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Preface

Space launch is inherently risky, and accidents are not
uncommon. However, the U.S. national ranges have an out-
standing safety record. Never has a member of the public or
the launch site workforce been killed as a result of a launch
from the national ranges. The aging systems that have
achieved this record are being modernized to improve per-
formance and reduce costs. As part of this effort, the Na-
tional Research Council (NRC) was asked to determine if
alternate approaches to public safety might be more efficient
and less expensive than current methods.

Because space launch activities and associated safety
practices are highly technical, this study examined the tech-
nologies associated with launch range safety and assessed
the ability of advanced technologies to improve efficiency
and reduce costs. However, because safety also depends on
other factors, the study was not a purely technological as-
sessment. The statement of task called for a comprehensive
review that included range safety guidelines and procedures.
In addition, during the course of the study the committee
concluded that a complete response to the statement of task
would require that top-level organizational issues related to
the efficiency and cost of range safety also be examined. The
Air Force Space Command, which sponsored this study, con-
curred, and the committee’s findings and recommendations
are framed accordingly.

The NRC appointed 10 individuals to the Committee
on Space Launch Range Safety, which conducted this study.
Like all NRC study committees, the membership was an-
nounced and comments from the general public were solic-
ited regarding the committee’s composition and balance. A
number of comments urged that the committee be expanded
to include individuals who had worked for range safety or-
ganizations. In response, the NRC decided to add two mem-
bers: a former commander of the 45th Space Wing, which
operates the Eastern Range, and a former chief engineer and
deputy director for safety at the 30th Space Wing, which
operates the Western Range. Some committee members had

vii

experience with major launch vehicle manufacturers, satel-
lite manufacturers, and other users, as well as technical ex-
pertise in risk analysis, global positioning system (GPS)
technology, and public safety. Also, to provide an impartial,
outside perspective, several committee members had little or
no launch industry experience. Thus, the committee was well
qualified to conduct both the technical and nontechnical as-
pects of the statement of task.

This study benefited from an extraordinary level of
public interest. More than 100 individuals from interested
organizations and members of the general public attended
the committee’s information-gathering meetings, which in-
cluded opportunities for public input. This broad participa-
tion greatly contributed to the committee’s deliberations, and
the committee is indebted to everyone who gave of their
time and talent during the meetings.

This report is being issued in parallel with a number of
other reports concerned with launch range safety, infrastruc-
ture, operations, and organization. The findings and recom-
mendations herein endorse some of the actions currently
under way, recommend the acceleration and extension of
others, and suggest some new initiatives. In particular, the
committee recommends that the Air Force retain its key
safety standards and make greater use of those standards for
managing risk. By moving away from costly risk avoidance
practices, the Air Force would conform range safety proce-
dures to accepted risk standards and reduce costs for both
the Air Force and the user community without compromis-
ing public safety.

This report has been reviewed by individuals chosen
for their diverse perspectives and technical expertise, in ac-
cordance with procedures approved by the NRC’s Report
Review Committee. The purpose of this independent review
is to provide candid and critical comments that will assist the
authors and the NRC in making the published report as sound
as possible and to ensure that the report meets institutional
standards for objectivity, evidence, and responsiveness to

Copyright © National Academy of Sciences. All rights reserved.
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Executive Summary

INTRODUCTION

The U.S. space program is rapidly changing from an ac-
tivity driven by federal government launches to one driven
by commercial launches. In 1997, for the first time com-
mercial launches outnumbered government launches at the
Eastern Range (ER), located at Cape Canaveral Air Sta-
tion, Florida. Commercial activity is also increasing at the
Western Range (WR), located at Vandenberg Air Force
Base, California. The government itself is emulating com-
mercial customers, shifting from direct management of
launch programs to the purchase of space launch services
from U.S. commercial launch companies in an open, com-
petitive market.

The fundamental goal of the U.S. space program is to
ensure safe, reliable, and affordable access to space. Despite
the inherent danger of space launches, the U.S. space pro-
gram has demonstrated its ability to protect the public. No
launch site worker or member of the general public has been
killed or seriously injured in any of the 4,600 launches con-
ducted at the ER and WR during the entire 50-year history of
the space age.

Reliability and affordability have been more difficult to
achieve. As the federal government relies more on the com-
mercial space sector to launch government payloads, the
vitality, viability, and global competitiveness of the U.S.
commercial launch industry are becoming increasingly im-
portant. Because range safety costs are an important ele-
ment of total launch costs, it would be beneficial to stream-
line safety processes without lowering current safety
standards. This study responds to a request from the Air
Force Space Command (AFSPC), which operates the ER
and WR, to determine if range safety processes can be
made more efficient and less costly without compromising
public safety. This summary presents six primary recom-
mendations, which address risk management, Africa gates,
roles and responsibilities, range safety documentation (i.e.,
Eastern and Western Range Safety Requirements

[EWR 127-1]),! global positioning system (GPS) receiver
tracking systems, and risk standards for aircraft and ships.
The main body of the report contains eight other recom-
mendations that would make smaller contributions to
achieving the study goals. The report also contains 14 find-
ings that support the recommendations and state the
committee’s conclusions in areas where the committee
decided recommendations were not warranted.

COMMITTEE TASK

The statement of task for this study specified three areas
of interest:

* a top-level, independent review of the Air Force’s
safety guidelines and procedures for government and
commercial space launches as published in EWR 127-1
to determine if there are alternative approaches to the
protection of the general public that are both more
efficient and less expensive

* an independent assessment of the current and planned
range safety and flight termination systems and proce-
dures for government and commercial space launches
to estimate the technical feasibility as well as the cost
effectiveness of an autonomous GPS flight termina-
tion system

* an independent examination of the Air Force’s safety
guidelines and procedures associated with incursions
of aircraft and ships into restricted air space and wa-
ters to determine if holds and delays of government
and commercial space launches can be reduced while
still maintaining an acceptable level of safety

IEWR 127-1 is the primary range safety requirements document for both
the ER and WR.

Copyright © National Academy of Sciences. All rights reserved.
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RISK CRITERIA AND RISK MANAGEMENT

With any endeavor, it is generally desirable to increase
return or value and reduce risk. This often involves defining
an acceptable risk level as a standard to which risk then can
be managed. Once this standard has been met, the venture
may be considered safe. The fundamental analytical risk
standard used by the WR and ER for collective risk to the
general public is expressed in terms of casualty expectation
(E,). For each launch, E_ must be less than 30 x 10-6; at a rate
of 33 launches per year, this is equivalent to one serious
injury or fatality every 1,000 years. The committee consid-
ered recommending different risk standards for collective
risk and individual risk, P (discussed below). The current
standards, however, are in line with the level of risk charac-
teristic of many other fields, domestically and internation-
ally, in which the public is involuntarily exposed to risk.
Also, the committee determined that the efficiency of range
operations could be significantly improved without lower-
ing safety standards and that higher standards are not needed
to protect the public. Therefore, the committee supports the
continued use of 30 X 106 as the collective risk standard for
space launches at the ER and WR.

A recurring theme in the findings and recommendations
of this report is the importance of managing risk to the ac-
cepted standards. Risk management ensures that launch ve-
hicles are manufactured and launch operations are conducted
to achieve established safety standards. Risk management
also allows weighing the costs and benefits of alternative
approaches for meeting risk standards. Currently, commer-
cial operators must comply with federal range safety require-
ments that are implemented in a way that leads to risk avoid-
ance instead of risk management. The correct goal, however,
would be to meet established safety standards in a cost-
effective manner that facilitates planned operations, rather
than reducing risk to the lowest possible level regardless of
the costs or requiring the most conservative application of
risk standards throughout the range safety process.

Primary Recommendation on Risk Management. AFSPC
should define objective, consistent risk standards (e.g., casu-
alty expectation, E,, of 30 x 1075, and individual risk, P, of
1 x 1079 and use them as the basis for range safety deci-
sions. Safety procedures based on risk avoidance should be
replaced with procedures consistent with the risk manage-
ment philosophy specified by EWR 127-1. Destruct lines
and flight termination system requirements should be defined
and implemented in a way that is directly traceable to
accepted risk standards.

