Remove or add ballast.

O | B. Impose hardware or software steering limits.

0 | C. Implement inhibit logic.

0 | D. Increase tracking instrumentation reliability/accuracy.

O | E. Refine system delay times.

F. Modify vehicle FTS.

O Type of system — automatic or autonomous vs. commanded
Modify post-termination states — terminate thrust, deploy chutes, disperse fuel,
change debris fragmentation, etc.

- e Change termination method — linear shaped charge > conical shaped charge >

thrust termination > line cut.
O e Change location of charge — raceway vs. aft dome vs. forward dome.

2.7  Phase IV: Risk Acceptance

Once the risk assessment is complete and all necessary risk reduction measures are taken,
final results and recommendations (including proposed operating/mission rules) are presented to
the appropriate decision authority. The result of this phase can be one of the following outcomes:

a. An approved mission;
b. An approved or disapproved mission with further instructions; or
c. A decision to reject the mission.

To ensure that the decision authority is fully informed, the analysis/assessment should be
fully documented to include the assumptions made and justifications, results, recommendations
of the analysis team, models used for the analysis, and uncertainties associated with the
assumptions and models. Information on models used should include version numbers and a
brief description of certification and/or heritage. (Examples: industry-accepted model XX
version #.#, Debris generator X, custom developed by Organization Y and verified using
available empirical (or test) data or via comparative analysis against Tool Z.)

After reviewing the information, the decision authority may either approve the mission
with the noted risks or disapprove the mission. If the mission is disapproved, the safety
organization and the range user may elect to continue efforts to reduce risks to an acceptable
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level. If no further risk reduction is possible and the predicted risks are still too high, the
appropriate decision authority may reject the mission as unsafe and determine that it should not
be pursued. If the risks are acceptable and the mission is approved, the authority is issued to
proceed with a countdown and subsequent launch once all of the defined commit criteria launch
constraints are met. Once the vehicle is launched the defined flight termination criteria are in
effect and the flight will be terminated if those criteria are violated in order to ensure the
approved level of risk is not exceeded.

2.7.1 Step IV-1: Review Mission, Operating Rules, and Risk Analyses (Designated Authority)
Present analysis results, conditions, and recommendations to the decision authority.
These should include the elements shown at Table 2-21.

Table 2-21. Review Mission, Operating Rules, and Risk Analyses
(Designated Authority) (Step 1V-1)

0 | A. Measures of risk that are presented
B. Risk level or loss potential
O Maximum risk in event of a flight termination action
O Maximum risk should flight termination fail
O Risk profiles, if used
O Sensitivity analyses
O | C. Key analysis assumptions
00 | D. Population centers potentially at risk
E. Facilities, property, or other assets at risk
O | F. Protective measures
0 | G. Operating rules
O | H. Launch constraints and launch commit criteria
O | I. Flight termination criteria

2.7.2 Step IV-2a: Approve Mission — Launch When Constraints are Met

The decision authority accepts the mission risk and approves operating/mission rules and
launch constraints. The countdown proceeds and liftoff is allowed if launch constraints are met.
A “Hold” is issued if launch constraints are not met; however, the appropriate designated
decision authority is allowed to implement a real-time waiver if deemed necessary. Some of the
significant constraints considered are shown at Table 2-22.

Table 2-22.  Approve Mission — Launch When Constraints are Met (Step
IV-2A)

A. Hazard area cleared

B. Personnel in approved shelters

C. Vehicle FTS operating properly (battery levels good, signal strength, etc.)

D. RSS operating properly (receiving good data, transmit-power good, etc.)

OoooO;ia

E. Casualty expectation under current meteorological conditions within approved limits
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2.7.3 Step IV-2b: Disapprove Mission as Proposed (returning to Step 111-1)

If the risks remain too high or the operating rules are too severe or restrictive, the
decision authority may disapprove the mission thus requiring the analyst and range user to return
to the risk reduction phase in an attempt to identify and implement any further risk reduction
measures. If all measures have been exhausted and the risks still exceed established criteria then
a waiver may be requested by the range user and granted by the appropriate authority if the need
is justified or the mission may be rejected.

2.7.4 Step IV-3: Follow Mission Rules

Terminate the mission if real-time limits are violated. During execution of an approved
mission, the defined flight termination criteria are in effect and the flight will be terminated if
those criteria are violated in order to ensure the approved level of risk is not exceeded.

2.8  Conditional Risk Management Process

As shown in Figure 2-2, the conditional risk management supplements the current risk
management requirements of the standard. After assuring that the mission risks have been
adequately addressed, the conditional risk management process provides assurance that the
proposed risk mitigations address unacceptable levels of “high-consequence” conditional risk
and introduce reasonable conditional risks when the mitigation actions are taken.

4

Mission Definition

Y

Definition of Risk ( Perform
Mitigating Safety Conditional Risk
Interventions =L Management

| Process
RCC 32

Risk Evaluation

! If Conditional Risk

lterate Until Management Process
Altered Mission Rules
Acceptable RCC 321 or Flight Plan
Criteria Satisfied g ’

Verify RCC 321 criteria
are still satisfied

Figure 2-2.  Overview of the Relationship Between RCC 321 Requirements and Conditional
Risk Management

The phrase “risk-mitigating safety interventions” is intended to encompass the entire
range of risk-mitigating actions that may be proposed for either expendable launch vehicles
(ELVs) or reusable launch vehicles (RLVSs). For example, flight termination is a common risk-
mitigating safety intervention for ELVs and a contingency abort to an alternative landing site
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could be a useful risk-mitigating safety intervention for an RLV. Figure 2-3 outlines a systematic
approach to managing the risks induced by such interventions.

High Consequence
Hazard ldentification

No

Y

High Consequence

Hazards
?

Estimate
Pr[High Consequence Hazards]

Yes

4

Pr [Mitigation]
“De Minimis”?

No

Probability
Remote?

8

Assess
Expected Conditional E
Expected Conditional Max P,

Assess High
Consequence Risk

High Consequence Risk
OK?

Risk given Mitigation
<

Risk given No

Mitigation?

11 12

A 4
De Minimis Risk
OK

Revise Mission No
or
Intervention Plan

Conditional Risks
Ok?

A

(Mitigations Acceptable)

[ Acceptable Mission/Intervention Plan }

Figure 2-3.  Conditional Risk Management Approach

The steps in this process are numbered for easy reference in the following discussion.
The order of the steps has been designed to assure completeness and avoid unnecessary efforts
whenever possible. The figure has two termination points. Step 12 is the final step when it has
been demonstrated that the risks are de minimis; Step 13 is the last step of a complete analysis
that demonstrates the conditional risks from the defined mitigating actions are acceptable.
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1. The Environmental Protection Agency (EPA) and systems safety use the term “hazard
identification” for the initial step in a risk assessment in which hazards and possible
consequences are identified. This process first seeks to rule out the introduction of high-
consequence hazards. “High-consequence hazards” may include outcomes that have a
significant impact on continued range or launch operations, significant environmental
impacts, impacts on relationships with other countries, and other long-term or irreversible
consequences. Signal events have a major impact on society as a result of a combination of
dread and lack of visibility and understanding by the GP. Catastrophes as defined in
Section 3.8 of the standard are also high-consequence events. Some examples of potential
high-consequence events include:

a. Events that may produce significant dollar damage or large numbers of casualties
(See, for example, Section 3.8 of the standard);

b. Events that damage critical assets or cultural treasures or natural wonders;

c. Events that create a public perception of irresponsible action on the part of the range
— whether or not any damage or injuries resulted;

d. Events that damage the local economy, such as creating an atmosphere of fear in a
tourist-dependent community;

e. Events that violate or appear to violate the rights of foreign nationals.
2. If there are no identifiable high-consequence hazards the process flow skips to Step 7.

3. When-high consequence hazards are a concern, an assessment must be performed of the
chance of the high-consequence result occurring given that the risk mitigation being
reviewed is invoked. In the context of flight termination this would be the conditional
probability of high consequence given flight termination. Evaluation approaches applied
would depend on the type of high-consequence event. Events that may produce large number
of casualties, for example, might result from impacting explosive fragments with a
sufficiently large yield to affect many people or a fragment hitting a transportation system
(an airplane, ship, bus, or train) that results in loss of the transportation system and all of its
passengers.

4. If it can be shown that the conditional probability of a high consequence given the risk
mitigation is remote?, the process flow skips to Step 7

5. Quantitative or qualitative methods may be used to assess the high-consequence risk
potential. Safety personnel must be prepared to show that the assessment procedure has a
traceable, defensible rationale such as a conditional risk analysis that uses accurate data and
scientific principles and is statistically valid.

2 ACTA Report 09-696/WR-18 (Haber, 2009) discusses some precedents that may be the basis for assessing when
the event probabilities are negligible.
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Evaluation of the acceptability of the high-consequence risk must consider severity of the
consequences and probability of occurrence. These must be assessed in the context of federal
and state laws and regulations and local agreements. (Section 2.3.4 of the standard). If the
high-consequence risks are not acceptable modify the intervention or the mission (Step 11)
and repeat the process. Otherwise continue with Step 7.

Having ruled out significant high-consequence-hazard induced risks, the next step is to assess
whether the probability of using the risk mitigation during the mission is negligibly small.
When that can be established, the conditional risks are de minimis.

To assure that the risk induced by the intervention is reasonable, two conditional risk
measures must be calculated:

a. expected value of collective risk given the mitigation; and

b. expected value of the individual risk to the maximally exposed individual given the
mitigation.

Expected values of the two risk measures are used as the risk measure rather than the peak
values to produce more stable, consistent measures as the basis for decision making. The set
of events over which averaging occurs will depend on the nature of the safety intervention.
The general principles for grouping for averaging are:

c. Events in a group result from different instances of the same safety intervention.
d. Events hazard substantially the same population centers.

Acceptable safety mitigations should normally be expected to reduce the risk relative to no
mitigation. While extenuating circumstances, such as national security or foreign policy
interests, might warrant accepting higher safety risks from applying a risk mitigating action
than from no mitigation, this is the standard reasoning employed in decision theory. With that
caveat, compare the risk induced by the mitigation with what would occur without the
mitigation. If the mitigation does not reduce the risk, modify the intervention or the mission
(Step 11) and repeat the process.

The conditional risks are reviewed for acceptability. If they are not acceptable, modify the
intervention or the mission (Step 11) and repeat the process.

When some set of conditional risks has been determined to be unacceptable, the mission or
the risk mitigations must be revised and the revised mission/risk mitigations must be
reassessed to assure that it is now acceptable. Candidate revisions to mission design and
mission rules will consider range architecture and range user objectives.

When it has been shown that the conditional risks are de minimis, no further evaluation is
required.
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13. When the conditional risks given the mitigation are shown to be acceptable, the original risk

analysis should be reviewed and, if necessary, revised to assure that mission risks are
acceptable.
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CHAPTER 3
General Risk Model Requirements

Computer models and simulations are typically used to estimate the risk involved in an
activity. This chapter describes general model requirements that should be applied to
computational tools used to analyze the flight safety risks in support of decisions governing
safety. In general, a model is a technical representation of a system, theory, or phenomenon that
accounts for its known or inferred properties and may be used for further study of its
characteristics. For the purposes of this chapter, in range safety usage models are defined as
those tools developed for the specific task of analyzing flight risks.

3.1  Specific to Policy

Models must provide results that support decisions based on risk policy. Compliance with
risk policy is assessed using established criteria that consist of two components: a well-defined
measure of risk, and a threshold of acceptability. Models must produce a valid estimate of one or
more of the measures of risk stipulated by applicable criteria.

3.2  Transparency, Clarity, Consistency, and Reasonableness (TCCR)

Models must uphold standards of TCCR accepted by the scientific community.
Specifically, models must reflect the following.

a. Transparency. Provide decision-makers a clear understanding of the technical approach
used. This understanding must include key supporting assumptions as well as the
limitations of the model and the results it produces.

b. Clarity. Produce results that can be clearly displayed and communicated.

c. Consistency. Use processes and approaches that are consistent with (similar to or
accepted by) those used by scientific communities involved in studying similar problems.
This requirement is intended to ensure scientific accountability rather than to stifle
innovation.

d. Reasonableness. Use appropriate technical procedures and input data that, if subjected to
scrutiny, would be accepted by the scientific community, government agencies, and to
the degree possible, the GP. Available resources may limit the approaches used.

3.3 Verification and Validation

Models should provide a formally documented basis of confidence in the results
produced. Numerous methods can be used to build confidence in a model, including:

a. Comparison to real-world results;

b. Comparison to other models that have been independently developed and possess an
accepted basis of confidence;

c. Formally documented V&V;
d. Peer reviews/expert elicitations.
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3.4  Configuration Control

Model development should follow processes that are formally managed and controlled. A
documented process should be used to request, implement, and test changes to the model. In
unusual circumstances, an abbreviated review of model changes may be necessary to support
near-term mission requirements. The full requirements of the documented process should be met
prior to repeated use of results from the upgraded model to make safety decisions. The
development of computer codes implementing models should adhere to industry standards such
as the Software Engineering Institute’s Capability Maturity Model Integration.® The use of that
standard’s Level 2 is recommended as a minimum requirement. Each range should develop and
implement an accreditation process that is applied to all models used for FSA and support. This
accreditation process should identify V&V requirements for safety-critical software and safety
analysis software. The results of V&YV efforts for safety-critical software should be formally
documented, including the source and nature of any external data used to conduct validation.
Requirements for accreditation of safety-critical software should be greater than requirements for
safety analysis software.

3.5  Liability Protection

Models must produce results that meet the “best available” information-test affording the
decision-maker the opportunity to make a fully informed decision that qualifies for liability
protection under the Discretionary Function Exclusion of the Federal Tort Claims Act (FTCA)“.

3.6  Best Estimate of Expected Value

Models should produce the best estimate of the risk based on available inputs and require
the use of best engineering estimates. A conservative estimate can be developed by using slightly
conservative inputs when data are uncertain or are unavailable and need to be estimated. An
analysis of the uncertainties and sensitivities of results is highly desirable and necessary if the
impact of uncertainty in the mean of the Ec considering uncertainty could conceivably exceed
the risk acceptability criterion.

3.7  Balance of Accuracy, Simplicity, and Fidelity

Models must produce the most accurate results possible considering real-world
limitations (such as computer run time, computational resources, cost, and time to develop input
data) and the diminishing return on further investment. Compliance with this standard requires a
balance between modeling fidelity, uncertainties in input data, and the ability to communicate
understanding of both the analysis process and the results.