AFRICA GATES

Because a launch vehicle may pass over populated land-
masses before orbital insertion, strict limits are often pro-
vided in the form of “gates” in the impact limit lines (ILLs)

STREAMLINING SPACE LAUNCH RANGE SAFETY

and destruct lines that define the range of allowable flight
paths. If the vehicle does not pass through the gate, the flight
is terminated. The ILLs, destruct lines, and gates are de-
signed to ensure that debris returns to Earth more than
50 miles from the coasts of major populated landmasses. At
the ER, the downrange location of gates and destruct lines as
well as requirements for downrange coverage by flight ter-
mination, telemetry, and tracking systems, are not directly
related to accepted risk standards (e.g., E, of 30 x 10 or P,
of 1 x 10-%) but to a risk-avoidance policy that discourages
the overflight of inhabited landmasses “whenever possible”
(EWR 127-1, paragraph 2.3.6). The committee recognizes
that avoiding inhabited landmasses is often the best approach
for meeting risk standards. However, using risk standards to
evaluate alternate approaches is more rigorous than relying
on subjective criteria, such as “whenever possible.”

The positioning of gates is a function of the launch ve-
hicle, flight azimuth, and location of inhabited landmasses.
The Africa gates are typically beyond the range of uprange
radar tracking facilities and require the use of downrange
facilities on the islands of Antigua and Ascension. Moving
the Africa gates uprange could reduce the cost of safety-
related assets, decrease the complexity of range safety op-
erations, and reduce holds and delays. Based on historical
failure data and reliability requirements, moving the Africa
gates to within the reach of uprange flight termination sys-
tems (FTSs) and tracking systems is unlikely to increase E,
significantly or violate established limits. In addition, the
committee knows of no international agreements that would
preclude moving the gates uprange. Thus, in terms of range
safety there is no clear justification for retaining downrange
assets at Antigua and Ascension. It may also be feasible to
move other gates uprange and further reduce the need for
downrange facilities at the ER. The WR already avoids the
use of downrange flight termination, telemetry, and tracking
systems by constraining allowable azimuths of orbital
launches during the uprange portion of flights to avoid fly-
ing over populated areas.

Primary Recommendation on Africa Gates. While other
requirements may exist, from the perspective of launch range
safety the Air Force should move the Africa gates to within
the limits of uprange flight termination and tracking sys-
tems; eliminate the use of assets in Antigua and Ascension
for range safety support; and conduct a detailed technical
assessment to validate the feasibility of moving other gates
uprange. If other requirements for downrange tracking exist,
AFSPC should validate those requirements and reexamine
this recommendation in light of the additional requirements.

ROLES AND RESPONSIBILITIES

AFSPC has transferred to the Air Force Materiel Com-
mand (AFMC) responsibility for development, developmen-
tal testing and evaluation, and sustaining engineering of

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY

range safety ground systems. Organizational responsibilities
for many other range safety processes and procedures, how-
ever, are still inconsistent with the current memorandum of
agreement between AFSPC and AFMC on spacelift roles
and responsibilities. In addition to the operational workforce,
each AFSPC range safety office also has an engineering
workforce that establishes flight safety system design and
testing requirements and certifies that flight safety systems
meet safety requirements at the component, subsystem, and
system levels. These acquisition-like functions overlap the
responsibilities of AFMC.

If properly executed, the complete transfer of range safety
development, developmental testing and evaluation, and sus-
taining engineering to AFMC would increase efficiency and
reduce costs without compromising safety by eliminating
overlapping responsibilities between the ranges and AFMC,
by minimizing differences in range safety policies and pro-
cedures applicable to the WR and ER, and by allowing users
to deal with a single office when seeking approval to use
new or modified systems on both ranges. This transfer could
be facilitated by issuing an Air Force Instruction describing
the certification of flight safety systems for commercial,
civil, and military launches at the ER or WR. The instruction
should also describe interfaces among responsible organiza-
tions, such as AFSPC, AFMC, the Federal Aviation Admin-
istration (FAA), the National Aeronautics and Space Ad-
ministration, and commercial contractors.

Primary Recommendation on Roles and Responsibilities.
The Air Force should fully implement the memorandum of
agreement between AFSPC and AFMC on spacelift roles
and responsibilities. This would consolidate within AFMC
the acquisition-like functions related to safety that are now
performed by AFSPC organizations at the Eastern and West-
ern Ranges. These functions include developmental testing
and evaluation, sustaining engineering, and certifying that
system designs meet safety requirements. To manage the
safety aspects of the acquisition-like functions specified in
the memorandum of agreement, AFMC should establish an
independent safety office. Operational responsibilities, such
as generating safety requirements, operational testing and
evaluation, and all prelaunch and launch safety operational
functions, would be retained by AFSPC.

EWR 127-1

EWR 127-1 is issued jointly the by 30th Space Wing,
which operates the WR, and the 45th Space Wing, which
operates the ER. EWR 127-1 specifies in detail how to com-
ply with established risk standards rather than expecting us-
ers to develop their own methods of compliance. These de-
tailed requirements create the need for extensive “tailoring”
of EWR 127-1 for each new launch vehicle to allow the use
of alternate solutions that are more practical than the speci-
fied methods of compliance. The committee believes that a

more effective approach would be to streamline EWR 127-1
to focus on baseline performance-based requirements and
move detailed solutions and lessons learned to a range user’s
handbook. This would reduce or eliminate the need for
tailoring and draw a clear distinction between non-negotiable
performance-based requirements and recommended meth-
ods of compliance that can be waived if an equally effective
alternative is available and the user accepts the burden of
demonstrating its effectiveness.

Primary Recommendation on EWR 127-1. AFSPC should
simplify EWR 127-1 so that all requirements are
performance based and consistent with both established risk
standards for space launch (e.g., E, of 30 x 10-6) and objec-
tive industry standards. The process of revising EWR 127-1
should include the following steps:

* Eliminate requirements that cannot be validated.

* Remove all design solutions from EWR 127-1.

» Establish a range user’s handbook or other controlled
document to capture lessons learned and design solu-
tions recognized by the ranges as acceptable means of
compliance. (Requirements should be retained in
EWR 127-1.)

* Form a joint government/industry team to establish
procedures for periodically updating EWR 127-1 and
ensuring that future requirements are performance
based.

* Converge the modeling and analysis approaches, tools,
assumptions, and operational procedures used at the
Western and Eastern Ranges.

GPS FLIGHT ARCHITECTURE

AFSPC plans to implement a GPS-based flight architec-
ture at the ER and WR, which will reduce the cost of upgrad-
ing, maintaining, and operating the radar system (see Figure
ES-1). A GPS-based tracking system will permit shutting
down 11 of the 20 tracking radars currently used to support
launch operations at the ER and WR. Three of the remaining
radars will be needed only to support launches of the space
shuttle.

There are two approaches for implementing a GPS-based
tracking system. A GPS translator system would retransmit
GPS signals received by a launch vehicle to the ground,
where vehicle position and velocity would be computed. This
approach would have high bandwidth requirements for com-
munications signals sent from the launch vehicle to ground
stations and from ground stations to GPS processor sites.

The alternative would be to use GPS receivers on each
vehicle to calculate vehicle position and velocity data, which
would then be transmitted to the ground. A GPS receiver
system would have low bandwidth requirements and enable an
open system architecture compatible with future concepts, such
as space-based ranges and autonomous or semiautonomous

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE ES-1 Comparison of life-cycle costs for radar and GPS-based range tracking systems. Source: Finn and Woods, 1999.

FTSs. Autonomous features have already been implemented
in current FTSs in the form of inadvertent separation de-
struct systems, which sense the onset of unplanned vehicle
breakups and, in many cases, automatically initiate flight
termination. A semiautonomous system could be developed
in which the uprange portion of flight is monitored using
traditional human-in-the-loop FTS procedures. Then, as the
vehicle travels downrange and the risk profile decreases, the
FTS could be shifted to a fully autonomous mode. This has
the potential to reduce costs, improve responsiveness to un-
planned events, and enable ranges to more easily support a
broad complement of launch vehicles and mission profiles.

With the incorporation of onboard GPS receivers, fully
autonomous FTSs would become technically feasible, but
additional research and testing is needed to resolve out-
standing issues related to system performance require-
ments, development and validation costs, and public ac-
ceptability. The successful deployment of semiautonomous
systems, which would provide operational benefits even if
a fully autonomous system is never developed, would help
resolve these issues.

Finding. For space launches, an onboard GPS receiver
tracking system would be more versatile and have lower
total life-cycle costs than GPS translator or radar tracking
systems.

Primary Recommendation on GPS Receivers. AFSPC
should deploy a GPS receiver tracking system as the baseline
range tracking system for space launch vehicles. The transi-
tion to GPS-based tracking should be completed as rapidly
as feasible.

MARINE AND AIRCRAFT INCURSIONS

Aircraft and marine incursions into restricted airspace and
waters have contributed to only a small percentage of launch
holds and scrubs at either the ER or WR. However, when
they do occur, these delays can be highly disruptive and
costly, for both the range and the user. Also, increases in
marine and air traffic near the launch area and more frequent
space launches are expected to increase the number of boat
and aircraft intruders, especially at the ER. An improved
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EXECUTIVE SUMMARY

launch communications and notification process would ben-
efit the general public, the Air Force, and range users. Op-
tions include making greater use of public media, such as
newspapers, radio and television broadcasts, the Internet,
notices at public marinas and general aviation airports, and
aviation and marine weather broadcasts; reviewing the ad-
equacy of current signs, lights, and other warning devices at
marinas and along the coast; and modifying warning devices
to increase their effectiveness in deterring marine incursions.

Improving the notification process alone, however, will
not completely solve the intruder problem. The committee
recommends immediate improvements so that surface and
aircraft intruders can be detected earlier and cleared from the
launch area more quickly. These improvements should in-
clude the use of commercial aircraft equipped with suitable
surveillance, navigation, communications, and image re-
cording systems for marine intruders and surveillance sys-
tems for aircraft intruders.

AFSPC should also aggressively enforce restrictions
against intruders at both ranges to encourage compliance
with launch notifications. In cooperation with the U.S.
Coast Guard, the FAA, the U.S. Attorney’s Office, and
other regulatory and law enforcement agencies, AFSPC
should initiate administrative and regulatory changes to fa-
cilitate enforcement action against intruders who were af-
forded ample, timely launch notifications.

All of the actions described above are based on the estab-
lishment of hazardous launch areas (e.g., flight hazard and
flight caution areas), which extend downrange from the
launch site along the intended flight azimuth. The size and
shape of these areas are based on calculations of the prob-
ability, P,, of hitting an individual ship or aircraft. The calcu-
lations take into account the characteristics of specific
launch vehicles and payloads, failure modes and effects (in-
cluding toxic hazards), and weather considerations.

The individual risk standard for members of the general
public is 1 x 1076, This means that the probability, P, thata
member of the public at any particular place will be killed or
seriously injured shall not exceed 1 x 10-° for any launch. A
different risk standard is appropriate for individual ship-hit
probability because hitting a ship with a piece of debris will
not necessarily result in casualties.

EWR 127-1 does not specify a risk standard for aircraft
incursions. Risk standards are used to manage risk to
mission-essential aircraft, but the standards are applied dif-
ferently at the ER and WR and are not supported by analyses
showing that the standards are consistent with other safety
criteria used by the ranges. For example, P, should be calcu-
lated differently for aircraft than for ships because even
small pieces of debris can endanger aircraft.

The ER and WR use predefined restricted areas to protect
public aircraft from launch hazards. These areas are sized to
keep aircraft totally away from hazardous operations and are
plotted on standard aeronautical charts. Prior to each launch

the flying public is warned to remain clear of restricted areas
involved in that launch.

If intruder aircraft are in restricted areas prior to launch,
the launch could safely proceed if the aircraft will remain
clear of the regions of actual hazard. This could be accom-
plished through the use of buffer zones around each hazard
area. The buffer zones should be large enough so that, even
if an aircraft outside the buffer zone turns toward the hazard
area at the beginning of the launch commit cycle, the aircraft
could not reach the hazard area until after the launch vehicle
has cleared the area. These buffer zones are not needed for
aircraft flying under the direction of air traffic controllers in
airways outside the hazard areas.

Primary Recommendation on Risk Standards for Air-
craft and Ships. AFSPC should apply the individual ship-
hit criterion, P, of 1 x 107 to the ship exclusion process at
the Eastern Range in the same way it is used at the Western
Range. EWR 127-1 should be modified to specify an
aircraft-hit P, limit of 1 x 107® (properly calculated to
include the probability of impact for very small pieces of
debris). Prior to each launch, the range should establish air-
craft hazard areas (based on the aircraft P,) and buffer zones
(for uncontrolled aircraft in the vicinity of the hazard area).
Launches should be allowed to proceed as long as no
intruder aircraft are in the hazard area or buffer zone.

SUMMARY REMARKS

Implementation of the committee’s recommendations
would streamline range safety processes, resulting in sub-
stantially lower costs and higher efficiency without compro-
mising safety. The recommendations and associated find-
ings are grounded on the universal application of the Air
Force’s long-established risk management approach to
space launch range safety. Implementation of the recommen-
dations would eliminate the overly cautious risk-avoidance
practices that have crept into established range safety prac-
tices, reform EWR 127-1 to focus on performance-based
requirements based on objective risk standards, create a
single range safety office under AFMC to consolidate
nonoperational range safety activities, greatly reduce the
need for downrange safety facilities, reduce launch holds
and scrubs caused by aircraft and ship incursions, and up-
grade the ranges with GPS receiver tracking systems to re-
duce costs and pave the way for long-term improvements,
such as semiautonomous FTSs and space-based ranges.

The recommendations in this report are consistent with
and complementary to many ongoing efforts to modernize
space launch infrastructure and procedures. Some of the rec-
ommendations can be implemented immediately, while oth-
ers must be part of longer term upgrades to the infrastruc-
ture. All of them will require cooperation among the ranges,
other elements of the Air Force, other government agencies
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involved in space launches, and range users. If the recom-
mendations are carefully implemented, everyone involved
would benefit from a safe, more economical, and more com-
petitive U.S. space launch capability. Together with the re-
sults of related studies, the Air Force now has enough infor-
mation to create timetables, establish priorities, assign
responsibilities, and take action to improve U.S. space
launch capabilities.

STREAMLINING SPACE LAUNCH RANGE SAFETY
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Introduction

As part of its efforts to modernize and streamline space
launch operations, the Air Force chartered the National Re-
search Council (NRC) to review safety guidelines and pro-
cedures for government and commercial space launches at
the national ranges. The need for an independent assessment
by the NRC was identified in the Range Integrated Product
Team (IPT) Report (USAF, 1998), which was prompted by
the Commercial Space Industry Leaders’ Conference that
took place in December 1997. At that conference, the fol-
lowing opportunities for improving U.S. space launch capa-
bilities were defined:

* streamlining processes to reduce operational costs and
personnel requirements while preserving public safety

* reexamining policies for customer use of limited
launch range resources

* improving support for commercial users

* learning from the experience of foreign launch range
operations

The Range IPT Report was produced by a task force of rep-
resentatives from the Federal Aviation Administration
(FAA), U.S. Navy, U.S. Air Force, and commercial space
industry. After examining issues related to safety, bureau-
cracy, and ground system reliability and modernization, the
task force decided that launch range safety deserved a sec-
ond look.

OBJECTIVES

The Air Force would like launch range operations to be
more efficient and more responsive to commercial and other
external users without affecting testing and military launch
capabilities. Meeting this goal will require reevaluating the
50-year legacy of the ranges in light of new technologies,
lessons learned, and the growing demand for commercial
launch services. In support of this effort, the NRC appointed
the Committee on Space Launch Range Safety to examine
the technologies and procedures used to provide for public

safety during space launch operations and to recommend
ways to reduce costs and improve efficiency without com-
promising public safety. The following tasks were assigned
to the committee:

1. Conduct a top-level, independent review of the Air
Force’s safety guidelines and procedures for government
and commercial space launches as published in Eastern
and Western Range Safety Requirements (EWR 127-1,
1997) to determine if there are alternative approaches to
the protection of the general public that are both more
efficient and less expensive.

2. Conduct an independent assessment of the current and
planned range safety and flight termination systems and
procedures for government and commercial space
launches to estimate the technical feasibility and cost
effectiveness of a GPS-based, autonomous flight termi-
nation system.

3. Conduct an independent examination of the Air Force’s
safety guidelines and procedures associated with incur-
sions of aircraft and ships into restricted airspace and
waters to determine if holds and delays of government
and commercial space launches can be reduced while
maintaining an acceptable level of safety.

STUDY PROCESSES AND APPROACH

To execute these tasks, the NRC assembled a panel of 12
experts in launch range safety; space launch operations;
launch vehicle systems engineering; launch vehicle guid-
ance, navigation, and control systems; global positioning
system (GPS) technology; telemetry, tracking, and command
systems technology; risk assessment; and public safety.
Some committee members had decades of experience as
launch range users or operators, and others had little or no
prior experience with space launch systems or operations.