3.8  Conservatism and Uncertainty

Model development must consider the dangers of excessive conservatism. Where
possible, developers should avoid compounding conservatism in analytical results by using best-
estimate approaches for developing input data and modeling algorithms. Potential variation in
the input data and inaccuracies in the modeling results should be addressed by the

8 Information on CMMI standards can be found at http://www.sei.cmu.edu/cmmi/models/
4 Exceptions. 28 U.S.C. § 2680
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acknowledgement and documentation of uncertainties as discussed in Section 2.4 of the standard
rather than by introducing bias in the risk estimate.
3.9  Balance of Element Fidelity

Models should clarify the accuracy of analytical results based on assessment of the
accuracy of each element of the risk model. Assessments of models should focus on the accuracy
of the risk estimation rather than the fidelity of a single element.
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CHAPTER 4

Risk Criteria Implementation Guidelines
4.1 Introduction

This chapter provides guidelines for implementation of the acceptable risk criteria
presented in Chapter 3 of the standard. The guidelines are presented to help:

a. determine the start and end of a flight in terms of application of the per-mission risk
criteria;

b. establish appropriate risk criteria for complex missions, such as those that involve
multiple launches;

c. facilitate the proper management of annual risk.

4.1.1 Context and Purpose of this Chapter

The general policy and goals of the standard, expressed in Chapter 2 of the standard,
assert that all ranges should strive to achieve complete containment of hazards resulting from
both normal and malfunctioning flights; however, many range missions cannot be accomplished
using a containment approach. If a planned mission cannot be reasonably accomplished using a
containment approach, a risk management approach should be authorized by the range
commander or designated representative. The risk management approach should conform to the
guidelines presented in this document or otherwise demonstrate compliance with the policy
objectives presented in Chapter 2 of the standard. The guidelines and rationale presented in this
chapter are intended to help the range commander understand and balance the factors that affect
mission acceptability. These factors include criticality of mission objectives, protection of life
and property, the potential for high-consequence mishaps, local political factors, and governing
range or programmatic environmental requirements.

Range commanders should not accept adverse consequences (such as any casualty) as
being routine or permissible; however, some range missions cannot be accomplished without a
finite probability of producing adverse consequences. “Acceptable” risks as discussed here
should be interpreted as “tolerable” risks. By implementing the guidelines presented here, the
range commander may tolerate these risks to secure certain benefits from a range activity with
the confidence that the risks are properly managed within prescribed limits.

This chapter has nine major sections.
e This section outlines the chapter and introduces different measures of risk.

e Section 4.2 provides guidelines for the application of the criteria. Some of the important
concepts presented include risk accrual, different consequence metrics, the relevance of
time frame over which risk is computed and how these time frames are defined, and
guidance for treatment of different classes of related multiple launches constituting a
single mission. It then provides guidance for assessing the LOR required to support
different classes of missions and segment of the missions. The underlying principle
expressed is that the closer the risk is to the tolerable limit the higher the fidelity and the
lower the uncertainty that can be accepted in the calculations.
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e Section 4.3 introduces the topic of catastrophic risk and limits for risks in which a single
incident can produce injuries or fatalities to a large number of people.

e The next group of sections provide guidelines for protecting people and critical assets in
various locations.

o Section 4.4 details implementation guidelines for protecting people on-board
airplanes.

o Section 4.5 provides implementation guidelines for protecting people in ships.
o Section 4.6 provides implementation guidelines for protecting spacecraft.

o Section 4.7 provides guidelines for protecting critical assets at a launch complex and
its surrounding areas.

o Section 4.8 provides guidance for protecting infrastructure.

e The final section of this chapter presents a tutorial of uncertainty in risk analysis and risk-
based decisions; these concepts are relevant to the decision process as well as the
determination of the required LOR.

4.1.2 Different Measures of Risk

4.1.2.1 Individual and Collective Risk

Risk is a measure that accounts for both the consequence of an event and the probability
of occurrence over a specified exposure interval. Individual risk and collective risk are two
important measures of risk, both of which can be expressed on an annual or per-mission basis.
For example, collective risk on an annual basis is analogous to an estimate of the average
number of people hit by lightning each year, while individual annual risk would be an
individual's likelihood of being hit by lightning in any given year. Collective risk on a per-
mission basis is analogous to an estimate of the average number of people injured by an
earthquake, while individual risk would be the likelihood of an individual in a given location
being injured by the earthquake. Collective risk is often expressed in terms of expected values;
the average (mean) consequences that can occur as a result of an event if the event were to be
repeated many times.

Mean risk estimates do not convey important information about the uncertainties
associated with limited accident experience, incomplete knowledge of accident phenomenology,
and an inherent randomness in certain accident phenomena. Therefore, sensitivity studies should
be performed to determine those uncertainties most important to the risk estimates. The results of
sensitivity studies should show, for example, the range of variation together with the underlying
assumptions that dominate this variation.

4.1.2.2 Risk Profile

A risk profile provides more information about the nature of the risks posed by an event
than mean individual and collective risk values. A risk profile is a plot that shows the probability
of exceeding various outcomes (e.g. numbers of deaths, number of casualties, or amount of
monetary damages) resulting from a future event. Specifically, the abscissa of a casualty risk
profile is the number of casualties (N) and the ordinate is the probability of N or more casualties.
It is treated discretely, i.e., only integers. The formal probabilistic definition is that it is the
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complementary cumulative distributions (CCDs) of the integer number of casualties (or

fatalities).

Consider an example launch where the vehicle has a 5% chance of failure. Most of the
failures do not result in any casualties; range safety action at an abort boundary or aerodynamic
breakup before reaching the abort boundaries causes the debris to impact in unpopulated regions.
In this hypothetical example there are exactly five failure scenarios where casualties result. The
probabilities and consequences for this example are shown in Table 4-1. The data for abscissa
and ordinate of the risk profile are listed in the last two columns of Table 4-1. The data for the
ordinate of the risk profile are the sum of all of the probabilities for scenarios that produce N or

more casualties.

Table 4-1.  Example Risk Profile Data
Scenario Index Scenario Number of Casualties | Total Probability of
(i) Probability (N) for Scenario i N or More Casualties
1 0.0499874 0
2 0.0000100 1 0.0000126
3 0.0000010 8 0.0000026
4 0.0000010 24 0.0000016
5 0.0000005 32 0.0000006
6 0.0000001 40 0.0000001
Total = 0.05

Figure 4-1 illustrates the risk profile for this simplified example launch. The Ec and
probability of a casualty-producing accident for this particular case are described following

Figure 4-1.

>=N]

1.E-05

1.E-07

1.E-08

N - number of casualties

Figure 4-1.  Risk Profile from Example Problem

43




Common Risk Criteria Standards for National Test Ranges — Supplement
RCC 321-23 November 2023

Unlike the single valued Ec, risk profiles illustrate the combination of consequences
contributing to collective risk. Thus, the decision-maker can quickly see whether the risk is from
a very rare large-consequence outcome or from more frequent, smaller consequence outcomes.
This standard uses risk profiles to define limits on catastrophic risks. Section 4.3 shows how a
risk profile or a simplified approach may be used to evaluate compliance with the catastrophic
risk criteria presented in Chapter 3 of the standard.

One of the conveniences of using a risk profile (i.e., a discrete representation of the more
common F-N curve) is that the area under a discrete risk profile equals the collective risk.®> The
following equations prove this point.

P(>1)= p(@)+ p(2)+ p(3)+..
P(>2)= p(2)+ p(3)+...
P(>3)= p(3)+..

(4-1)

N

3
=

2)

P(2k)=p(1)+2p(2)+3p(3)+ -+ Ny P(Nyoy)

X N max

P(>k)= kz;kx p(k)

The right side of this equation is recognizable as the classical definition of Ec:

£ = > koxplk) @2

=~
s L

k=1

The Ec for this particular case is 62x10° and the probability of a casualty-producing
accident P(>1) is 12.6x107%. More information on this example is available in Section 4.3.

4.2  Guidelines for Application of the Criteria

4.2.1 Risk Accrual

e Total Risk. The individual and collective risk criteria prescribed in Chapter 3 of the
standard, use the total risks, which account for all hazards to all people, including those in
all transportation systems, throughout the flight portion of the entire mission. Subsequent
paragraphs provide guidelines for circumstances where separate risk budgets may be
justified if multiple vehicles are involved. Unless those special circumstances exist, each
criterion should be compared to the total risk estimate - the combined risk due to all
hazards throughout the launch or reentry mission. Subsequent paragraphs also provide
guidelines for implementation of probability of impact limits to define hazard areas for
ships and aircraft.

5 Collins, J., J. Chrostowski, and P. Wilde. “Measures and Techniques for Inserting Catastrophe Aversion into the
Explosives Safety Risk Management Process.” Paper presented during the 32nd DoD Explosives Safety Seminar,
Philadelphia, PA. 22-24 August 2006.
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e Accumulated and Aggregated Risk. This standard uses the terms “accumulated risk” and
“aggregated risk.” The accumulated risk refers to the risk from a single hazard throughout
all phases of a mission. The aggregated risk refers to the accumulated risk due to all
hazards associated with a mission, which includes, but is not limited to, the risk due to
any debris impact, toxic release, and DFO.

When multiple hazards exist, the aggregated risks (individual and collective) can always
be estimated as the sum of the accumulated risk from each hazard. More sophisticated
methods to compute the aggregated risks may be used to eliminate double counting,
which can occur if a mission simultaneously poses multiple hazards to certain exposed
populations. If multiple hazards exist, the decision authority should be briefed on the
risks due to each hazard in order to make a fully informed decision.

Unless special circumstances exist (such as those described in this chapter), the total risk
for the mission of an orbital ELV should be the aggregated risk that is accumulated from
liftoff through orbital insertion, including any planned debris releases.® Similarly, for the
mission of a suborbital launch vehicle, the total risk should be the aggregated risk that is
accumulated from liftoff through the impact of all pieces of the launch vehicle, including
the payload.

4.2.2 Consequence Metrics

Section 3.1 of the standard requires a range to “estimate the expected casualties
associated with each activity that falls within the scope of this document,” and states that
“additional measures of risk may be useful for range operations that are dominated by fatality to
ensure fatality risks do not exceed acceptable limits.” In this context, “estimate” refers to a point
estimate, while the overall process is called the risk assessment. Thus, the intent of this
requirement is to ensure that an estimate of the Ec is documented for each range activity that
intends to comply with this standard; however, there may be certain circumstances where the
decision authority should be informed of the estimated fatality risks as well.

Computation of fatality risks (both individual and collective) in addition to Ec are
performed at the discretion of the safety office. Fatality risks should be computed in addition to
casualty risks for those missions where: (1) any one hazard (e.g., inert debris, toxic, DFO, etc.)
produces Ec for the GP greater than 50E—6 (50% of tolerable general population limit) AND; (2)
the nature of the hazards posed suggests fatality risks may be of significance. For example,
consider a hypothetical inert debris hazard with Ec = 60E—6. If an examination of the debris
distribution indicates that potentially fatal debris (e.g., kinetic energy > 58 ft-1bs) falls within
defined containment or evacuated hazard areas, no further action is necessary; but if potentially
fatal debris falls outside of the containment zone onto populated areas, then fatality risks should
also be calculated. These should not be interpreted as limiting the discretion of the safety office
to compute fatality risks under other circumstances.

4.2.3 Annual Risks and Per-mission Risks

Annual risk acceptability criteria serve an important role in the implementation of a
robust risk management system. First, a range should periodically conduct a formal review to
ensure that its activities in recent years and its mission risk acceptability policy are consistent
with its annual risk acceptability criteria. This review is intended to ensure that the level of

6 Planned debris releases include intercept debris, jettisons stages, nozzle covers, fairings, inter-stage hardware, etc.
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activity at a range and the risks accepted on a per-mission basis do not equate to inordinate
annual risks. Specifically, if this review finds that the sum of the mission risks accepted annually
on average, for the past or the future, exceeds the annual risk criteria in this standard, then the
range should revise its mission risk acceptability policy to ensure that the annual risk in the
foreseeable future comply with the criteria presented here.

This standard contains primary risk management criteria on a per-mission basis for
several reasons. First, the decision to authorize a flight is typically made in consideration of the
safety and importance of a mission. Since the goal of risk management is to facilitate fully
informed decisions, the risk acceptability criteria should be directly correlated to the risk
acceptance decision. In some cases, it may be difficult to estimate the risk from a single mission
since it may be difficult to delineate what constitutes a single mission. Therefore, this standard
also endorses the use of annual risk management in lieu of per-mission risk management in
certain circumstances. Specifically, risk management using only an annual measure of collective
risk is only justified for range operations that occur frequently and pose low risk on a per-
mission basis. In this context, “low risk” means about two orders of magnitude below the per-
mission criteria for collective and individual risks. For example, empirical data from a range’s
past activities (where many missions of a similar nature have been safely executed) may be used
to demonstrate that the annual risks comply with the limits prescribed in Chapter 3 of the
standard, and that the per-mission risks comply with this guideline. In those cases, the risk
analyst should evaluate the similarity of the empirical data by comparing the probability of any
hazardous events, the magnitude of the potential hazards presented, and the exposure to any
hazardous events.

4.2.4 Defining “Per-mission”

This standard presents criteria for acceptable risks on a per-mission basis. The RCC
intends for the standard risk acceptability criteria to apply separately to launch and reentry
missions as defined below.

a. Launch Mission. For the purposes of flight safety analyses, a launch mission begins with
lift-off, ends at orbital insertion, and includes impacts from all planned debris released
prior to orbital insertion. A launch mission includes any flight of a suborbital or orbital
rocket, guided or unguided missile, and missile intercepts. A launch mission includes
space launch, suborbital launch, and the rocket flight portion of hybrid launch missions as
described in more detail below.

b. Reentry Mission. For the purposes of flight safety analyses, a reentry mission begins
when an orbiting vehicle (or object) is committed to enter a perigee below 70 nautical
miles (hm), either by command or natural decay, resulting in atmospheric reentry and
impact on the surface of the Earth. A reentry mission ends when all vehicle components
associated with the reentry come to rest on the Earth. Reentry missions include both
controlled and uncontrolled reentries as described in more detail below. The reentry of
upper stages and payloads are separate reentry missions per the US Government Orbital
Debris Mitigation Standard Practices’ and Department of Defense Instruction (DoDI)

7 United States Government. “U.S. Government Orbital Debris Mitigation Standard Practices, November 2019
Update.” November 2019. Available at
https://orbitaldebris.jsc.nasa.gov/library/usg_orbital debris mitigation standard practices november 2019.pdf.
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3100.12.2 In this context, reentry missions do not occur during suborbital flights because
a reentry mission separate from the launch mission can only occur subsequent to orbital
insertion.