The study benefited from an exceptional amount of pub-
lic interest and input; more than 100 individuals from inter-
ested organizations and members of the general public at-
tended public committee meetings (see Appendix C). The
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committee welcomed these expressions of interest and in-
vited comments from all meeting participants on the issues
under investigation. The committee met four times—in
Colorado Springs; Cocoa Beach, Florida; Santa Maria, Cali-
fornia (near Vandenberg Air Force Base); and Washington,
D.C. The committee received input from range safety per-
sonnel on both coasts, commercial space launch providers,
range contractors, legal counsel, Air Force Space Command
(AFSPC), Air Force Space and Missile Systems Center
(SMC), the FAA, the National Aeronautics and Space Ad-
ministration (NASA), the U.S. Navy Trident Missile Pro-
gram, and others. In addition, committee members met sin-
gly and in small groups with consultants, commercial launch
providers, oil rig operators affected by launches from
Vandenberg Air Force Base, representatives of Arianespace,
range contractors, and the American Institute of Aeronautics
and Astronautics. The committee evaluated current range
safety systems and alternative approaches with upgraded ra-
dars and GPS tracking systems. The committee did not in-
vestigate using other types of advanced technologies that
may become available in the future.

This report focuses on just one aspect of U.S. space launch
capabilities: range safety. The committee’s task is not exclu-
sive to this committee. At least 15 recently completed or
ongoing studies are also examining national space launch
activities (see Appendix D). The Air Force has the difficult
task of integrating the analyses, findings, and recommenda-
tions of these studies, as well as the perspectives of others
interested in the future of the ER and WR.

ORGANIZATION OF THIS REPORT

Through a sometimes lively process of discussion and
debate, the committee forged a consensus on each of the

STREAMLINING SPACE LAUNCH RANGE SAFETY

findings and recommendations included in this report.
Chapter 2 provides background information for readers who
are not familiar with launch range operations and safety
issues. In response to task 1, Chapter 3 describes risk man-
agement approaches to safety. Key elements of this approach
include transforming EWR 127-1 into a performance-based
requirements document; consolidating within Air Force
Materiel Command (AFMC) acquisition-like functions
related to range safety, many of which are now being per-
formed by the AFSPC range safety offices at the Eastern
Range (ER) and Western Range (WR); and managing risk to
meet accepted risk standards rather than to avoid risk when-
ever possible. Chapter 3 also provides a safety-based
rationale for eliminating the expense of downrange assets by
moving the Africa gates uprange and advocates the adoption
of GPS receiver systems for vehicle tracking. Task 2 is
addressed in Chapter 4, which examines the methodology
and criteria for flight termination and flight safety systems.
Task 3 is covered in Chapter 5, which suggests ways to
reduce the impact of intruders on the ranges.

Alist of all findings and recommendations appears in Appendix
A. Short biographies of committee members are included in Ap-
pendix B. Meeting participants are listed in Appendix C. Addi-
tional supporting material on related studies and safety models ap-
pears in Appendices D and E, respectively.
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Background

The fundamental goal of U.S. commercial space policy is to
support and enhance U.S. economic competitiveness in space
activities while protecting U.S. national security and foreign
policy interests. . . . Assuring reliable and affordable access
to space through U.S. space transportation capabilities is fun-
damental to achieving national space policy goals. There-
fore, the United States will . . . promote reduction in the cost
of current space transportation systems while improving their
reliability, operability, responsiveness, and safety
(NSTC, 1996).

This chapter provides background information for read-
ers who may not be familiar with space launch activities at
the ER or WR. Individual sections describe national space
launch policy, how responsibilities are divided between the
ranges and users, the basis for safety standards, and com-
mercial cost drivers associated with space launch.

NATIONAL SPACE LAUNCH POLICY

In the past, the U.S. space launch industry was dominated
by missions sponsored by the Air Force, NASA, and other
federal agencies. Now, however, the space launch industry
is rapidly becoming a commercial enterprise in which the
government emulates commercial customers, shifting from
direct management of launch programs to the purchase of
space launch services from U.S. commercial launch compa-
nies in an open, competitive market. The President’s 1994
space policy describes the new scenario:

U.S. Government agencies, in acquiring space-launch related
capabilities, will, to the extent feasible and consistent with
mission requirements, involve the private sector in the de-
sign and development of space transportation capabilities,
encourage private sector financing, . . . [and] encourage pri-
vate sector and state and local government investment and
participation in the development and improvement of U.S.
launch systems and infrastructure (NSTC, 1994).

In response to this policy and the underlying economic
realities, the three primary space launch customers—the U.S.

Department of Defense (DoD), NASA, and the private sec-
tor—are moving toward purely commercial modes of
operation:

* DoD space-vehicle acquisition programs are increas-
ingly purchasing space launch services instead of
launch vehicles. The U.S. Navy has already changed
entirely to this mode. According to current plans, DoD
will be 100 percent reliant on the commercial space
launch industry by 2004 when the last heavy-lift
Titan IV has been launched and the new Atlas V and
Delta IV launch vehicles are in operation.

* NASA has already shifted entirely to commercial
launch vehicles for its unmanned launches, and the
space shuttle is transitioning to private-sector opera-
tion and maintenance. New reusable launch vehicles
(RLVs) are being developed as commercial ventures.

* The private sector market for launching commercial
payloads continues to expand as the information age
looks for a ride into space. This is a global market in a
global economy, and the United States must succeed
in commercial terms to maintain a strong space launch
position.

Because the ongoing competitiveness of commercial
space launch in the United States is important to a broad
range of commercial and government activities, the Air
Force is committed to improving the cost effectiveness of
range operations. However, issues beyond the control of the
Air Force limit what the Air Force can accomplish on its
own. These issues include:

* aligning national missions to allow the ER and WR to
support both commercial and government launches ef-
ficiently

* developing a national standard for launch range safety
with consistent and universal principles at all U.S.
ranges
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* increasing the funding priority assigned to range mod-
ernization consistent with the importance of maintain-
ing a robust and competitive space launch capability

Issues such as these are being examined by the President’s
Office of Science and Technology Policy, the FAA, the me-
dia, federally funded research and development centers, the
American Institute of Aeronautics and Astronautics, Con-
gress, and others (see Appendix D).

Support of Commercial and Government Launches

The Commercial Space Launch Act of 1984, 49 U.S.C.
Subtitle IX (as amended), makes the U.S. Department of
Transportation responsible for licensing and regulating
nongovernment launch activities conducted in the United
States (or anywhere in the world if a U.S. corporation con-
trols the launch) and for the reentry of RLVs. The act as-
signed the FAA the responsibility of issuing safety approv-
als for launch vehicles, safety systems, processes, services,
and personnel. Intended to encourage the commercial
space industry and increase access to range facilities, the
act specifies that “the Secretary of Transportation shall fa-
cilitate and encourage the acquisition by the private sector
and state governments of (a) launch property of the U.S.
government that is excess or otherwise is not needed for
public use; and (b) launch services, including utilities, of
the government otherwise not needed for public use.” This
policy subordinates commercial space launches to gov-
ernment missions at the WR and ER, a limitation that does
not reflect the growing importance of commercial space
launches. Recognizing the launch ranges as national assets
for which the Air Force serves as a steward and rewriting
the range mission to put commercial launches on an equal
footing with other launches would better align the mission
statement with the actual role of the ranges.

National Standards

The convergence of existing range safety standards into
a single national standard for commercial and government
launches could simplify the safety process faced by users
who launch from more than one range. Philosophically, the
need for safety is the same whether a vehicle is launched
from Florida, Montana, California, Alaska, or anywhere in
between. The population density and environmental condi-
tions are different, but the same level of safety should be
provided. Commercial companies that use the WR or ER
must meet the standards imposed by the Air Force (i.e.,
EWR 127-1 and related documents). In addition, every
contractor has its own safety regulations and must abide by
local and federal laws. In many cases contractors are
bound by laws from their home states even when using a
range in another state. Rules and regulations that are con-
sidered acceptable off base at commercial locations should,
in general, also be acceptable on base. Fundamental public
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safety standards should be the same no matter where the
operation is conducted.