4.2.5 Per-mission Guidelines Defining the Beginning and End of a Mission

There are precedents in federal law for establishing launch risk criteria that apply strictly
to the risk from flight® for an ELV and RLV?° mission. The RCC intends for the standard criteria
to be implemented in a manner consistent with these precedents, except when past precedent is in
direct conflict with these guidelines. Guidelines to help discern the beginning and end of flight
are important to establish appropriate risk budgets for complex range activities. The following
paragraphs present guidelines to help define “per-mission,” to understand the precedents for
defining the beginning and end of a mission, and to establish appropriate risk budgets for
complex range activities. These guidelines are consistent with current practices, the direction
given to range commanders in Subsection 4.h.(5).(e) of enclosure 2 of DoDI 3200.18%, and the
current federal law governing commercial launches.!?

4.25.1 Space Launch Mission

A space launch mission typically involves the flight of an ELV that is injected into a pre-
determined and sustainable orbit for an indefinite period of time prior to reentry or disposal.
Unless special circumstances exist (such as those described in Subsection 4.2.5.11 and
Subsection 4.2.6), a space launch mission begins at liftoff and ends at orbital insertion.
Therefore, the per-mission risk criteria specified in Chapter 3 of the standard should be
compared to the total risks posed from liftoff until orbital insertion, including the risks from all
hazards due to all foreseeable malfunctions and from any planned debris releases, with the
exceptions noted in Subsection 4.2.5.11 and Subsection 4.2.6.

4.2.5.2 Suborbital Launch Mission

For the purposes of the standard, a suborbital launch mission is any flight of a launch
vehicle, rocket, or missile that does not achieve orbital insertion as defined in the glossary of the
standard. A flight that has a perigee above 70 nm, but is only intended to re-establish an 1P on
the surface of the Earth, may be treated as suborbital launch mission depending on specifics that
would need to be evaluated on a case-by-case basis. All of the per-mission requirements
specified in the standard apply to a suborbital launch mission from lift-off until landing or final
impact, including all planned debris impacts. Specifically, risk should be accumulated from

8 Department of Defense. “Subject: Space Support.” DoDI 3100.12. 14 September 2000. May be superseded by
update. Retrieved 16 October 2023. Available at https://www.esd.whs.mil/Directives/issuances/dodi/.

%1n 1999, the FAA promulgated limits on ELV “acceptable flight risk through orbital insertion.” (See 14 CFR
415.35(a)) The FAA’s most recent regulation to govern expendable launches allows “the flight of a launch vehicle
only if the risk associated with the total flight” satisfy certain criteria (See 14 CFR 417.107b in Docket No. FAA-
2000-7953).

1014 CFR 401.5 defines Reusable launch vehicle (RLV) as “a launch vehicle that is designed to return to Earth
substantially intact and therefore may be launched more than one time or that contains vehicle stages that may be
recovered by a launch operator for future use in the operation of a substantially similar launch vehicle.” The Space
Shuttle Orbiter and SpaceShipOne are examples that meet the definition of an RLV.

11 Department of Defense. “Management and Operation of the Major Range and Test Facility Base (MRTFB)”.
DoDI 3200.18. 1 February 2010. May be superseded by update. Retrieved 16 October 2023. Available at
https://www.esd.whs.mil/Directives/issuances/dodi/.

12 Flight risk through orbital insertion or impact. 14 CFR § 415.35a.
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liftoff through impact of all pieces of the launch vehicle, including the payload, for the flight of a
suborbital launch vehicle. The ship and aircraft protection requirements specified in the standard
are also intended to apply to a suborbital launch mission.

4.2.5.3 Hybrid Launch Mission

Suborbital flights of missiles and rockets are relatively well-understood; however, the
opening of space to commercial enterprises introduces “hybrid” missions. A hybrid mission
involves a vehicle that has some aircraft and launch vehicle characteristics. In 2004, Congress
found that opening space to the American people and to their private commercial enterprises was
a worthy goal, and that the creation of a clear legal and regulatory regime for commercial human
space flight would advance that goal. Those findings accompanied passage of the Commercial
Space Launch Amendments Act (CSLAA) of 2004.% Prior to passage of the CSLAA, the
absence of definitions for the terms “suborbital rocket™ and “suborbital trajectory” created
confusion as to the appropriate regulatory regime for hybrid vehicles. The CSLAA provided
definitions for suborbital rocket and suborbital trajectory:

e Suborbital rocket means a rocket-propelled vehicle intended for flight on a suborbital
trajectory whose thrust is greater than its lift for the majority of the powered portion of its
flight.

e Suborbital trajectory means the intentional flight path of a launch vehicle, reentry vehicle,
or any portion thereof, whose vacuum IIP does not leave the surface of the Earth.

These definitions should be used as guidelines to determine if a particular hybrid vehicle
should be treated like aircraft or like a launch vehicle for the purposes of risk management.
Congress recognized that hybrid vehicles with certain flight plans may be subject to dual
regulation as both aircraft and launch vehicles. All of the per-mission requirements specified in
the standard should be applied to the non-aircraft portion flight of a hybrid mission. For example,
if a hybrid mission includes a suborbital (or orbital) rocket, then the risk criteria should be
applied to the flight of the rocket from lift-off until landing or final impact (or orbital insertion),
including all planned debris impacts for the rocket. Specifically, risk should be accumulated
from liftoff through impact of all pieces of the rocket, including the payload. The ship and
aircraft protection requirements specified in the standard are also intended to apply to the rocket
flight portion of a hybrid mission.

4.25.4 Controlled and Uncontrolled Re-entries

A reentry mission includes both controlled and uncontrolled reentries. Guidance from Air
Force Instruction 91-202% provides additional information that is helpful in understanding
controlled and uncontrolled reentries.

e Controlled reentry. A planned reentry for which the final atmospheric penetration time is
chosen through spacecraft maneuvering so as to either maximize the amount of spacecraft
material that burns up in the atmosphere, limiting the potential for endangering the

13 Commercial Space Launch Amendments Act of 2004. Pub. L. No. 108-492, 118 Stat. 3974 (2005).

14 Secretary of the Air Force. “The US Air Force Mishap Prevention Program.” AFI91-202. 13 April 2023. May be
superseded by update. Retrieved 17 October 2023. Available at https://static.e-

publishing.af.mil/production/1/af se/publication/dafi91-202/dafi91-202.pdf.
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public, or to bring down a recoverable reentry vehicle (e.g., capsule) in a manner that
does not endanger the public. This typically controls the time and place of the disposal of
space objects that are at the end of their mission life or for reentry capsules.

e Uncontrolled reentry. A random reentry in which the spacecraft/object reenters the
atmosphere where an operator cannot sufficiently determine or influence the surface
impact point prior to reentry. This is the typical reentry method for debris and spacecraft
in decay orbits where the final reentry point and time is underdetermined due to
uncertainty in atmospheric density conditions due to the extended time period between
disposal and reentry

The collective risks from a reentry mission, excluding the risks to people in aircraft and
water-borne vessels, should be compared to the per-mission risk criteria specified in Chapter 3 of
the standard for each returning element. In addition, for controlled reentries, hazard areas should
be established to satisfy the individual risk limits set in Subsection 3.2.1 of the standard and to
comply with the aircraft and ship protection requirements in Sections 3.3. and 3.4 of the
standard. The risks from a reentry must account for all the hazards and foreseeable outcomes of
the reentry mission. A reentry risk analysis will ideally quantify (1) the Prai prior to the final
commitment to enter the atmosphere from orbit (or otherwise from outer space) that would lead
to uncontrolled reentry; (2) the Prai after the final commitment to enter the atmosphere that
would lead to uncontrolled reentry; (3) the Pr.i after the final commitment to enter the
atmosphere that would lead to impacts outside the planned impact area; (4) the collective and
maximum individual risks given an uncontrolled reentry; (5) the collective and maximum
individual risks given impacts within the planned impact area; and (6) the collective and
maximum individual risks given failures after the final commitment to enter the atmosphere that
would lead to impacts outside the planned impact area. If a controlled reentry allows for more
than one reentry opportunity (e.g., multiple trajectories under nominal or non-nominal
conditions, or a nominal trajectory at different times of day), then the reentry risk analysis should
quantify the highest individual and collective risks associated with any reentry opportunity. If the
reentry is predicted to occur more than 25 years in the future, the risk estimates should assume
reentry 25 years in the future even if the 25-year orbital mitigation requirement is waived.

4.2.5.5 Beginning of Flight — Launch Mission

The plain language definition of flight is “the motion of an object in or through a
medium, especially through the Earth’s atmosphere or through space.”*® Thus, the flight of a
launch mission typically begins with the first motion of the object that poses risk. Therefore, the
per-mission risk criteria specified in Chapter 3 of the standard should be compared to the total
risks posed by a mission starting with the first motion of the object, which is often liftoff.
Subsection 4.4.2.1 gives guidance on the treatment and discernment of pre-flight risks from a
mission.

The use of carrier aircraft can complicate the definition of the beginning of flight for a
launch vehicle. The Federal Aviation Administration (FAA) requires:

15 See Webster’s II New Riverside University Dictionary, 1984.
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For flight analysis purposes, flight begins at a time in which a launch vehicle normally or
inadvertently lifts off from a launch platform. Liftoff occurs with any motion of the
launch vehicle with respect to the launch platform.

Recent FAA guidelines clarify that:

the term ‘liftoff” is often used in the context of motion with respect to a fixed asset, such
as a launch pad or sea platform, but here liftoff also includes separation from a carrier
aircraft. For other types of launch platforms, the determination of liftoff will be on a case-
by-case basis and may need to consider the threat to the GP before separation of the
launch vehicle, such as when a balloon-launching craft is airborne. 7

The FAA’s guidelines for the beginning of flight have been incorporated into the RCC’s
definition of liftoff with the further clarification that liftoff applies to vehicle motion during the
launch countdown. This was done to exclude other times when the vehicle might be in motion,
such as during ground processing or captive carry tests done in preparation for a carrier aircraft
launch.

4.2.5.6 Beginning of the Mission Risks

In a sense, the per-mission risk limits in this standard equate in practice to risk limits for
the flight phase of a mission, consistent with past precedents. Specifically, the RCC does not
intend the standard criteria given in Chapter 3 of the standard to apply to pre-flight range
activities; however, there are often significant risks posed prior to flight about which the range
commander should make informed decisions. The need for a range commander to manage
mission risks, including those posed by pre-flight hazards, means that the beginning of the
mission or launch for the purposes of evaluating the overall mission safety should not always be
liftoff for a vertically launched vehicle or separation from a carrier aircraft. Even so, the RCC’s
Risk Committee (RC) recommends that pre-flight safety decisions be based on other methods
and criteria. '

As an example, the FAA determined that the initiation of the launch phase of flight for
the SpaceShipOne (i.e., the starting point for an RLV risk estimate per 14 CFR 431.35%) was at
ignition, subsequent to separation from the carrier aircraft (called the White Knight). For
SpaceShipOne, the FAA found that pre-flight operations posed negligible risks due to its small
size and selected propellants.?? The FAA determined that separation from the carrier aircraft (i.e.,
independent motion of the launch vehicle from the carrier aircraft) defined the point where risk
from SpaceShipOne increased; however, the FAA had issued an experimental airworthiness
certificate that covered the gliding portion of flight prior to ignition. Therefore, the FAA treated
the SpaceShipOne as an aircraft unless it was operated as a suborbital rocket.

16 71 Fed. Reg. 165 (25 August 2006), p. 50555.

" EAA. Guide to Probability of Failure Analysis for New Expendable Launch Vehicles. Version 1.0. November
2005. Retrieved 16 October 2023. Available at

https://www.faa.gov/about/office org/headquarters offices/ast/licenses _permits/media/Guide Probability Failure 1

10205.pdf.
18 pre-flight risks are typically subject to ground safety, system safety, and explosives safety criteria.

19 Acceptable reusable launch vehicle mission risk. 14 CFR § 431.35.

20 Because it uses a hybrid rocket motor and N2O oxidizer, there are comparatively small risks due to solid rocket
motor handling and processing such as fire, explosion, debris, or unintended motor stage flight. Nor are there any
liquid propellant hazards such as toxicity or vapor cloud explosions.
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The FAA guidelines state that “preflight anomalies exist that should be accounted for by
launch risk analyses even though liftoff did not occur.” For example, an anomaly that could
occur without liftoff and pose a hazard “should be accounted for by risk analyses as an on-pad
failure.”? The RCC does not intend that the risks from any such preflight anomalies be
compared to the per-mission risk criteria given in Chapter 3 of the standard.

4.2.5.7 End of Flight — Launch Mission

As discussed above for a typical space launch mission, the per-mission risk criteria
specified in Chapter 3 of the standard should be compared to the total risk posed from liftoff
until orbital insertion, which occurs when a launch vehicle achieves a minimum 70 nm perigee
based on a computation that accounts for drag. Similarly, for the flight of a suborbital launch
vehicle, the per-mission risk criteria specified in Chapter 3 of the standard should be compared to
the total risk posed from liftoff until the impact of all pieces of the launch vehicle, including the
payload.

4.2.5.8 Safety Concerns Beyond Orbital Insertion

The RC recognizes that missions that involve vehicles, objects, or debris at altitudes
above 150 km (81 nm) may create legitimate post-orbital insertion safety concerns, just as there
may be important pre-flight risks. However, there are several reasons that only the criteria in
Section 3.5 of the standard, which address the protection of manned spacecraft, apply to the
management of risks posed beyond orbital insertion.

a. Using the definition of orbital insertion adopted here, the launch risks posed beyond
orbital insertion are insignificant for people on Earth or in aircraft.

b. Establishment of separate flight risk acceptability criteria that set limits on the risk from
liftoff to orbital insertion is consistent with the direction provided in DoDI 3200.18 and
current federal law for ELVs.

c. Ending the collective and individual risk assessment for flight of a typical ELV at orbital
insertion also makes sense from a flight termination perspective, the exercise of positive
control, and the hazards resulting from that process.

Nevertheless, the appropriate authorities must address legitimate safety concerns
associated with launch beyond orbital insertion. Under the Space Liability Convention?, the U.S.
Government accepts absolute liability for damage on the ground or to aircraft in flight, outside of
the United States, when the United States is deemed a launching State under the terms of Article
I. Liability for damage caused elsewhere, such as on-orbit damage, is also accepted by the
government as a launching State under the Liability Convention but only if the damage is the
fault of persons for whom the launching State is responsible. Under Article VI of the Outer
Space Treaty, the U.S. Government bears responsibility for national activities in outer space,
including those carried on by non-governmental entities.?3

21 Note, however, such on-pad failures without liftoff should not be included in the “flight” history of a subject
vehicle for the purposes of estimating the probability of an in-flight failure.

22 Convention on International Liability for Damage Caused by Space Objects, Multilateral, 29 March 1972, 961
U.N.T.S. 13810 at 187.