Several launch locations, such as NASA’s Wallops Is-
land, have their own safety documentation, much of it origi-
nating from EWR 127-1. Numerous U.S. launch sites, in-
cluding Wallops Island and new launch sites operated or
being considered by new launch service companies, are not
under the control of the 30th or 45th Space Wings or any
other part of the Air Force. An important issue, then, be-
comes whether the contents of EWR 127-1 are necessary
and sufficient outside Air Force authority. Some documents
from other ranges eliminate many of the design solutions
included in EWR 127-1 in favor of simply stating perfor-
mance requirements.

The FAA, which is responsible for licensing commer-
cial launches, has undertaken an initiative to develop com-
mercial launch standards that would apply nationally. The
FAA’s Office of Commercial Space Transportation has
amended its licensing regulation to address commercial
launches from federal launch ranges. It also has released
notices of proposed rule-making for licensing commercial
launch sites and commercial RLVs. The Air Force is help-
ing the FAA develop regulations related to launches from
nonfederal launch sites.

Even if a national standard were created, it is not clear
how it would be used. A national standard could be refer-
enced by the FAA, but a standard broad enough to be ap-
plied nationally would require detailed implementation guid-
ance at specific sites. Also, it is not clear how a national
standard would affect the process for updating EWR 127-1,
the level of detail used to specify requirements in EWR 127-1,
or how those requirements are enforced. To help answer
questions such as these, the American Institute of Aeronau-
tics and Astronautics developed an industry consensus on a
national standard (see Appendix D).

Priority of Range Modernization

Congress is funding modernization of the ER and WR to
reduce recurring costs and to keep the United States globally
competitive. Under the Range Standardization and Automa-
tion (RSA) modernization program, the Air Force is plan-
ning to update satellite data relay systems, improve safety
equipment, and reduce turnaround time (the time required to
reconfigure ground systems between launches). However,
the modernization schedule has been extended several times
because of budgetary constraints and the low priority as-
signed to this effort.

ROLES AND RESPONSIBILITIES OF THE RANGES
AND USERS

The ER, with its launch base at Cape Canaveral Air Sta-
tion, is under the cognizance of the 45th Space Wing, head-
quartered at Patrick Air Force Base, Florida. The WR’s
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BACKGROUND

launch base is at Vandenberg Air Force Base, California,
and is under the cognizance of the 30th Space Wing. Both
wings report to the 14th Air Force and AFSPC.

The history of these two great ranges is the history of the
American space program and its contribution to national
defense, the ending of the Cold War, and our current space-
based military and economic capabilities. A good discussion
of the history and current status of the WR and ER can be
found in Chapters 4, 5, and 6 of the Range IPT Report
(USAF, 1998).

Although the ER and WR are considered here primarily
in their space launch role, both ranges also function in their
historic role as test ranges for national defense systems. The
ER is the site for all test launches of Trident submarine
launched ballistic missiles (SLBMs) by the United States
and the United Kingdom. The WR is the site for all test
launches of U.S. intercontinental ballistic missiles (ICBMs).
Over the years, both ranges have supported research, devel-
opment, and training for a myriad of other programs associ-
ated with missiles, aircraft, rockets, and other weapons.
Within the DoD, the WR and ER are managed as major range
and test facility bases under DoD Directive 3200.11, “Use,
Management, and Operation of DoD Major Ranges and Test
Facilities” (Paragraph 4.2.9.8.). Significantly, as national
space ranges, they also come under the purview of DoD
Directive 3230.03, “DoD Support for Commercial Space
Launch Activities,” and the mission charter of AFSPC.

Only recently have the WR and ER been managed and
operated using a common range safety document. Their
range safety programs did not begin to converge until the
late 1980s, and no common document governing range
safety at both ranges existed before 1995, when EWR 127-1
was issued.

The 30th and the 45th Space Wings, who manage and
operate the ranges, provide the following services for launch
customers:

* municipal services and infrastructure necessary to con-
duct a launch campaign at the site

* management of the siting of the launch pad (explosive
arcs, environmental clearances, etc.)

* a permissive environment for the launch entity’s
acquisition of necessary support services on the
ground, either through wing contracts (for government
launches using traditional acquisition programs) or
launch-customer contracts and purchases (for commer-
cial launches and government launches obtained
through commercial launch service contracts)

* range equipment, systems, and services to monitor and
track space launches and to ensure public safety dur-
ing launch; commercial customers reimburse the gov-
ernment for the wing’s marginal costs of providing
these services for each launch

For all launches, EWR 127-1 vests full authority and re-
sponsibility for public safety in the wing commander. The
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chief of safety at each wing serves as the commander’s des-
ignated representative to carry out the range safety program,
which includes the following tasks:

» enforcing public safety requirements and defining
launch area safety and launch-complex requirements
for mission flight control and other launch support op-
erations

* reviewing and coordinating changes with range users
and providing range safety approvals for operational
procedures, as well as oversight of all prelaunch op-
erations at the launch complex and launch vehicle or
payload processing facilities as they relate to the safety
of the public and launch area.

* reviewing, providing range safety approval, and audit-
ing operations at a launch complex and associated sup-
port facilities for launch-complex safety concerns in
accordance with launch-complex safety training and
certification programs.

The responsibilities of the safety offices at both ranges
encompass three functional areas, each of which is involved
in protecting the public. System safety reviews and approves
the design and implementation of safety systems in all launch
systems. Flight safety, which is responsible for the safety of
flight operations, includes planning launch support, estab-
lishing allowable mission parameters, monitoring the vehicle
and ground systems during countdown and flight, and issu-
ing flight termination commands when necessary. Ground
safety, which is responsible for the safety of ground opera-
tions, includes industrial safety and responding to emergen-
cies during ground operations.

Under EWR 127-1 range users have the following respon-
sibilities:

* providing safe systems, equipment, facilities, and
materials

* conducting operations in a manner that is safe and
complies with applicable portions of the range safety
program

* obtaining reviews and approvals of all safety docu-
ments for their programs

* submitting data for flight control operations, obtain-
ing range safety approval, and participating in safety-
critical operations

* complying with all other applicable laws and regu-
lations

Commercial range users are highly motivated to carry
out these responsibilities in a way that maintains high
levels of safety. As noted in the Range IPT Report:

Commercial users have an interest as great or greater than
the government in operating launch sites and in conducting
launch campaigns safely. A flight failure or safety incident
severely impacts the launch manifest and the ability of the
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commercial user to attract new or follow-on business
(USAF, 1998).

For DoD launches, the 30th and 45th Space Wings have
exercised a significant mission-assurance role in the past,
but this role has been diminishing recently because of
changes in Air Force procurement practices and organiza-
tion. NASA assumes mission-assurance responsibility for
shuttle launches and monitors the work of commercial
launch providers for its other launches. For commercial
launches, however, the wings have not been assigned any
roles or responsibilities associated with mission assurance.
The success or failure of commercial launches is the respon-
sibility of the launch company. The mission of the wings is
to ensure that every flight can be terminated safely—if it
fails. Range safety requirements and responsibilities are re-
lated to mission assurance but should be distinguished from
nonsafety functions (such as mission assurance) so that
safety offices can focus on their primary task (i.e., safety),
and range users can be flexible in resolving mission assur-
ance concerns.

SAFETY STANDARDS

Space launch is a potentially dangerous business. Early in
the space program risks were largely unknown, and, as a
precaution, isolated areas were selected as launch sites. The
range safety program has developed to its present state in
response to four factors:

* increasing range and explosive power of launch
vehicles

* increasing encroachment of civilian populations and
municipalities on the launch sites

* increasing sensitivity to public risk

* growing concern that a serious accident involving the
general public would inhibit important space programs

An early goal used to define launch safety standards was
to ensure that the public would be subject to no more risk
from space launches “than that imposed by the overflight of
conventional aircraft” (EWR 127-1, 1997). This goal has
since been broadened to ensuring that the risk to the general
public from space launches be no higher “than the risk
voluntarily accepted in normal day-to-day activities”
(EWR 127-1, 1997). The foundation for both goals is rooted
in the legislative history of Public Law 60 from the
81st Congress, but neither goal is legally mandated. Even
so, the ranges have well-defined safety standards based on
evolving analysis techniques, technology, and regulations.
Two standards at the heart of the current range safety programs
at the two ranges are critical to the discussions in this report:

* The standard of collective risk to the general public,
expressed in terms of casualty expectation (E_), must
be less than 30 x 1076 for each launch. This implies
that one serious injury or fatality can be expected to
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occur for every 33,000 launches, or once every 1,000
years for a launch rate of 33 per year.!