2 Treaty on Principles Governing the Activities of States in the Exploration and Use of Outer Space, Including the
Moon and Other Celestial Bodies, Multilateral, 27 January 1967, 610 U.N.T.S. 8843 at 205.
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For these reasons, the range commander should address legitimate safety concerns
associated with launch beyond orbital insertion. For example, damage involving other orbiting
assets (manned or active) may still occur after orbital insertion. Without taking appropriate
measures, there is a potentially serious risk from the collision of a launch vehicle or its
components with other objects in space. Dangerous orbital debris might also be generated unless
appropriate measures are taken after orbital insertion. The DoDI 3100.12 policy states that “the
creation of space debris shall be minimized.” Specifically, “the probability of collision [PoC]
with known objects during launch and orbital lifetime shall be estimated and limited in the
development of the design and mission profile for spacecraft or upper stages.” The following
measures should be implemented to address the concerns beyond orbital insertion.

a. Prevention of unplanned physical contact between the vehicle and its components.

b. Minimization of debris generation from the conversion of energy sources into energy that
fragments the vehicle or its components. Energy sources include chemical, pressure, and
kinetic energy.

c. Development of reentry procedures to ensure safety of personnel is maintained as
required by international space law and consistent with mission requirements.

d. Performance of conjunction assessments (CAs) and development of collision avoidance
(COLA) procedures to avoid contact with other spacecraft from the launch vehicle,
jettisoned components, and payload through a sufficient number of revolutions after
orbital insertion to account for the type of orbit injected into or operating in, the altitude
of the manned spacecraft, and the time until the vehicle or component can be properly
catalogued.

e. Proper disposal of orbiting objects.

Department of Defense Directive (DoDD) 3100.10% directs that all DoD activities to, in,
through, or from space, or aimed above the horizon with the potential to inadvertently and
adversely affect satellites or humans in space, shall be conducted in a safe and responsible
manner that protects space systems, their mission effectiveness, and humans in space, consistent
with national security requirements. The DoDD 3100.10 guidance also directs that all such
activities shall be coordinated with U.S. Space Command (or its successor).> The responsibility
for risk management during flight phases subsequent to payload separation typically lies with the
spacecraft operator, except for planned reentry missions that terminate on a test range. In the
latter case, reentry risk is the responsibility of the test range conducting the reentry operation
and/or the lead range initiating the launch in accordance with direction in DoDI1 3200.18. For
these final flight phases, the range commander should coordinate with the spacecraft operator
and United States Strategic Command Combined Space Operations Center (CSpOC) to ensure
that safety issues beyond orbital insertion are addressed to the extent necessary to reduce the
U.S. Government’s absolute liability under international treaties.

24 Department of Defense. “Space Policy.” DoDD 3100.10. 30 August 2022. May be superseded by update.
Retrieved 16 October 2023. Available at https://www.esd.whs.mil/Directives/issuances/dodd/.

%5 DoDI 3100.10, July 9, 1999, paragraph 4.11.7 states that these activities shall be coordinated with U.S. Space
Command (succeeded by AF Space Command), as appropriate, for predictive avoidance or de-confliction with U.S.,
friendly, and other space operations.
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The DoDI 3100.12 regulation sets limits on the risk from disposal of a spacecraft or an
upper stage at the end of mission life. The regulation also specifically requires programs
involving on-orbit operations plan to dispose of a spacecraft or upper stage using atmospheric
reentry, maneuvering to an appropriate storage orbit, or direct retrieval. Atmospheric reentry is
only allowed if atmospheric drag will limit the lifetime to no longer than 25 years after
completion of mission. If atmospheric reentry is used, “either the risk of injury from the total
debris casualty area for components and structural fragments surviving reentry shall not exceed 1
in 10,000 (based upon an evenly distributed human population density across the Earth), or it
shall be confined to a broad ocean or essentially unpopulated area.”?*

The criteria in Chapter 3 of the standard that apply beyond orbital insertion are concerned
with the protection of manned spacecraft from collision with those injected vehicles, objects, or
debris. This can be accomplished by delaying initiation of the launch mission or defining
avoidance volumes as described in Section 4.6, which provides specific guidance for the range
commander to implement the spacecraft protection criteria presented in Chapter 3 of the
standard.

4.2.5.9 Beginning of Flight — Reentry Mission

As discussed above, a controlled reentry mission begins with the initiation of the final
command or decision that commits a vehicle (or object) to a perigee below 70 nm. Similarly, an
uncontrolled reentry mission begins when an object naturally decays to a perigee below 70 nm.

4.2.5.10 End of Flight — Reentry Mission

Using the plain language definition of “flight,” a flight involving reentry ends when the
vehicle discontinues motion through Earth’s atmosphere or through space. See the standard’s
glossary for the definition for reentry mission.

4.2.5.11 Separate Risk Budgets for RLV Missions

The RCC intends for the standard risk acceptability criteria to also apply separately to the
launch and reentry phases of an RLV mission. Because of differences in organizational
responsibilities, the RC recognizes that the FAA’s definition for the end of the launch phase and
beginning of the reentry phase for an RLV mission may be different from the launch range;
however, the following review of a current federal regulation shows that they have used decision
points to divide RLV flights into distinct phases, which is consistent with the RC’s guidelines.

The Federal Register states that, for an orbital RLV launch, but not the mission, “flight
ends after deployment of a payload for an RLV having payload deployment as a mission
objective.” However, the Register states that, “for other orbital RLVs, flight ends upon
completion of the first sustained, steady-state orbit of an RLV at its intended location.”?
Statutory mandates have strongly influenced the FAA’s decision to make a regulatory distinction
between the end of the flight of an ELV and RLV. Using the end of flight definition for an ELV?*
was not considered appropriate for an RLV because doing so would suggest that launch
continues through vehicle reentry and landing. This would have been illogical in light of
direction from Congress that reentry of an RLV is subject to, and in fact requires, a separate

2 See DoDI 3100.12 paragraph 6.4.1

%7 68 Fed. Reg. 59676 (16 October 2003).

2814 CFR 401.5: “For purposes of an ELV launch, flight ends after the licensee’s last exercise of control over its
launch vehicle.”
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reentry license by the FAA. Instead, the FAA proposed to use payload deployment as the point to
end the flight of an RLV, and thus end the launch phase of an RLV mission. Therefore, the
current FAA regulations hold that reentry? commences upon initiation of operations necessary to
assure reentry readiness and safety, that are uniquely associated with reentry, and that are critical
to ensuring public health and safety and the safety of property during reentry.

For SpaceShipOne, the FAA determined that the end of flight (i.e., the ending point for
an RLV risk estimate) corresponded to the point of the last motion of the launch vehicle. This
was because the FAA determined that SpaceShipOne no longer posed any hazards after landing.
The FAA found that ending the risk assessment for SpaceShipOne at any earlier point (such as an
altitude of 60,000 feet when it resumed gliding flight) was not appropriate. At any earlier point,
SpaceShipOne was still flying, and it had been exposed to unique space launch environments
(i.e., accelerations, reentry loading, and thermal heating of vehicle). The fact that it may have
resumed gliding flight does not necessarily mean that it has returned to a flight-proven (i.e.,
inherently safe) glider configuration.

4.2.6 Separate Risk Budgets for Multiple Launches

This subsection provides guidelines for circumstances where the per-mission risk criteria
specified in Chapter 3 of the standard may be applied separately to multiple flights. In all cases,
the risk acceptance decision maker for the lead range (e.g., the range commander) should be
presented with the best estimate of the total risk that accounts for all aspects of an activity the
range is involved with, including multiple flights from different locations. The risk acceptance
decision maker should also be presented with the best estimate of the risks due to each flight. In
all cases, the mission rules should clearly define the conditions necessary for each launch to
proceed in the most comprehensive manner possible.

The per-mission risk criteria specified in Chapter 3 of the standard should be compared to
the total risk posed by multiple flights (i.e., the aggregated risk from all flights) unless there is a
decision point between each flight where the following separate flight phase test is satisfied:

a. The initiation of each flight has sufficient controllability to allow operational options that
could reduce the risk posed by a flight significantly; AND

b. The decisions as to whether or how to initiate a subsequent flight is based on a risk
assessment that is conducted or validated just prior to each flight; AND

c. The risk assessment for each subsequent flight is made or validated using updated vehicle
status and updated predictions of flight conditions; AND

d. The decision to initiate any subsequent flight is made with the knowledge that there is no
current risk from the previous flight(s); OR

e. The P+, and other critical input data, for the risk estimate of the subsequent flight
accounts for the failure of the previous flight(s).

2 In plain language, reentry is defined as the event occurring when a spacecraft or other object comes back into the
sensible atmosphere after going to higher altitudes, or the actions involved in this event. A regulatory definition is
given in 14 CFR 401.5 and cited below.
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NOTE The separate flight phase test is passed if the first four conditions
are passed, or if the first three and the fifth condition are passed,
not all five conditions need to be satisfied.

The Short-Term Interval Launch (STIL) operations conducted from Vandenberg Air
Force Base (VAFB) illustrate how the separate flight phase test should be evaluated. The STIL
range activity involves two Minuteman 11 vehicles launched within about two hours of each
other. Each vehicle is launched from a separate facility on the northern part of VAFB, and is
targeted for the same general area. Complete risk analyses are done for both vehicles prior to the
first launch using the latest vehicle status and predicted flight conditions. The risk estimates for
the second launch are updated after the first launch using the latest vehicle status and predicted
flight conditions. The per-mission risk criteria specified in Chapter 3 of the standard should be
compared to the total risk posed by each STIL launch because four of the above five decision
conditions are satisfied. Both launches are independently initiated: the second launch could be
held if the first launch fails. Holding the second launch is an operational option that could reduce
the risk posed by a flight significantly. Therefore, the first condition is met. The decision to
initiate the second flight is based on a risk assessment that is conducted or validated just prior to
each flight, so the second condition is met. The risk assessment for the second flight is made or
validated using updated vehicle status and updated predictions of flight conditions, so the third
condition is met. The decision to initiate the second flight is made with the knowledge that there
is no current risk from the previous flight, so the fourth condition is met. If the first launch was a
failure, the risk assessment for the second flight would account for failure of the first (in terms of
Prail, etc.), so the fifth condition is also met. As a secondary consideration, if the subsequent
launch would result in distinctly different population groups being hazarded, then there is
additional justification to apply the per-mission risk criteria specified in Chapter 3 of the
standard independently to the subsequent launch.

White Sands Missile Range does “ripple fire” tests where two missiles are in thrust-
controlled flight at the same time, under a single risk budget; however, if thrust and substantial
control are complete for a flight (such that the IIP cannot change significantly), any subsequent
missile launch gets a separate risk budget because the outcome of the first launch is known from
a safety perspective. These “shoot look shoot” and “ripple fire” approaches to risk management
are consistent with these guidelines.

A typical “salvo” mission where two vehicles are launched from the same range nearly
simultaneously would not satisfy the separate flight phase test. A typical salvo mission does not
allow separate decisions between launches that would reduce the total risk from the mission.
Also, risks cannot be re-evaluated using updated conditions between launches for a typical salvo
mission. Therefore, the total risk from all launches involved in a typical salvo mission should be
compared to the per-mission criteria specified in Chapter 3 of the standard.

4.2.7 Levels of Rigor

Risk to the public is a function of both (1) how likely an accident is; and (2) the severity
of the consequences of an accident if one were to occur. Different approaches are required for
events that are highly likely but not dangerous, likely and dangerous, or unlikely and dangerous.

Figure 4-2 shows a generalized risk matrix. If an event (e.g., vehicle failure) could result
in a high level of danger to the public, there needs to be more safeguards against it occurring to
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lower the probability that it will occur (orange box — lower left). Conversely, if a given event is
likely to occur, there need to be safeguards against it being dangerous (orange box — upper right).
Events that are likely to occur and likely to be dangerous if they do occur should be avoided
entirely (red box — upper left). Ideally, vehicle failures should be unlikely to cause harm and
unlikely to happen at all (green box — lower right).

High
probability,

high
consequence

Figure 4-2.  Generalized Risk Matrix

Based on the failure probability and consequences, some missions will be judged
acceptable and some will be unacceptable due to excessive risk of failure and/or consequences.
Figure 4-3 notionally shows how increasing the Pr,ii and/or the consequence of failure leads to
unacceptable missions (red, upper left).

<Increasing Consequence of Failure
_— %= 100%

Alljigeqoud ainjre4 buisealdu] >

Figure 4-3.  Acceptable Risk Limit as a Function of Failure Probability and Consequence

Some examples of high- and low-consequence events are the following.

e Low consequence: Failure of a vehicle for which the kinematic range is limited to an area
cleared of people.
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o Test flights on closed ranges
o Launches isolated in broad ocean areas

e High consequence: Failure of a large or high-fuel-load vehicle flying over a densely
populated area.

o Large commercial aircraft
o Returning space shuttle

Examples of events with high and low P, include:

e Low Prii: Well-tested vehicle with very large history, such as commercial aircraft
e High Prii: First-time launch of a new vehicle or a vehicle with many past failures, such as
new ELVs developed and launched by inexperienced operators.

4.2.7.1 Uncertainty

Every estimation of accident probability or the consequences of an accident comes with
an associated level of uncertainty in the value of that estimate. This value is seldom explicitly
stated but is often (though not always) included in the answer by modeling unknown effects as
conservatively as possible. The uncertainty is a function of the method used for the risk analysis.
Lowering the uncertainty in an analysis is typically associated with an increase in effort.
Understanding the uncertainty is important because there needs to be confidence that the risk
assessment is accurately predicting when the risk will be lower than the acceptable limit.

Missions with risk that is well below the acceptable limit can use more approximate
methods to show their compliance with risk levels, since the uncertainty in the answer is unlikely
to affect whether the mission is in compliance with the accepted risk levels. For example, if an
event is very unlikely to cause harm, it is not as critical to understand exactly how likely the
event is to occur. This is illustrated in Figure 4-4, where the mission with the smaller risk
(purple) is allowed to have a larger risk uncertainty (purple circle) than the mission with the
larger risk (green).

<Increasing Consequence of Failure
= 100%

r S

Allj1qeqoud ainjieq buiseasdu| >

Figure 4-4. Results Closer to the Acceptable Risk Limit Should Have Smaller Uncertainty
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If a mission is near the allowed limit of risk, it is important that the risk be well
understood. Here, the fidelity of the answer is critical in assuring that the risk is within allowed
limits. In Figure 4-5, both nominal results (dots) are below the acceptable risk limit; however, the
analysis represented by the orange dot has a large associated uncertainty (orange circle)
indicating that the true value of the risk may lie above the acceptable risk limit. Although the
orange analysis has a lower nominal value than the green analysis, the lower uncertainty
associated with the green analysis (green circle) makes it acceptable, while the orange analysis is
unacceptable.

€Increasing Consequence of Failure
7 100%

r

Al1geqold ainjie4 buisealdu] >

Figure 4-5. Lower Mean Risk Estimates do not Always Improve Acceptability

In most cases, the uncertainty can generally be reduced by improving the analysis
methods. Better models of the vehicle reliability or of the at-risk populations can improve
confidence in the predicted outcomes.

4.2.7.2 Level of Rigor

More rigorous analyses take more resources but should result in greater confidence in the
results. If a low-fidelity analysis shows a sufficiently low risk, a higher-fidelity analysis is not
required; however, if the lower fidelity analysis shows a risk close to (or above) the allowable
risk, a more rigorous analysis should be performed to ensure the allowable risk will not be
exceeded. If the risk is above the allowable risk limit, a higher-fidelity analysis should help
identify potential additional mitigations.

The LOR applies to not just the risk analysis, but the whole safety analysis. For example,
a better system safety process provides more confidence that the previous flight history is an
accurate representation of the future reliability of the vehicle. Additional fault tolerance of a
safety-critical system helps to ensure confidence that mechanisms are in place to reduce the
likelihood of consequences in highly populated areas. Better population data provides more
confidence in consequence analyses.

Simple, low-effort approaches can be used to get an initial estimate of the total Pr.ii and
maximum consequence. It is possible to then get an initial estimate of the required LOR for the
analysis using these estimates for failure probability and failure consequence.
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4.2.7.3 Assessing the Required Level of Rigor

What is needed is a simple, practical framework to assess the initial LOR required for an
analysis and a method to adjust the LOR as the analysis proceeds. The initial estimate of the
needed rigor of the safety analysis should be based on mission parameters that are available
without first requiring a high-fidelity analysis. Simple, low-effort approaches can be used to get
an initial estimate of the total Prii and maximum consequence. It is possible to then get an initial
estimate of the required LOR for the analysis using the estimates for failure probability and
failure consequence.

Much of the required information for a LOR assessment will be a natural result of a
preliminary safety assessment. It is relatively easy to get first-order estimates of maximum
casualty area and total mission failure probability.

It is more difficult to assess impact probability as a function of locations; population
density at specific locations; and allocation of Pxi.

Figure 4-6 shows the general process to be used to determine the LOR for the flight
safety processes. Readily available data will be used to obtain an initial estimate of the LOR.
This can be used to evaluate the system safety program and perform the FSA, or refinements can
be made to the mission or analysis until the LOR is acceptable to the operator.

Vehicle, Environment,
Exposure Data

Determine Required
Level of Rigor

Acceptable to
Operator?

Evaluate System
Safety Program

Perform appropriate
Flight Safety Analysis

Add and Refine Separate
account for FSS consequence analysis by
method phase/mode

Add/refine data

Figure 4-6.  General Process to Determine the Required Level of Rigor

4.2.7.4 Integer Level of Rigor Method
The first approach considered to estimate the LOR assigns integer scores to the various
aspects of risk.* This approach does not compute a true conditional risk, but only a very rough

30 The importance of failure probability and consequence are essentially logarithmic, so it can be represented by an
integer scale that changes by one for each order of magnitude change in the actual value (e.g., the metric for failure
probability has a difference of two between a reliability of 99% compared to 99.99%). A simple model for
consequence is the maximum consequence area multiplied by the maximum credible population density. Since
logarithms are additive instead of multiplicative, a consequence metric can be given as log(consequence area) +
log(population density).
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approximation. The objective is to determine the credible upper bounds of the consequence and
probability, which are then used to determine the LOR required.

Define the LOR required, L, as:
L=Ci+Co—R1—A (4-3)

where the contributions to consequence are C; (casualty area) and C> (population density), the
vehicle reliability is R1, and the acceptable risk is A. If the consequence (C; or Cy) increases, then
the required LOR increases. If the Pri is lower (R; becomes larger), then the required level or
rigor decreases. If the acceptable risk is higher (larger A) then the required LOR is lower. This
does not yet consider the flight safety system (FSS), which will be discussed later.

e Consequence variables
o Casualty area: C;=logio(Maximum casualty area, in square feet) — round up to integer

o Population density within the maximum physical extent of the vehicle: C,=range 0 to
6, where 0 is evacuated and 6 represents a major metropolitan area (see Table 4-2).

e Reliability of failure probability factor: R;=—log1o(Ps.ii of vehicle), based on
demonstrated history — round down to integer.

Pi<1 -2 R:1=0

P:<0.1 -> Ri=1
Ps<0.01 - R1=2 etc.

e Acceptable risk. A is the limit for acceptable risk, (value discussed below), where larger
values of A indicate higher allowable risk.

Table 4-2.  Relationship between Category of
Occupancy and “Log (Population Density)”

1 Categories
Major metropolitan area
Small City
Suburban or Small Towns
Rural

Scattered Mountain or Desert Occupancies
Notice to keep out only
Notice to keep out and either access controlled or surveillance

ol |viw|s|o|a|O

These integer assignments are conservative values, designed to be a reasonable upper
limit (thus the reason that items are rounded in a specific direction). For this approach, the
impact probability distribution is not required; the maximum casualty area is applied to the area
of maximum population density.

The first part of the consequence analysis is population density, C1 = logio “(Maximum
Population Density)”. This term should be interpreted as a category rather than a directly
measurable quantity, particularly for an initial assessment of the required LOR. The label “log
(Maximum Population Density)” is placed in quotes to indicate that this is NOT literally the
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logarithm of the population density but a notional representation of the maximum population
density in the region overflown on a logarithmic scale. Example values of Cy are shown in Table
4-2. The categories listed were developed to reflect easily identifiable population characteristics.

The upper portion of the table includes categories that will be most relevant for most
evaluations of full-ascent or reentry missions. The lower portion of the table contains categories
that are useful in the context of decomposing a mission into segments, each of which may be
treated at a different LOR.

The second part of the conditional consequence analysis is the casualty area term, Co.
This term is defined as C> = logio (maximum basic casualty area). Figure 4-7 depicts trends in
basic casualty areas from manufacturers of ELVs and evolved ELVs resulting from a launch
accident as well as estimates of basic casualty areas for a handful of reentries. The basic casualty
accounts for all hazardous debris resulting from vehicle breakup. The figure also shows the
estimated basic casualty area for the debris gathered from the Columbia reentry breakup. This
figure may be used as a basis for a preliminary estimate for the term C,. Estimates should err on
the high side to provide conservative results.

200,000 ! T
l‘ Basic casualty area for
Columbia gathered debns
180,000
0
160,000
Basic casually area is developed by adding one -
foot to the equivalent radius of the fragment, Data points with open boxes represent reentry
assuming the fragment to be circular. Fragments debris breakup analyses including demise
140,000 49— having impact kinetic energies insufficient 1o Note that none of these analyses predict .hi
3 cause a casualty at the AlS 3 level were removed casualty areas expenienced with the actual Space
i Shuttle Columbia debris
o
% 120,000 +—
; (]
]
Blue and red dots represent
E 100,000 §— gebis lists that hve been
2 submitted by license applicants
§ or other launch vehicle =t
o 80,000 43— manufacturers for non- —z
g commercial launches Hoi
i /‘\ N
60,000 - L —]
S The upper dashed line is typical of basic casualty areas
S for debris lists developed from "parts lists.” The lower
S line is for debns lists developed with larger pieces. The
40,000 —- {3} two represent extremes. An acceptable debris list wall E
e O o Es fall somewhere in between these lines
.o ¥
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-~ @ -
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Weight of inert debnis - Ib
Figure 4-7.  Trends in the Relationships between Basic Casualty Area and Dry Weight of a
Vehicle
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The value for acceptable risk, A, should be set at 2 (or lower). This value is comparable to
acceptable risks for existing commercial and general aviation, experimental aircraft, and active
(non-testing) UAVS.3

Launch operations cannot currently achieve a value of A <2 without an FSS, as the LOR
required would be higher than the maximum value possible. The FSS, however, can be included
by separating the analysis into two parts: inside the operating areas (OPAREAS) and outside the
OPAREA:s. This is addressed by adding two more variables.

e Population density within the operating area, Cz, which has the same 0 to 6 range as Co.
For launch operations, the operating area is considered the area inside the fight safety
limit boundaries.

e Reliability of the FSS, R2 = —log1o (Prail Of the FSS to contain debris to the operating
area), which is the same as the “number of nines” in the FSS reliability, i.e. for 99.99%
reliability, Ro=4.

Now separate Equation (4-3) into two parts. Considering the risk inside the operating
area, the population is now different, so C; replaces C,, as

Lin = Cl + C3 - A - R1 (4‘4)

For the area outside the operating area, the addition of the FSS adds another term to the
equation, as

Lout = Cl + Cz - A - Rl - R2 (4'5)

31 To justify this, rearrange Equation (4-3) to solve for the accepted risk as follows:
A=C1+C2_R1_L
Now, assign values for the variables using four types of example aircraft.

e A commercial transport aircraft has a large casualty area (up to approximately one million ft?), can fly over cities, and
has a demonstrated reliability of better than 1 failure per million missions. The system safety program is very high
(level 5) and there is high redundancy of all safety-critical systems, so we will assign a level of rigor of 5.

e  For general aviation (including business jets), the casualty area is smaller, likely up to around 10,000 ft, can fly over
cities, and the demonstrated reliability is better than one failure per 100,000 operations. The system safety program is
quite high, although the lack of redundancy in safety-critical systems is not as high as for commercial transport aircraft,
so we will assign a level of rigor of 4.

e  For experimental aircraft, the casualty area is also likely up to 10,000 ft2, but they are not allowed to fly in densely
populated areas, and the reliability is less than one failure in 1000 operations. The analysis rigor can be quite low, with
little oversight of the design and build process, so we will assign a level of rigor of 2.

e Active (non-testing) UAVs typically have a casualty area less than 100 ft?, are allowed to operate in cities, and have a
probability of failure on the order of 1 per 10,000 operations. The level of rigor is fairly low (production is fairly high,
but training of operators is quite low), so we will assign an analysis rigor of 2.

These values are summarized in the table below; the effective risk acceptance level is consistently a value of 1 or 2. As might be
expected, the accepted risk is somewhat lower for commercial aircraft and general aviation, which have passengers on board as
well. Based on this analysis, the recommended value for the acceptable level of risk, A, is 2.

Level of Rigor and Acceptable Risk for Aircraft
Commermal Ge_ne_ral Exp(_erlmental Active UAV
aircraft Aviation aircraft

C1, Maximum casualty area 6 4 4 2
C2, Maximum population

density 6 6 3 6
R1, Reliability 6 5 3 4
L1, Level of rigor 5 4 2 2
A, Effective risk acceptance 1 1 2 2
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For example, apply this to some common launch operations, with the calculation

summarized in Table 4-3.

Table 4-3.  Example Level of Rigor Determination for
Example Launches
Orbital Experimental | Sounding
Launch Vehicle rocket
C;, Maximum casualty area 6 4 4
C,, Maximum population density 6 5 3
C5, Population inside OA - 2 -
R;, Vehicle reliability 1 1 2
R,, FSS reliability - 1 -
A, Acceptable Risk 2 2 2
Loye, Rigor required outside OA 9 5 3
Lin, Rigor required inside OA - 3 -

Orbital Launch Vehicle. For a typical orbital launch vehicle, the maximum casualty area
might be approximately one million square feet, so C1=6. The population within the
maximum physical extent could include a metropolitan area (i.e., cities during
overflight), in which case C>=6. During overflight, there is no FSS, so there is no
operating area. Current typical vehicles have between 1% and 10% Prail, SO they have a
reliability score of 1. Assuming an acceptable risk value of A=2, this leads to an
impossibly high LOR, 9, discussed following these bullets.

Experimental Vehicle. Consider an experimental vehicle with a much smaller maximum
casualty area, perhaps about 10,000 ft?, so C1=4. Assume the population within the
maximum extent includes a midsize city, which would have a C; score of 5, and the
population inside the operating area includes a few very small towns, resulting in a score
of C3=2 (however, a large crowd of spectators would increase this). The reliability might
reasonably be between 1% and 10%, so R is 1. The FSS on this example vehicle has not
been previously demonstrated, so a maximum score of R;=1. With an acceptable risk
value of A=2, the LOR inside the operating area is L=3, but outside the operating area is
L=5.

Sounding Rocket. For a large sounding rocket, the casualty area is again in the
neighborhood of 10,000 ft?, so C1=4. In an isolated setting, the population density within
the range of the vehicle is relatively low, perhaps a few small towns, so it could be
assigned C»=3. The sounding rocket has no FSS. With an acceptable risk value of A=2,
this results in a required LOR of L=3.

By this simple approach, it is impossible to reach required LOR for the orbital launch. So

as a first step, the analysis would be separated into the phase where there is an FSS, and the
phase without it. For the experimental vehicle, increasing the reliability of the FSS is the most
obvious approach, but another alternative would be to move testing to a location where there are
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no significant population centers within range, since the LOR is driven by the potential impact
the midsized cities nearby.

This approach can also be used to separate flight into phases or failure modes. For
example, consider the orbital launch, and separate the flight into that before the orbital gate
(when there is an FSS) and after the orbital gate (where there is no FSS). The population inside
the operating area and/or the flight safety limit boundaries is small, but not completely evacuated
for a typical launch, so assign Cz=2. The FSS is certified to RCC 319% or equivalent, which is
assigned a reliability of 99.99% or a score of 4. When considering only downrange overflight,
the casualty area is much smaller (moving from a 6 to a 4). Additionally, the reliability is
increased; typically, overflight is less than 5% of the time of the overall mission, and thus the
likelihood of a failure during overflight is much smaller. Beginning with a 2% Prail, the Psil for
overflight is 0.1% (i.e., a score of 3). With an acceptable risk value of A=1, the LOR both inside
and outside the operating area is 6 - still one level higher than the maximum on the scale, but
much closer. This means that a determination with a more sophisticated approach is necessary.
Table 4-4 summarizes the values of the parameters in the LOR calculation just described and the
computed LOR by phase of flight and, for pre-orbital gate, by region. Note that to keep the total
allowable acceptable risk to a level of 2, each phase is allowed a value of 1.)