* The overall goal for reliability of the flight termination
system (FTS) is 0.9981, with air and ground sub-
systems each meeting a reliability of 0.999.2

Range safety is based on two primary, complementary
elements:

* The launch hardware is designed to be safe and is then
managed, maintained, and operated to ensure that the
design levels of safety are achieved at all times.

* The range operators can reliably monitor launches in
progress, and, if something happens in flight that could
compromise public safety, they can shut down the
vehicle propulsion system so the vehicle follows a
ballistic flight path to a known, safe impact point.

Finding 2-1. Range safety personnel and procedures have
well protected people and property. In the history of the U.S.
space program, no members of the general public or launch
site workers have been killed or seriously injured during a
launch accident.

COMMERCIAL COST DRIVERS

Cost will be a key driver in future space launch competi-
tions, and range costs are an important element of total
launch costs. Range operators and commercial launch cus-
tomers incur three kinds of launch costs:

* The cost of maintaining and operating the ER and WR,
which during fiscal year 1998 was $731 million, ex-
clusive of military pay. More than half of the budget
($418 million) was dedicated to infrastructure. The
remaining $313 million was spent on range and launch
support contracts. Of the total, $603 million was an
uncompensated budget burden on the Air Force and
U.S. taxpayers (USAF, 1998). The Air Force’s desire
to reduce this burden through more efficient and less
costly range safety processes is one of the factors be-
hind current efforts, including this study, to improve
range efficiency.

* Reimbursable costs, which are paid to AFSPC by
range users to offset the cost of range operations. This
amount was $128 million in fiscal year 1998 (USAF,
1998). The amount paid by commercial launchers is a
business burden directly related to global competi-
tiveness.

* The launch companies’ internal costs of complying
with range safety rules, which are another direct busi-
ness burden.

ICollective and individual risk are discussed in more detail in Chapter 3.
2FTS reliability is discussed in more detail in Chapter 4.
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Launch companies also face the opportunity cost of busi-
ness lost to foreign competitors with less costly range safety
systems and processes. An important by-product of estab-
lishing a more efficient range safety system would be im-
proved U.S. competitiveness.

Inconsistencies between the two ranges and between the
range safety and acquisition organizations result in redun-
dant and sometimes conflicting or risk-averse requirements
being levied on the launch providers, which increases range
certification costs and operational complexity.

Range safety requirements impact user costs in a number
of ways. A user may wish to launch a new vehicle or a de-
rivative of an existing vehicle on one of the ranges. The
Atlas V is an example of a derivative vehicle currently under
development. The total cost for range safety certification is
estimated by Lockheed Martin at $1.8 million, of which the
flight segment cost will be approximately $600,000 (not in-
cluding launch operations procedures). Lockheed Martin
has estimated that there are more than 18,000 requirements
in EWR 127-1, of which 10,778 had to be addressed indi-
vidually for the Atlas V.

A change in one segment of a launch vehicle can require
recertification of all vehicle range safety systems to the lat-
est requirements, not the requirements that were current
when those systems were originally certified. For example,
the booster for the Taurus launch vehicle, which was certi-
fied for flight on the WR, was upgraded from a Minuteman
to a Castor 120 stage. Recertification for both ranges re-
quired an upgrade from 1989 certification standards to the
1995 version of EWR 127-1. Total nonrecurring costs for
the recertification were more than $1 million, including
more than $750,000 changes to onboard hardware. These
changes also increased recurring costs by $60,000 per vehicle.

A launch vehicle certified for flight on one range still
requires separate certification for flight on the other range.
The process of certifying the Atlas II for flight on the WR
began in 1993, after it had been certified and flown success-
fully from the ER. The certification process still was not
complete in mid-1999. At that time, the cost associated with
recertifying the Atlas IT for the WR had exceeded $1 million.
Eighty percent of that cost was related to meeting the flight
safety requirements in Chapter 4 of EWR 127-1.

For the Atlas IIAS, the WR required recertification of the
FTS antennas, even though antennas of that design had been
flying for nearly 30 years on both coasts. Lockheed Martin
reported that the WR required qualification testing of three
sets of hardware at a total cost of $300,000. (Unexpected
problems unrelated to antenna performance were encoun-
tered during testing, which added to the cost.) Ultimately,
the antennas were certified with no changes in design
(Smith, 1999). In addition, the WR required recertification
of the Atlas IIAS electrical box shock mount isolators,
which had flown successfully at the ER, for use with FTS
systems. Testing of the mounts and boxes cost an additional
$300,000. Going the other way, the manufacturer of the
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Pegasus launch vehicle estimated that certifying the Pegasus
for launch at the ER cost about $1 million and took more
than six months and four labor-years of engineering staff
time, even though the Pegasus had been launched many
times from the WR.

Range safety offices may also require that users pay for
tests to assess the effectiveness of specific design solutions.
The WR requires that ground box acceptance testing of each
FTS component be conducted in a special facility provided
by the WR. This facility also is used for retesting to extend
the shelf life of range safety components when required to
meet launch schedules. At the ER, however, users have the
option of conducting these tests as part of their normal ve-
hicle manufacturing process. Also, the WR process requires
that users provide the range with a new test set or modify an
existing test set whenever changes are made to the design of
the receiver or FTS. In one example cited by Lockheed Mar-
tin, the costs of providing a test set to the WR exceeded
$1 million. On the positive side, Orbital uses the WR to test
all Pegasus FTS boxes regardless of the ultimate launch site,
obviating the need for duplicate test facilities and equipment
but entailing additional transportation time and expense for
launches conducted anywhere except the WR.

Many factors affect the cost and effort of certifying a
launch vehicle on one range after it has operated from the
other range. The committee did not conduct an independent
analysis of the need for the testing described above and does
not assert that any or all of it was arbitrary or capricious.
Clearly, however, there is room for improvement in devel-
oping common test and certification practices, and more
standardized requirements between the ranges would help
address this problem.
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Risk Management Approaches to Safety

All ventures entail some risk. With space launches, this
risk applies to the loss of the mission, property damage, or
casualties for mission personnel or the public at large. A
strict risk avoidance stance—reducing risk to the lowest
possible level regardless of cost—would preclude space
launch by making it unaffordable. Risk management, how-
ever, is designed to meet standards of acceptable risk
based on overall costs and benefits. Risk standards then
can be used to derive safety requirements, and old re-
quirements not needed to satisfy risk standards can be
eliminated.

This chapter describes a risk management approach to
space launch range safety. The starting point is EWR 127-1,
the primary range safety document at the ER and WR.
Although risk standards specified in EWR 127-1 are con-
sistent with a risk management approach to safety, many
of the specific guidelines in EWR 127-1 apply the stan-
dards in a way that avoids risk. Shifting the operational
implementation of EWR 127-1 from risk avoidance to risk
management requires a cultural change.

The focus of the chapter then shifts to the division of
roles and responsibilities for range safety between AFSPC
and AFMC. The last part of this chapter examines risk cri-
teria, risk management, and analysis methods, including
the potential for eliminating downrange safety-related as-
sets at the ER.

PHILOSOPHY OF EWR 127-1

EWR 127-1, which was most recently updated on Octo-
ber 31, 1997, is based on earlier range safety manuals
developed independently at the ER and WR. Rather than
requiring that each user develop its own methods of com-
pliance, the ranges defined many design solutions and in-
cluded them in EWR 127-1 as requirements. Also, to re-
duce the need to refer to regulations and instructions
issued by other government organizations, many of their
requirements were quoted, expanded, or paraphrased and
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inserted into EWR 127-1. As a result, EWR 127-1 is a
huge document that is focused much more on methods and
solutions than on basic, performance-based safety require-
ments. Also, EWR 127-1 has two sets of requirements in
many areas, one for the WR and another for the ER.

EWR 127-1 is issued under the authority of the 30th
and 45th wing commanders. The Air Force plans to issue
the next revision of EWR 127-1 under the authority of
AFSPC, which also will be involved in developing future
updates. The committee supports this plan, which should
enhance the ongoing convergence of documents issued by
and requirements established by the WR and ER.

The fundamental safety standard in EWR 127-1 is the
collective risk criteria, E_, of 30 X 10-¢. However, the
safety philosophy and practices codified in EWR 127-1 of-
ten go beyond what is necessary to meet that standard. For
example, risk management becomes risk avoidance when
EWR 127-1 speaks of “risk minimized to the greatest ex-
tent possible.” Also, Chapter 4 of EWR 127-1 laboriously
lays out hardware, construction, and test requirements for
vehicle safety systems. Detailed, often step-by-step proce-
dures and processes are dictated in annexes. Although
EWR 127-1 is based on limiting collective risk to the gen-
eral public, E_, to less than 30 X 10 for each launch, no
allowable component- or system-level risk assessment is
provided, and the “highest achievable system reliability”
has become the de facto guiding principle.