Table 4-4.  Level of Rigor Determination for Orbital
Launch by Phase
Pre-orbital gate Overflight
C;, Maximum casualty area 6 4
C,, Maximum population density 6 6
C;, Population inside OA 2 -
R4, Vehicle reliability 1 3
R,, FSS reliability 4 -
A, Acceptable Risk 1 1
L,.:, Rigor required outside OA 6 6
L, Rigor required inside OA 6 -

4.2.7.5 Lower Fidelity Risk Evaluations to Assess Required LOR

Figure 4-8 shows the margin for compliance resulting from the gap between the
acceptable risk limits and the estimated risk level and its associated uncertainty. The figure
illustrates the roles of conditional consequences, vehicle reliability (safety system reliability),
and uncertainties in the quantities in determining the required LOR for a proposed mission.
Consequences in the figure are characterized by two terms: the maximum casualty area of the
vehicle, C1; and the population density, C,, within the maximum physical range of the vehicle.
Reliability is characterized by the demonstrated reliability of the vehicle, R1, and when an FSS is
employed the reliability of the FSS, Ra.

32 Range Commanders Council. Flight Termination Systems Commonality Standard. RCC 319-19. June 2019. May
be superseded by update. Retrieved 17 October 2023. Available at https://www.trmc.osd.mil/wiki/x/AYy8Bg.
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Conditional Consequence =C; + G,

Uncertainty = f(Flight Safety Analysis LOR)
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Figure 4-8.  Assessing the Required Level of Rigor

The dot at the center of the diagram indicates the point estimate of the reliability and the
conditional consequences of a failure (for the purpose of this figure, biases in estimates are
ignored®). Uncertainties in conditional risk are depicted simplistically as being uncorrelated,;
hence the resulting rectangular uncertainty region. The acceptable risk limit is depicted as the
dashed line. Thus, in the diagram, a mission with acceptable risk will have the entire rectangle
below the acceptable risk boundary. Both conditional consequences and reliability are expressed
in logarithmic units. Assessing the required LOR (fidelity) requires an operator to develop an
initial estimate of the risk level and its associated uncertainty.

There are many factors that will influence the level of risk that will be posed by a given
mission. These include the characteristics of the launch or reentry vehicle, the potential hazards
that the vehicle poses to people and property, the design of the mission trajectory, the
geographical region within which the mission will be conducted, and the meteorological
conditions in the launch area. A range user will need to assess all of these factors to determine
the feasibility of meeting acceptable risk criteria. The following is a list of key factors (risk

33 Ignoring biases is an unrealistic assumption, made here for simplicity. This assumption will be reconsidered
subsequently.
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drivers) that will affect the level of debris risk for a mission. Since at this point the objective is to
qualitatively assess how close the risk is to the tolerable levels, the list of risk drivers should be
used as a tool to assess what population centers or segments of the planned trajectory will be the
largest contributors to the risk.

a. The following are characteristics of the launch or reentry vehicle that determine the types
of hazardous debris (potentially including an intact vehicle or vehicle stages) and the
casualty area that can result from a failure.

(1) The size and weight of the vehicle affects the amount of debris that can be
generated.

(2) The types of stages (liquid or solid propellant) and their propellants determine the
potential for explosive debris and for in-flight explosions causing breakup with
velocities imparted to fragments.

(3) The structural capacities of the vehicle will determine whether the vehicle, or its
stages, will stay intact to impact or break up during free fall (due to aerodynamic
and inertial loads).

b. The geographical region in which the mission is to be conducted will determine the
potential exposure of people and property to the launch hazards.

(1) The locations of public populated areas in the launch area often lead to high risks or
significant limits on the launch profile; this includes industrial areas and housing
areas on a federal range or near a launch site. Overflight or near overflight of
regions of high population density can likewise lead to high risks or limits on the
launch profile.

(2) The types of buildings that house people (shelter categories) will significantly affect
the consequences of impacting debris; often people inside of a structure are at
greater risk from debris and explosions than those that are outside.

(3) The locations of other launch facilities or high-value structures can impose strict
limits on flight profiles and potentially add significantly to the risk; these may
include structures that contain hazardous materials.

c. The design of the mission trajectory will significantly affect the areas that are hazarded
and the potential spread of the debris from an accident.

(1) Steep-ascent trajectory profiles lead to longer flight time intervals during which
debris from a malfunctioning vehicle can hazard the launch area.

(2) Slow vehicle ascent also results in longer flight time intervals during which debris
hazards can threaten the launch area.

(3) The velocity and altitude of the vehicle as it moves downrange strongly affects the
size of the region that can be hazarded by a debris-generating event.

(4) The uncertainties in the trajectory position and velocity due to vehicle guidance and
performance variations have a strong influence on the size of the region that can be
hazarded by a debris-generating event.
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d. The meteorological conditions in the launch area are a key factor in the potential spread
of the debris from an accident.

(1) Prevailing wind conditions can carry debris towards populated areas.

(2) The likelihood of high wind magnitudes can lead to high risk for surrounding
populations or result in significant constraints on when a launch can occur.

Given the point estimate of the risk, some quantification of the uncertainty in the risk
estimate is needed to assess the required LOR. Unfortunately, limited information is available to
assist in this determination.

It is useful to understand what typical uncertainties in risk estimates are. Table 4-5
postulates uncertainty bounds for mission Ec for five different LORs. Actual values have not
been established; however, it is generally, although not universally, accepted that a high-fidelity
analysis produces risk estimates that are good to within £ a half order of magnitude. Each lower-
fidelity analysis is asserted to be one half order of magnitude more uncertain than the adjacent
higher-fidelity method.

Table 4-5.  Uncertainty Bounds in Ec for Different Levels of Rigor
LOR Level | Uncertainty in Risk Estimate Lower Bound! | Upper Bound?
Low Fidelity 1 + 2.5 orders of magnitude 3E-7 3E-2

2 + two orders of magnitude 1E-6 1E-2
I\/_Iedl_um 3 * 1.5 orders of magnitude 3E-6 3E-3
Fidelity

4 + one order of magnitude 1E-5 1E-3
High Fidelity 5 + 0.5 order of magnitude 3E-5 3E-4
'Upper and lower bounds to “true” risks when calculate risk is 1 x 10

Uncertainty bounds for computed risks for each LOR have been computed and listed in
Table 4-6 based on the assumption that the uncertainties in Table 4-5 are valid. Thus, for
example, if the preliminary calculation provides an estimated mission collective risk of 1E—6,
this table would suggest that a Level 4 FSA would be required.

Table 4-6. Inferred Allowable Calculated Risk
. Tolerable Computed Ec
Allowable Calculated Risk (Based on . -
LOR Level Table 4-5) to Ensure Ec is A(\cceptable1 Ease_d_onzslngle-Dlglt
recision

Low Fidelity 1 3E-7 5E-7
2 1E-6 1.5E-6
Medium Fidelity 3 3E-6 5E—6
4 1E-5 1.5E-5
High Fidelity 5 3E-5 5E-5

Tolerable risk limit of 100E-6
Tolerable risk limit of 150E—6 (FAA Regulations Ec should be treated as containing one significant figure)
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The uncertainty in risk estimates is a combination of the uncertainty in reliability (failure
probability) and the uncertainty in FSA consequence assessment. The uncertainty in FSA
consequence assessment is, in turn, composed of the uncertainty induced by the models used in
the FSA and the uncertainty in the data items used in the analysis. When determining the
uncertainty bounds on consequence assessment both of these sources must be addressed.

The tolerable values for collective risk tabulated in Table 4-6 as derived from the
uncertainty bounds in Table 4-5 should be taken as notional. The lower-fidelity methods are
designed to include a conservative bias. To use the method in this section a range user should
verify if the tabulated uncertainty bounds apply to their mission, assess the level of bias in any
lower-fidelity method considered, and develop an upper bound to their risk estimate based on
those factors.

There are four fundamental strategies to shifting an unacceptable value from the risk
assessment to an acceptable value.

a. Reduce the conditional consequences; no other changes.

b. Reduce the uncertainty in the calculated conditional consequences; no other changes.
c. Increase the reliability; no other changes.

d. Decrease the reliability uncertainty; no other changes.

Obviously, favorable combinations of these strategies will also move toward an
acceptable result. Table 4-7 provides an overview of the factors contributing to risk in an FSA.
Inspection of this table shows some of the challenges in performing an analysis with uncertainty
bounds no greater than shown for a Level 5 analysis. Once an analysis process is adopted, the
uncertainty induced by the models tends to remain stable. The uncertainty in launch vehicle-
related parameters tends to be highest for the first several flights and decrease with maturity of
the vehicle. As a consequence of these data-driven uncertainties the uncertainty bounds listed
above for a high-fidelity analysis are NOT likely to be achievable for the first several flights of a
vehicle unless the planned mission is inherently very low risk.

Table 4-7.  Uncertainty Sources in Flight Safety Analysis

Uncertainty Source Parameters Effect on Ec Uncertainty
Overall vehicle failure Dominant for new vehicles, less so as vehicle
probability matures

Failure probability Allocation of Prai versus Can have big effect on Ec; particularly
time and vehicle response | allocation to malfunction turns

mode
Number of fragments Normally, biggest effect is allocation between
Breakup list Allocation between inert inert and explosive fragments

and explosive fragments
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Debris dispersion

Demise

Winds
Ballistic coefficients

Imparted velocity

Vehicle performance
Vehicle guidance

Malfunction maneuvers

Mission rules
Form of impact probability
distribution

Most important for reentry; neglecting this can
overstate risk

Can have large effects on individual receptors
Typically, small. May be large for particular
receptors

Can be significant. Magnitude and direction
important

Usually small effect in downrange direction

If flying the “nominal trajectory”, this cross-
range effect typically is small unless near
particular population centers. May be very
significant when flying a trajectory significantly
different from nominal

Large effect on risk from both selection of
malfunctions and models

Variable, situation and rule specific

Can be large; effect on protected area
boundaries not well understood

Human vulnerability to
inert debris

Casualty areas from inert
debris

Age, posture, size, robustness can have
significant impact; magnitude depends on mix
at population centers

Greatest uncertainties associated with fragments
that can roll or bounce

Vulnerability Human vulnerability to Moderate uncertainty, may be high based on
blast waves definition of injury associated with casualty
Human (and structural) Moderate effect when considered over large
vulnerability to sheltered number of typical structures; significant when
people from inert debris dominated by a few specialized structures

Exposure Exposed population Effect proportional to uncertainty in

populations

With a sufficiently large number of flights, the flight history is deemed the best indicator
of the vehicle reliability or, equivalently, the failure probability. The flight history may be used
to estimate the statistical uncertainty in the failure probability estimate.

This assumes that the operator and manufacturer continue to implement a system safety
program that ensures the long flight history is predictive of the future of the program. While it is
not uncommon for an established program to pass from a company’s subject matter experts to
less-experienced personnel, a well-designed, properly managed system safety program provides
procedures and knowledge transfer that allows high reliability levels to be maintained. A high
LOR in system safety will ensure that the dimensions of the uncertainty box may be assessed
using the point estimate of the failure probability and a standard confidence interval calculator.
Lower LORs will require increasing the uncertainty in the failure probability to account for
possible degradation of processes and consequential degradation of vehicle reliability.

A new vehicle provides additional challenges. With a new launch vehicle, historical data
supports the assertion that experienced developers may be expected to have lower expected Prail
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on the first two launches than new developers. Based on a limited data sample, experienced
developers have an expected failure probability of approximately one-third of that of new
developers. On an absolute basis there are significant uncertainties in these failure probabilities
as a result of the relatively small sample sizes. The 90% confidence bounds for experienced
developers are on the order of £50%; the bounds for new developers span a range of
approximately 30%.

It is generally believed that use of proven designs; high-reliability components that are
tested at the component, subsystem, and system level; and avoided complexity lead to more-
reliable vehicles. Paradoxically, one of the design approaches used to achieve reliability
generates complexity by employing redundancy at the subsystem and system level to rule out the
possibility of single-point failures causing a flight safety failure. Redundancy also provides
reduced uncertainty in the achievable reliability. Other design-based approaches should also be
considered for enhancing reliability and reducing the uncertainty in reliability characterization.

As mentioned earlier, system safety plays a key role in ensuring that design reliability is
achieved operationally. The current state of the art is limited in quantifying that result. Research
is currently in progress to develop methodologies to rate system safety programs. A possible by-
product of this research is the ability to begin to quantify their impact on uncertainty in
achievable reliability.

4.2.7.6 Partitioning Analyses

Once the minimum LOR is determined, it can be used for the entire analysis. If a high
LOR is required, in some cases it might be advantageous to break the analysis into parts to
determine whether for some portions of the analysis, a lower LOR would be sufficient. The
analysis can be separated into sub-sections to make it easier to determine where to focus efforts
of decreasing risk or risk uncertainty.

There are at least three methods to split up an analysis (any or all of these can be done):

a. separate by failure response mode (e.g., on-trajectory/near on-trajectory vs. guidance
failure);

b. separate by flight phase (e.g., launch area vs. downrange/overflight);

c. separate by physical boundary imposed by FSS (e.g., inside flight safety boundaries vs.
outside)

Risk is divided up amongst portions of the analysis. The acceptable risk level will be
reduced for each portion; otherwise, it would be possible to split any analysis up enough times to
end up with all portions below the initial acceptable risk level, but the total risk from all
segments in excess of the allowable level. Though more sophisticated partitioning is possible, in
general the risk level needs to be divided by the number of partitions. For example, if the
analysis is broken into two response modes, the allowed risk limit for each portion is reduced by
a factor of two.

4.2.7.7 Separate Analysis by Failure Response Mode

Depending on the type of failure, a vehicle can respond in different ways. For example, a
failure that causes loss of thrust would probably lead to the vehicle falling in an unpowered
ballistic trajectory, while a guidance failure could cause the vehicle to veer off in an unexpected
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direction under full power. A loss of control failure could cause the vehicle to change course and
exceed structural limits.

Figure 4-9 shows how this can impact the required LOR. Assume the original analysis
(green) has a high LOR. The loss-of-thrust case alone might have a similar failure probability,
but a lower consequence of failure than the combined results (pink/dotted) lowers the required
LOR. The guidance failures would have the maximum consequences but be significantly less
likely (orange/dashed), again lowering the LOR.
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Figure 4-9.  Effect of Splitting Analysis into Parts (Notional)

Some other examples: For a vehicle launched over the ocean, there might be very little
expected population directly under the flight path, thus requiring only a low-fidelity analysis for
on-trajectory failures. Conversely, if the probability of an on-trajectory failure is significant, but
off-trajectory failures are rare, it might be the on-trajectory analysis that requires higher fidelity,
while a lower-fidelity analysis will suffice for the off-trajectory failures.

4.2.7.8 Separate Analysis by Flight Phase

A vehicle might fly over areas of widely differing population density. During a phase
where the population density is low (e.g., over an ocean) the lower population density will lower
the consequence of a failure.

One phase of flight could have more flight experience than another part; for example,
using a second-stage motor that has been extensively flown on top of a brand-new first-stage
motor. In this case, the longer flight history can lower the estimate of failure probability, thus
allowing a lower LOR for that portion of the flight.

Innovations mean that new vehicles could have flight phases that are currently
unanticipated. For example, feathered flight, vertical rocket landing, etc., pose unique analysis
challenges that had not been seen before. A given flight phase might require more or less
analysis than average.

4.2.7.9 Separate Analysis by FSS Response

If a failure occurs, the FSS will be implemented to destroy the vehicle or prevent a hazard
outside the operating area. In some cases, the area inside the operating area can be cleared or
mostly cleared of people, thus bringing the possible consequences of a failure to very low levels.
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However, if the FSS itself fails, the vehicle or its debris could potentially land outside the
operating area, an area that is typically not cleared of people, since the vehicle is not expected to
go there. If the area surrounding the operating area is, for example, densely populated, it could
have a high potential consequence in the event of vehicle failure. In this scenario, it is important
to know the probability of the FSS failing. The probability of the vehicle exiting the operating
area depends on the overall P for the vehicle combined with the probability that the FSS will
also fail. To assess this, the reliability of the FSS should be evaluated.

Thus, inside the operating area, the Ps.il is the vehicle’s Pril, which might be high, but the
consequence will typically be low. In Figure 4-10, this would correspond to the pink/dotted
analysis segment.
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Figure 4-10. The Effects of Adding an FSS on Risk

Outside the operating area, the consequence might be much higher than inside, but the
Psail 1S NOW Pruenicie X Press, Which could be considerably lower if the FSS reliability is high. In
Figure 4-10, this would correspond to the yellow/dashed portion of the analysis.

4.2.7.10 Iterative Re-evaluation of the Level of Rigor

After the LOR is initially determined, this LOR is applied to the FSA, system safety
process, and FSSs as described in Section 4.2.8. The results of the subsequent analysis may be
different than those initially used to estimate the LOR. These improved estimates of risk and
consequence should be used to verify that the initial estimate of the LOR is still valid.

If the revised LOR is lower, this lower LOR can be applied to sections of the FSA,
systems safety process, or FSSs that have not yet been performed/ implemented. If the revised
LOR is higher than the initial estimate, the analysis must be adjusted accordingly. This can result
in an iterative process until the results of the safety process at the required LOR confirm that the
LOR is appropriate to the proposed flight operation.
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4.2.8 Defining the Implications of Level of Rigor

4.2.8.1 Flight Safety Analysis
Four products derive from an FSA:

Aircraft hazard areas.
Ship and boat hazard areas.
Ground exclusions areas.

o 0o T @

Casualty expectation assessment.

For the highest LOR (level 5), a high-fidelity FSA, including trajectory analysis, failure
response analysis, breakup analysis, population/sheltering modeling, hazard propagation, and
consequence modeling is necessary. Six-degree-of-freedom modeling should be used to model
failure trajectories (at least to ensure that lower-fidelity models are adequate representations) and
the FSS should be explicitly modeled in the failure response. A vehicle-specific breakup analysis
should be performed for each breakup mode. This process provides explicit calculation of the
risk to aircraft, ships, and people on the ground. The casualty expectation should be updated with
the latest wind forecast and real-time population data for nearby facilities and spectators during
the launch countdown (i.e., within 24 hours). Observation of ships and aircraft that are
potentially hazarded should be performed in real time and launch commit based on computed
risk.

Level 4 FSA uses the same models as Level 5, but in many cases, data can be substituted
from prior work from similar vehicles rather than assessing for the specific vehicle or vehicle
configuration. For example, six-degree-of-freedom failure trajectory simulations would not be
necessary. If the failure modes are common and the validity has been established for similar
previous vehicles, lower-fidelity simulations are acceptable. Debris lists would not have to be
developed specifically for the vehicle but using a maximume-risk list from similar vehicles and
FTSs would be acceptable. Risk-based approaches would be used to determine exclusion and
keep-out areas. With using a more-restrictive risk level and the most vulnerable ships, issuing of
notices would be sufficient to protect ships and aircraft. The outcome of the pre-mission launch
risk analysis would guide the need for real-time population data, although large gatherings of
spectators in the vicinity should always be considered.

Level 3 FSA, also described as medium-fidelity analysis, utilizes limited mission-specific
data and some vehicle characterizations in conjunction with a baseline population model to
provide a quick analysis with a minimal amount of data. Required data types are limited to the
nominal trajectory and a breakup list for the vehicle in question or for a similar vehicle and a
population library with a resolution proportional to the size of the debris dispersions.

Impact probability distributions are highly simplified. In the launch area each
representative ballistic coefficient has an associated bivariate normal impact distribution with the
same variance in each direction. In the downrange area the impact probability distribution is
based on the corridor method* employing a normal cross-range impact probability distribution
and a downrange distribution developed from the vehicle failure probability and the rate of

3 Jerry Haber. “Launch Operations Safety.” In Safety Design for Space Operations. San Diego: Elsevier, 2013. pp.
162-164.
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advance of the fragment IIP rate. Sensitivity studies should be performed for credible ranges of
parameters for the probability distributions; based on these the maximum risks or exclusion area
should be selected.

The method includes the typical vehicle response modes (see Table 4-8). Impact
probability distributions are simplified by only considering the dominant uncertainty sources.

Table 4-8.  Vehicle Response Modes for Level 3 FSA

On-trajectory aerodynamic breakup
On-trajectory explosion

Incorrect azimuth

Loss of thrust

Turn failure

For level 2, the results of previous level 3 or higher analysis could be translated/rotated
from previous similar vehicles/operations without the need for specific analysis. An example of
this is the safety template approach commonly used for common range operations without major
potential consequences. However, if no previous operations were similar, a higher LOR would
be necessary to account for those, at least with the initial operations, until enough experience
could be gained to make templates.

The low LOR corresponds to a very safe operation where there is minimal risk. This
requires high reliability and very small casualty area together with isolation of the hazard from
any people. It is difficult to see how such a small casualty area is possible with a launch or
reentry, though other types of operations may qualify.

It is expected that this LOR means that the hazard is contained to an isolated area. This
minimum LOR would likely only be acceptable if it is possible to clear the entire operating area,
and, if there is an FSS, that the FSS is extremely reliable—and likely with sufficiently low
consequences even if it fails.

Thus, the first three objectives can be obtained by clearing the entire operating area of
people on the ground, of ships and boats, and of aircraft for the duration of the mission until all
potential hazards are known to be contained. This would require identification of whether there
are toxic, fire, or debris/blast hazards and a strategy for identification of when each hazard no
longer exists (e.g., all debris has impacted, or fire has been contained).

4.3  Catastrophic Risk Evaluation

involving multiple casualties or multiple fatalities, for example loss of a bus, ship,
or aircraft. Catastrophic risk assessments are especially useful for pre-flight
analyses intended to evaluate and mitigate potentially catastrophic outcomes. There

NOTV This standard recommends catastrophic risk aversion® to protect against incidents

% In academic literature (see for example, Vrijling, J. and Van Gelder, P. “Societal Risk and the Concept of Risk
Aversion” in Advances in Safety and Reliability, Vol. 1. Oxford: Elsevier, 1997, pp.45-52), the term risk averse is
almost equivalent to the term catastrophe averse. In both cases resistance to accepting multiple casualties grows
non-linearly with the number of potential casualties. The difference between the two is that risk averse is for all N
for N>2 and catastrophe averse is for all N above a higher starting number such as 5 or 10. Catastrophe averse is a
subset of risk averse. The background for the selected criteria is provided in Section 5.5.
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are several approaches to characterize the potential for catastrophic risk when
identifying the need for mitigations. The flight safety community has employed a
conservative screening formula for managing catastrophic risks from transportation
systems. It is rarely applicable to land-based fixed population centers. When the
potential catastrophe is expected to involve serious injuries and no fatalities, the
criterion to be applied is the tolerable mission Ec for casualties. When two or more
fatalities is a potential outcome, screening should be performed using both the
tolerable mission Ec and the tolerable mission Er as the criteria.

If these screening tests cannot be satisfied, the alternatives are to mitigate the risk
or to perform additional analyses in compliance with FAA regulations on high-
consequence event protection or assessing the catastrophic risk using risk profiles.

Another alternative for managing the potential for catastrophic risk is a practice
employed by the ground safety community. That community has identified the
decision maker frequently wants to be briefed on the worst possible consequences.
This corresponds to maximum conditional risk from any single possible failure.

Formula 4-6 has been used for transportation systems and provides a reasonable triage
method to assess Catastrophic risk limits for the GP.

P[>N] x N*° < Criterion (4-6)
where
P[>N] is the cumulative probability of all events capable of causing N or more casualties
or N or more fatalities with the respectively appropriate criteria.
N is number of casualties®® based on the occupant load.
Criterion is the maximum allowable collective risk for the event with various scenarios as

feasible outcomes as defined in Subsection 3.2.1b of the standard.

If the 4-6 formula test fails then additional analysis is needed such as demonstrating
compliance with FAA regulations on high consequence event protection given in 14 CFR
450.101(c) or calculating a risk profile for the populations of concern.

Consider again the hypothetical example presented in Subsection 4.1.2.2. Figure 4-11
compares the risk profile computed for this example and the catastrophic risk criteria established
in the standard for the GP. The fact that the example launch risk profile has points above the
acceptable risk profile (the straight line) indicates that this example launch presents an excessive
catastrophic risk.

3 OSHA promulgated a formal definition of catastrophe in 29 CFR 1960.2: “An accident resulting in five or more
agency and/or non-agency people being hospitalized for inpatient care.” Santa Barbara County, CA uses a minimum
number of 10 people to define a catastrophe.
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Figure 4-11. Example Risk Profile Compared with the General Public Catastrophic Risk
Criteria

Due to the limited number of scenarios that can produce casualties in this example,
computation of the risk profile is straightforward; however, computing the risk profile for actual
flights often requires a considerable effort. Therefore, the RC devised a simplified and
conservative method to screen for excessive catastrophic risk for transportation systems only,
which are typically the only significant sources of potentially excessive catastrophic risks. This
simplified method entails replacing the number of casualties contributed by the occupant load of
each transportation system from each failure scenario, N, everywhere in an otherwise standard
Ec computation with N*°. Specifically, the catastrophic risk averse pseudo-Ec for transportation
systems may be computed using a standard Ec computation but replacing the number of
casualties contributed by each transportation system from each failure scenario, N, which equals
the occupancy load for a transportation system as given in Table 4-9, with N'°. A similar
computation should be performed for potential fatalities when this is a credible outcome, such as
downing an airplane. For fatalities, the criterion is the tolerable mission Er.

Table 4-9.  Definitions Used to Define Tolerable Catastrophic Risks

. . Casualty/Fatality
Population Type Catastrophic Outcome Potential (N)
Public Aircraft An occurrence resulting in multiple Maximum occupancy
fatalities®’, usually with the loss of the

airplane®®

37 The FAA also has a formal definition for “severe consequence:” forced landing (which is also formally defined),
loss of aircraft while occupants are on board, serious injuries (as formally defined), or fatalities.

3 FAA. “Subject: Continued Airworthiness Assessments of Powerplant and Auxiliary Power Unit Installations of
Transport Category Airplanes.” AC 39-8. 8 September 2003. Retrieved 17 October 2023. Available at
http://www.faa.gov/documentLibrary/media/Advisory_Circular/AC39-8.pdf.
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Mission-Essential
Aircraft

An occurrence resulting in multiple
fatalities, usually with the loss of the
airplane

Expected occupancy

Public Ship

An occurrence resulting in multiple
casualties, usually with loss of the ship

Maximum occupancy

Mission-Essential
Ship

An occurrence resulting in multiple
casualties, usually with loss of the ship

Expected occupancy

Public Land Vehicle

An occurrence resulting in multiple
casualties, usually with loss of the vehicle

Maximum occupancy

Mission-Essential
Land Vehicle

An occurrence resulting in multiple
casualties, usually with loss of the vehicle

Expected occupancy

Public Train

An occurrence resulting in multiple
casualties, usually with loss of the train

Maximum occupancy

Mission-Essential
Train

An occurrence resulting in multiple
casualties, usually with loss of the train

Expected occupancy

Public Gatherings®®

An occurrence resulting in multiple
casualties or fatalities.

credible occupancy
within the maximum
effective casualty/fatality
area for any fragment

Mission-Essential
Personnel Gathering

An occurrence resulting in multiple
casualties or fatalities

Expected occupancy
within the maximum
effective casualty/fatality
area for any fragment

If the resulting catastrophic risk averse pseudo-Ec is less than 1E—4 for the GP, then the
catastrophic risk is generally acceptable.® If the catastrophic risk averse pseudo-Ec is greater
than 1E—4 for the GP, then a risk profile should be computed to determine if the catastrophic risk
complies with the standard criteria. Similarly, for fatality-producing events, the catastrophic risk
averse pseudo-Er must be less than 30E—6, to pass the screening test for catastrophic risk.
Otherwise, a risk profile should be computed to determine if the catastrophic risk complies with

the standard criteria.

In general, a risk profile can be computed based on a complete set of credible and
mutually exclusive scenarios, where each scenario has a finite probability and a consequence in
terms of casualties. A formal definition of “scenario” is provided in Chapter 7. Based on a
complete set of scenarios, a histogram can be generated where the abscissa is the number of
casualties/fatalities (N) and the ordinate is the probability of N casualties/fatalities. The risk
profile is a complementary cumulative probability distribution diagram that can be computed
based on this histogram, which gives the total probability of at least N casualties/fatalities for
each value of N. The ordinate of the resulting risk profile is the probability of N or more

casualties/fatalities.

39 Public gathering places subject to catastrophic accidents include any locations where population concentrations
may occur, such as schools, hospitals, stadiums, beaches, etc.
40 There are exceptions, involving cases where a scenario threatens multiple transportation systems (such as two
aircraft), where the pseudo-Ec is not a conservative indicator of the catastrophe potential.
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Even without computation of a complete risk profile, the catastrophe aversion criteria
may be used to identify individual scenarios or failure modes that present elevated catastrophe
potential and practical mitigations. For example, the analyst could show that a malfunction turn
during a particular period of flight combined with the absence of an FTS on a vehicle, or the
presence of a large concentration of spectators in a particular location, corresponds to a point
above the solid line shown in Figure 4-2. Any single scenario that corresponds to a point above
the solid line shown in Figure 4-2 conclusively demonstrates that the launch exceeds the
recommended catastrophe aversion criteria.

4.3.1 Catastrophic Risk — Risk Table Example

In 2022 the commander of Camp Bull Simons identified the need for a child development
center on base. The Army’s Camp Bull Simons Special Operations Cantonment Area is located
on the Eglin Airforce Base. The Air Force conducted a safety assessment* of that child
development center given past and planned events to identify the risks that Eglin operations
would pose. In that study the Air Force extrapolated the formulas presented in this section and
integrated them with the criteria from Table 3-3 in the standard. A modified version of that
information is provided in Table 4-10.