EWR 127-1 does not describe the source of most of its
requirements. In parallel with this study, SMC, which is part
of AFMC, initiated a study to document the sources of re-
quirements, determine which requirements are design solu-
tions, and identify the actual standards represented by de-
sign solutions. The committee endorses this and other
efforts to determine the validity of specific requirements in
light of industry standards and existing laws and regulations.

Another complicating factor is the process of “tailor-
ing,” which allows alternate means of complying with the
requirements of EWR 127-1. The tailoring process has

Copyright © National Academy of Sciences. All rights reserved.
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evolved to the point that, in essence, a unique version of
EWR 127-1 is created for each new launch system. Tailor-
ing provides range users with great flexibility, but it also
reveals a serious shortcoming in the usability of EWR 127-1:
range safety requirements are defined on an ad hoc basis
by the safety offices (during the tailoring process) rather
than in published regulations.

In addition, inconsistencies in the tailoring process may
mean that different users incur different costs to certify the
same equipment depending, in part, on the negotiating
skills and expertise of the engineers working with range
safety personnel. A C-band radar beacon may cost $60,000
on one certified vehicle and less than $20,000 on another
because different requirements for parts quality and accep-
tance testing are established during the tailoring process.
Users may continue to use more expensive components be-
cause the cost of certifying lower cost components and re-
certifying other related hardware on the vehicle would
wipe out the savings of using the lower cost components.

Reformulating EWR 127-1 as a performance-based re-
quirements document would have several benefits. The
need for tailoring, as it is currently practiced, could be
greatly reduced or eliminated. The number of individual
requirements in EWR 127-1, which add to the costs borne
by both the Air Force and the launch customer, would be
greatly reduced. A clear distinction would be made be-
tween non-negotiable performance-based requirements and
approved methods of compliance that can be waived if an
equally effective alternative is available. Users would have
the option of (1) implementing the approved method of
compliance to streamline the review process, or (2) using
an alternate means of compliance, for which users would
accept the responsibility for getting approval.

Primary Recommendation on EWR 127-1. AFSPC should
simplify EWR 127-1 so that all requirements are perfor-
mance based and consistent with both established risk stan-
dards for space launch (e.g., E, of 30 x 10-°) and objective
industry standards. The process of revising EWR 127-1
should include the following steps:

* Eliminate requirements that cannot be validated.

* Remove all design solutions from EWR 127-1.

» Establish a range user’s handbook or other controlled
document to capture lessons learned and design solu-
tions recognized by the ranges as acceptable means
of compliance. (Requirements should be retained in
EWR 127-1.)

* Form a joint government/industry team to establish
procedures for periodically updating EWR 127-1 and
ensuring that future requirements are performance
based.

* Converge the modeling and analysis approaches,
tools, assumptions, and operational procedures used
at the Western and Eastern Ranges.
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ROLES AND RESPONSIBILITIES OF THE
AIR FORCE SPACE COMMAND AND
AIR FORCE MATERIEL COMMAND

EWR 127-1 includes a great deal of detailed information
on organizational roles and responsibilities. Briefings and
documents provided to the committee also included signifi-
cant amounts of information on these subjects, and the com-
mittee reviewed two versions of an AFSPC/AFMC memo-
randum of agreement (MOA) to understand the division of
spacelift roles and responsibilities. One of the agreements
was signed in 1997 and is currently in effect (AFSPC/
AFMC, 1997). The second was an unsigned draft of an up-
dated MOA dated May 1999 (AFSPC/AFMC, 1999).! The
purpose of the review was to determine if changes in roles
and responsibilities might improve the efficiency of range
safety operations. The review focused on two alternatives:
maintaining the status quo and adopting the approach de-
fined in the MOA:s.

Both MOAs confirm the intent that AFMC assume re-
sponsibility for the acquisition, developmental testing, sus-
tainment, and improvement of launch vehicles, spacecraft,
and launch range systems. The process of transferring re-
lated functions from AFSPC to AFMC began in earnest with
the range modernization program. Nonetheless, developmen-
tal engineering continues to be performed by AFSPC in the
area of safety systems for launch vehicles and spacecraft.
AFSPC has performed these tasks since it was established
more than a decade ago, even though they overlap existing
AFMC functional responsibilities.

The transfer of the development and engineering func-
tions related to range safety from AFSPC to AFMC would
be consistent with the intent of the MOAs and with normal
Air Force practices. If properly executed, this transfer would
reduce costs and workload for both the Air Force and range
users by eliminating duplicative efforts and standardizing
procedures and systems.

Air Force Memorandum of Agreement on Spacelift

The MOA on spacelift between AFSPC and AFMC de-
lineates in great detail the roles and responsibilities of each
organization. The basic concept of operation states that
AFMC will develop and acquire space systems based on
approved AFSPC requirements and that AFSPC will con-
duct spacelift operations to meet its war-fighting require-
ments. Each command is expected to manage the hardware,
software, and support necessary to meet its mission require-
ments. AFMC’s role is to “perform all functions required to
acquire, conduct developmental testing, sustain, and improve
the operational performance of launch vehicles, satellites,
and launch range systems” (AFSPC/AFMC, 1997). AFMC

Instead of issuing a new MOA based on the 1999 revision, the Air Force
may decide to issue an Air Force Instruction.
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is also responsible for contracting for these items as required
and for the full life cycle of the acquisition process with
support from AFSPC. AFMC is responsible for develop-
ment, qualification, and acceptance tests of new or modified
systems to show that systems comply with all specifications
and requirements provided by the operational organization
at the component, subsystem, and system levels. AFMC is
also responsible for the provision of sustaining engineering
and depot-level maintenance for launch vehicles, upper
stages, range systems, and associated ground equipment.

In support of the acquisition process, AFSPC is respon-
sible for defining and prioritizing operational requirements
for existing and new launch vehicles and systems and for
communicating those requirements to AFMC. AFSPC is re-
sponsible for developing, planning, and conducting op-
erational testing and evaluation to demonstrate systems’
operational effectiveness and suitability under realistic con-
ditions. AFSPC’s primary role (in terms of space launch) is

STREAMLINING SPACE LAUNCH RANGE SAFETY

to conduct prelaunch and launch operations with AFMC
support as necessary to resolve anomalies.

It is noteworthy that the 1997 MOA does not delegate to
AFSPC a special role in the development of safety systems.
The MOA makes AFMC responsible for providing a com-
plete launch vehicle, including safety systems, that meet
AFSPC requirements. AFMC is the office of primary re-
sponsibility until “space system asset availability,” which is
the program milestone when hardware is turned over to
AFSPC. At that time, the 1997 MOA specifies that hard-
ware should be ready for flight except for prelaunch process-
ing. The May 1999 draft of the new MOA does not indicate
any changes in the division of responsibilities described
above (see Figure 3-1).

Both MOAs are also consistent with the normal roles and
responsibilities assigned to a system program director in
AFMC and other DoD acquisition commands. System pro-
gram directors are responsible for all aspects of new system

AFSPC Operations and Maintenance Management for Ongoing Activities

* Spacelift Operations
* Range Operations
* Base Operating Procedures

* Launch Processing
Delegations - ACO
¢ Support Contract - PCO

* Discrepancy Resolution
* Organization Level Maintenance
* SCMDR - All Systems

SSAA LAUNCH
Hardware/ Subsystem
T ¢ software assembly N
S 2 components and s lif
5 = acceptance checkout pacelift
2 i3] mission Launch
C <
8 2 Hardware/ Subsystem equipment Integrated ascent
o @ software assembly
£ § components 1 and —»| assembly —»| system and post-
e acceptance checkout integration verification flight
w o
= and recovery
g 2 Hardware/ Other checkout
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= components and
o
acceptance checkout

AFMC Managed

AFSPC Managed

AFMC Acquisition and Sustainment Management for Ongoing Activities

* Configuration Management
* Sustainment Engineering
* Hardware Contract - PCO

ACO = administrative contracting officer
PCO = procurement contracting officer

¢ Process and Development Procedures
* Trend Discrepancies/Anomalies

* Anomaly Resolution
* Depot Level Maintenance

SCMDR = spacelift commander
SSAA = space system asset availability

FIGURE 3-1 Air Force roles and responsibilities for space launch. Source: AFSPC/AFMC, 1999.
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acquisition, including developmental testing, sustainment,
and overall cost effectiveness. Before systems are turned
over to operational commands, AFMC must certify that all
systems have been designed to meet operational require-
ments and check out at the component, subsystem, and sys-
tem levels. System program directors’ responsibilities ex-
tend to all subsystems and include safety, including safety of
flight where applicable (AFMC, 1998).