Table 4-10. Eglin AFB Proposed Casualty Criteria with Catastrophic Risk
Triage Equations

General Public ME and NOP
Per Mission Undesired Event Thresholds Thresholds
Individual Probability 1E—6b L0E—6
of Casualty
Expected Casualties | 100E—6° 300E—6
Catastrophic Risk
Casualty Triage P[N] <=100E ¢/N~1.5° P[N] <=300E ¢/N~1.5°
Formula
Annual Expected Casualties 3000E-6° 30000E—6?
Catastrophic Risk
Casualty Triage P[N] <=3000E ¢/N"1.5¢ | P[N] <=30000E ¢/N~1.5°
Formula

& Advisory Requirements.

b |f a flight operation creates a toxic risk, then the range must separately ensure the allowable
level of risk enforced by them does not exceed other standards for toxic exposure limits for the
GP when appropriate mitigations are in place. Chapter 8 provides an approach for
implementing this requirement.

¢ These equations do not constitute an absolute criterion but serve as an initial indications of
whether additional effort is needed. If these screening tests cannot be satisfied, the alternatives
are to mitigate the risk or to perform additional analyses in compliance with FAA regulations
on high-conseguence event protection or assessing the catastrophic risk using risk profiles.

41 Col Vincent Chioma, Chief of Safety. “Risk of Catastrophic Casualty Event on Eglin Land Range — CDC Inherent
Risk Analysis.” Version 2022-11-24b. Retrieved 16 October 2023. Available to RCC members with private page
access at https://www.trmc.osd.mil/wiki/x/b4hyBQ.
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The decision was made not to add this to the standard for two reasons. First, this table
incorporates formulas instead of discrete criteria. Second, the formulas do not constitute an
absolute criteria but rather a triage approach used to determine if a more in-depth study is
required.

432 Catastrophic Risk: Kennedy Space Center Approach
NASA’s Kennedy Space Center uses an alternative approach for annual catastrophic
risks, which is described in Equation (4-7).

3x107*
N3 (4-7)

annual risk: AR[> N] < 1—(1—P[=ND"(t- 3211(.)5_4)

individual event: P[> N] <

where t is the time in number of operations (e.g., t = (ops per day)x(# of days)).

If the goal were to turn this into a variable failure rate, then it would need to be treated
with conditional probability.
4.4  Aircraft Protection

This section provides guidelines for proper implementation of the requirements regarding
aircraft hazard regions:

a. for planned debris releases;

b. inresponse to a mishap;

c. based on probability of impact limits; and

d. that demonstrate compliance with the individual, collective, and catastrophic risk limits.
4.4.1 Planned Debris Impacts

This subsection provides guidance to facilitate proper implementation of the requirement
given in Subsection 3.3.3 of the standard, which reads as follows.

The range must confirm that appropriate SUAs are reserved or Noticed to Airmen are
issued that encompass the volume and duration necessary to protect aircraft from debris
capable of causing an aircraft accident due to all planned events.

Planned debris releases include any solid object planned to fall uncontrolled through the
navigable airspace as the result of a range activity, such as intercept debris, jettisoned stages,
nozzle covers, fairings, and inter-stage hardware. To satisfy the requirement in Subsection 3.3.3
of the standard, a range must confirm that NOTAMs are issued for each area hazarded by a
planned debris release capable of causing an aircraft accident. To determine if a planned debris
release is capable of causing an aircraft accident, a range should:

a. use the aircraft vulnerability models (AVMs) for commercial aircraft or hazard threshold
for other aircraft presented in Chapter 6; or
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b. Use other valid*> methods to evaluate debris impacts capable of causing an aircraft
accident as defined in 49 CFR 830.2.%

To determine the volume and duration necessary to protect from each planned debris
release a range should define a finite region(s) and demonstrate compliance with subsections
3.3.1a of the standard for non-mission aircraft and 3.3.2a for mission aircraft. If the area is under
active surveillance and air traffic control, and if probability of impact levels do not exceed the
limitations set in the standard, then the planned impact hazard volume and duration should
encompass the two-sigma impact dispersion area* from the ground level up to an altitude of
60,000 feet.*®

If the area is not under active surveillance and air traffic control, and there is no region
that exceeds the probability of impact levels specified in subsections 3.3.1a for non-mission
aircraft and 3.3.2a for mission aircraft, then the planned impact hazard volume and duration
should encompass the three-sigma impact dispersion area*® from the ground level up to an
altitude of 60,000 feet.

4.4.2 Mishap Response Hazard Areas for Aircraft
This section provides guidance to facilitate proper implementation of the standard
requirements given in Subsection 3.3.4 of the standard, which states:

The range must coordinate with the FAA to ensure timely notification of any expected air
traffic hazard associated with range activities. In the event of a mishap, the range must
immediately inform the FAA of the volume and duration of airspace where an aircraft
hazard is predicted.

4.4.2.1 Pre-flight Analyses, Timely Notification, and FAA Coordination

Pre-flight analyses and coordination with the FAA should be performed “to ensure timely
notification of any expected air traffic hazard associated with range activities.” To demonstrate
compliance with this requirement, a range should (at a minimum):

a. Identify the volume and duration of airspace necessary to protect from each planned
debris release capable of causing an aircraft accident as described in Subsection 4.4.1.

b. Identify all regions of airspace where debris that poses an aircraft hazard could be
predicted in the event of a mishap.*’

c. Develop and implement a standard procedure, in coordination with the FAA, to ensure
timely notification of any air traffic hazards that could occur from range activities.

42 i.e., methods that comply with the guidelines specified in this supplement, which may include aircraft specific
models that account for the known trajectories of aircraft.

“3 Definitions. 49 CFR § 830.2.

4 i.e., 95 percent confidence of containment of the planned debris impacts capable of causing an aircraft accident.
4560,000 feet, used here, is typically the maximum altitude under active control by the FAA.

46 i.e., 99.7 percent confidence of containment of the planned debris impacts capable of causing an aircraft accident.
47 Debris that poses an aircraft hazard should be defined by the range in coordination with the FAA depending on
the type of aircraft in the vicinity, the debris characteristics, etc. The intention here is to provide more protection
than the “debris capable of causing an accident” as a means of compensating for the larger uncertainties inherent in
an unplanned event. Adding a substantial buffer to any calculated hazard area is recommended.
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Example: Current practice at the Eastern Range (ER) provides an example of how a range
can “coordinate with the FAA to ensure timely notification of any expected air traffic hazard
associated with range activities.” The ER protects non-essential and mission-essential aircraft
from the hazards associated with ELV debris using a combination of exclusionary and risk
analysis methods. To protect aircraft from potential launch vehicle hazards, Space Launch Delta
(SLD) 45 develops three types of hazard areas for aircraft.

For the launch area, SLD 45 defines two types of airspace. First, the range operates
multiple FAA-assigned special use airspaces (SUAS). The range has been assigned SUAs in the
form of three restricted areas and two warning areas. When the range requests through SLD 45
that these areas be considered “hot,” control of the airspace is transferred to the range and a
NOTAM is published to that effect. The range does not necessarily hold a launch if an aircraft is
within an SUA because the SUAs encompass more airspace than is needed to protect aircraft
from the potential effects of a launch vehicle.

Within the SUAs, the range calculates the potential three-sigma dispersion (based on a
conservative estimate of potential wind effects) from a launch vehicle destructing on the nominal
trajectory for every point in time where the vehicle’s dispersion is wholly or partially contained
within the vicinity of the launch site. The potential three-sigma dispersion is based on explosive
forces acting only perpendicularly to the nominal trajectory, three-sigma monthly winds acting
only perpendicularly to the nominal trajectory, and vehicle debris divided into nine classes with
the smallest element considered having a ballistic coefficient of three. This calculated dispersion
footprint at sea level is extended to infinity and is defined as the aircraft corridor. Due to
logistical limitations for surveillance, the aircraft corridor extends downrange to the outer limit
of the “hot” SUAs. A launch will be held if an aircraft either is observed or is calculated to be in
the aircraft corridor at the time of launch. Therefore, the aircraft corridor is an absolute exclusion
area for non-mission-essential aircraft.

The vicinity of the ER launch site depends on vehicle performance and the limitations of
the range’s surveillance assets. The vicinity of the ER launch site bounds the first group of
scheduled impacting vehicle components if they impact within the range surveillance assets’
effective range of between 70 and 100 nm from the launch point. While the entire vicinity of the
ER launch site does not have to be evacuated of aircraft, the entire vicinity of the ER launch site
is under surveillance up through the launch.

Although there is no formal definition, impact locations more than 100 nm downrange
have been treated as downrange impact locations. For downrange impact locations where
components or debris from a staging action impact the earth, SLD 45 issues a NOTAM for each
impact location in accordance with International Civil Aviation Organization procedures. The
NOTAM area is requested to enclose both the three-sigma dispersion of the impacting
components and a five-nm buffer added to the three-sigma dispersion envelope in the
downrange, up-range, and cross-range directions. The range does not typically survey downrange
impact locations unless mission-related resources are available for other reasons.

The mission-essential airborne assets that survey the launch area are protected to the one-
in-one-million probability of impact level. 45 SLD calculates the probability of impact for
mission-essential aircraft with a reasonable level of confidence because the vulnerability area
and the asset locations are known. While every effort is made to station a support aircraft outside
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the mission’s ILLs, if the aircraft must be within the ILLs, a worst-case scenario is analyzed to
assess the asset’s safety. As a worst case, the analysis assumes the rocket travels directly at the
aircraft’s support location. An aircraft’s support location within the ILLs may be acceptable if
the aircraft is capable of reaching safety under such a worst-case scenario.

In other situations, it may be appropriate to account for the density of air traffic and
demonstrate compliance with the long-term acceptable risk guidelines. For example, in areas
where only a malfunction can threaten aircraft, a reasonable level of aircraft safety might be
provided using statistical air traffic density data and compliance with the long-term acceptable
risk guidelines described in this subsection.

4.4.2.2 Defining Mishap Hazard Areas

Subsection 3.3.4 of the standard states that, “in the event of a mishap, the range must
immediately inform the FAA of the volume and duration of airspace where an aircraft hazard is
predicted.” In the event of a space launch malfunction, there may be enough time to activate a
real-time system that would effectively mitigate the risk to aircraft by redirecting aircraft near the
expected space vehicle debris hazard area before debris reaches aircraft altitudes.®® In all cases, a
range should implement the fastest available method to inform the FAA of air traffic hazards in
the event of a range mishap. The RCC is aware of several acceptable methods to demonstrate
overall compliance with this requirement as described below.

A range should select the most appropriate method to define the volume and duration of
airspace where an aircraft hazard is predicted based on the specific situation and the discretion of
the range commander. In all cases, a range commander should implement all measures necessary
to protect aircraft from unreasonable risks generated by a range mishap. This subsection provides
guidelines to help a range define:

a. where an aircraft hazard is predicted in the event of a mishap;
b. reasonable risks generated by a range mishap.

An approach to comply with Subsection 3.3.4 of the standard is to implement aircraft
hazard volumes based on pre-flight analyses. For example, a range may:

a. compute three-sigma impact dispersion areas on the ground that provide 99.7%
confidence of containment of the debris impacts that could be hazardous to aircraft for
predefined failure times or state vectors;

b. compute the maximum time for any debris that could be hazardous to aircraft to reach the
ground for the same predefined failure times or state vectors;

c. define an aircraft hazard volume to encompass the three-sigma impact dispersion area for
each predefined failure time or state vector, inclusive of the airspace from ground level to
an altitude of 60,000 ft;

d. inform the FAA of the appropriate aircraft hazard volume and duration based on the
mishap failure time or the best estimated state vector for the mishap.

48 Larson, E., P. Wilde, and A. Linn. “Determination of Risk to Aircraft from Space Vehicle Debris.” In
Proceedings of the First IAASS Conference. Noordwijk: European Space Agency, 2005.
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Another approach to comply with Subsection 3.3.4 of the standard is to implement
aircraft hazard volumes that encompass all regions of airspace where aircraft would be exposed
to debris capable of causing an aircraft accident with a probability of impact exceeding 1E—7 for
a single aircraft. This probability of impact calculation should account for the fact that the
mishap has occurred and assume that aircraft are present at the hazard volume boundary.
Protection against potential catastrophes based on the provisional criteria should also be provided
in the event of a mishap.

4.4.3 Hazard Areas for Aircraft Using Probability of Impact Limits

Three risk metrics have been defined to protect occupants of aircraft: individual risk;
collective risk; and catastrophic risk. Meeting the acceptability criteria requires a combination of
hazard containment and evaluation of residual risk. The approach outlined in this subsection is to
first develop exclusion criteria (hazard areas) to protect against catastrophic risks and assure that
individual risks are acceptable. The second part of the approach is to assess the residual total
collective risks to all people (unsheltered, land-based sheltered, and people in ships and aircraft)
to assure compliance with the collective risk standard.

The standard provides requirements to define aircraft hazard areas. For example,
Subsection 3.3.1a of the standard requires that “All non-mission aircraft will be restricted from
hazard volumes of airspace where the cumulative probability of debris impact capable of causing
a casualty on an aircraft exceeds 1E—6. The restriction limit increases to 0.1E—6 (1E—7) for the
cumulative probability of debris impact capable of causing a fatality.” The aircraft hazard area
requirements in the standard can be satisfied using the vulnerability thresholds given in Chapter
6. Specifically, Section 6.4 defines vulnerability models for several types of aircraft and a hazard
threshold for other aircraft for debris potentially injurious to personnel and catastrophe-
producing debris. For example, the probability of impact requirement given in Subsection 3.3.1a
of the standard should be satisfied based on the size of the largest aircraft potentially exposed
and the probability of impact computed for all debris capable of producing a casualty to a person
in an aircraft. In all cases, the final hazard areas should be the union of the areas required to
comply with the individual, collective, and catastrophic risk criteria.

As shown in Figure 4-12, a practical implementation of defining the hazard areas
involves the following steps:

a. determining the debris that has the potential for producing serious injuries to occupants of
an aircraft;

determining impact probability contours at the allowable individual casualty risk;
determining the debris that has the potential for producing a catastrophic accident;
determining impact probability contours at the allowable catastrophic risk probability;

®© o o oT

computing a preliminary hazard area as the envelope of the contours developed in step b
and step d.
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Figure 4-12. Process for Developing Hazard Areas

The preliminary hazard area should then be evaluated to assess the feasibility of
controlling access to the area as well as the feasibility and need to monitor traffic in the area.
This latter evaluation will consi