Development and Engineering Functions at the Ranges

The ranges, which have a long history of development
and developmental testing, for many years were part of an
Air Force acquisition command. Over the years, research
and development related to ICBMs, SLBMs, and other space
launch systems have been reduced, and operations have be-
came increasingly important. In 1982 a space operations
command (i.e., AFSPC) was created, and in 1990 it assumed
command of the ranges. Soon thereafter responsibilities for
development and sustaining engineering of range instrumen-
tation were transferred back to an acquisition command (i.e.,
AFMC), which is managing the ongoing range moderniza-
tion program. In accordance with the 1997 MOA, AFSPC
sets programmatic requirements for the modernization effort
and supports the acquisition.

In contrast, personnel from launch vehicle manufacturers
and the ranges indicated to the committee that the safety
offices at both ranges (which are part of AFSPC) have as-
sumed essentially full responsibility for analysis and testing
of safety systems to certify compliance with requirements in
EWR 127-1. Areas of particular interest include onboard
safety systems, such as FTSs, receivers, batteries, and track-
ing devices. As described earlier in this chapter, obtaining
authorization from either range safety office to use new or
modified systems can be labor-intensive for both users and
the range safety offices, can significantly increase user costs,
and can take months or years to complete, even if the “new”
system has been previously authorized for use at the other
range. The range’s heavy involvement in analysis, testing,
and certification results in duplication of effort, because
AFMC and the individual system program directors already
have responsibility for approving flight safety systems along
with other vehicle subsystems. Current practices are also at
odds with normal Air Force acquisition practices and with
specific guidance in both versions of the MOA on spacelift
roles and responsibilities.

Transfer of Acquisition Functions to an Acquisition
Command

Analyzing, testing, and certifying the design of new and
modified systems involves staff assigned to many different
elements of the range safety offices at the WR and ER. The
committee recommends that the Air Force transfer acquisi-
tion-like functions related to range safety from AFSPC (i.e.,
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from the ranges) to AFMC. (See Primary Recommendation
on Roles and Responsibilities, below.) The committee rec-
ognizes that determining which functions are involved in
the development phase and where to draw the line organiza-
tionally between operations and development will be diffi-
cult because these functions have been closely linked for
many years. The Air Force will have to decide where in
AFMC range safety functions should reside and what
changes should be made in the size of the workforces and
budgets of AFMC and AFSPC. It will be important to es-
tablish a concept of operations that ensures safety decisions
are objective and provides for effective communications
between acquisition and operational commands involved in
range safety. Although quick action is needed, the commit-
tee believes that the Air Force should carefully review
implementation issues such as these before moving forward
with the recommended transfer of responsibilities. Also, it
should be emphasized that the recommended transfer is
about functions—not existing organizations or individuals.

In addition to a transfer of safety system functions, the
committee concluded that responsibilities for developing
detailed safety models to support flight operations should
also be transferred. The range safety staff must, of course, be
very knowledgeable about the content of the models and how
to use them during prelaunch and launch operations. Also,
close working relationships between operational staff (at the
ranges) and acquisition staff (within AFMC) must be main-
tained to ensure that new systems and system modifications
are consistent with operational needs and can be efficiently
implemented in an operational setting.

The basic responsibility of the range safety offices—the
protection of human life and property—should not be
changed. The basic responsibility of the newly established
AFMC safety office would be to support to the system pro-
gram offices (and AFSPC, as appropriate) during the acqui-
sition, developmental testing, sustainment, and improvement
of space systems. The AFMC safety office would also be
responsible for certifying safety readiness for other govern-
ment, civil, and commercial launch operations at the WR
and ER, as outlined below. Requirements for design, qualifi-
cation, and acceptance testing processes would be removed
from EWR 127-1 and documented in an AFMC handbook
describing acceptable means of compliance and lessons
learned, in a manner consistent with the Primary Recom-
mendation on EWR 127-1. AFMC would certify to AFSPC
that new and modified systems have met specified require-
ments. Systems would then be handed over to AFSPC for
prelaunch and launch operations, including operational test-
ing, in accordance with the current MOA.

Existing and planned independent functional organiza-
tions in AFMC and SMC could be used as a model for estab-
lishing a safety office. To ensure that safety decisions are
objective, the safety office must be independent. This could
be achieved by allowing safety managers to report un-
resolved safety concerns directly to a high level within the
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chain of command without putting their jobs on the line. In
addition to supporting system program offices and the
ranges, the safety office should be responsible for centraliz-
ing and simplifying the development of safety policy,
procedures, and systems; maintaining a strong engineering,
analysis, modeling, and simulation staff through training and
career advancement; and reducing costs for the range
operators and users.

Other Users

The discussion above is focused on satisfying the safety
needs of space launches by the Air Force on the WR and
ER. However, the AFMC safety office described above
would also have to certify the safety of flight and ground
systems for commercial space launches and other activities
at the ER and WR (e.g., launches of the NASA spacecraft,
ballistic missile tests by the U.S. Navy and Air Force, and
aircraft flight tests). Certification of these systems would be
based on FAA space launch regulations (for commercial
launches),2 EWR 127-1, other pertinent documents, and the
results of design reviews, analyses, developmental tests,
and/or operational performance records. Close coordination
between operational staffs at the ranges, system operators
or developers, and the AFMC safety office would be neces-
sary to evaluate risks, generate new safety tools, establish
appropriate risk standards, and manage risk for these mis-
sions. In addition, the safety office could also develop, pro-
cure, and certify standard flight safety systems and make
them available to users.

Working with other involved parties, the Air Force should
prepare an instruction or other appropriate document describ-
ing the safety group’s role in the development and certifica-
tion of Air Force, government, and commercial safety sys-
tems and interfaces with other organizations in AFMC,
AFSPC, FAA, NASA, and industry. The specification of
design, qualification, and acceptance testing processes, as
well as lessons learned, should be incorporated in the new
documentation and removed from EWR 127-1.

Findings and Recommendations on Roles and
Responsibilities

Finding 3-1. AFSPC has transferred responsibility to AFMC
for development, developmental testing and evaluation, and
sustaining engineering of range safety ground systems. Or-
ganizational responsibilities for many other range safety pro-
cesses and procedures, however, are inconsistent with the
current memorandum of agreement between AFSPC and
AFMC on spacelift roles and responsibilities. In addition to
the operational workforce, each AFSPC range safety office
also has an engineering workforce that establishes flight

2Information on the FAA licensing process, including relevant statutes,
regulations, and policies, is available on line (http://ast.faa.gov/licensing/).
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safety system design and testing requirements and certifies
that flight safety systems meet safety requirements at the
component, subsystem, and system levels. These acquisi-
tion-like functions overlap the responsibilities of AFMC.

Finding 3-2. The complete transfer of range safety develop-
ment, developmental testing and evaluation, and sustaining
engineering to AFMC would, if properly implemented, in-
crease efficiency and reduce costs without compromising
safety by eliminating overlapping responsibilities between
the ranges and AFMC, by minimizing differences in range
safety policies and procedures applicable to the Western and
Eastern Ranges, and by enabling users to deal with a single
office when seeking approval to use new or modified sys-
tems on both ranges.

Primary Recommendation on Roles and Responsibilities.
The Air Force should fully implement the memorandum of
agreement between AFSPC and AFMC on spacelift roles
and responsibilities. This would consolidate in AFMC the
acquisition-like functions related to safety that are now per-
formed by AFSPC organizations at the Eastern and Western
Ranges. These functions include developmental testing and
evaluation, sustaining engineering, and certifying that sys-
tem designs meet safety requirements. To manage the safety
aspects of the acquisition-like functions specified in the
memorandum of agreement, AFMC should establish an in-
dependent safety office. Operational responsibilities, such
as generating safety requirements, operational testing and
evaluation, and all prelaunch and launch safety operational
functions, would be retained by AFSPC.

Recommendation 3-1. AFSPC should issue an Air Force
Instruction addressing the certification of flight safety sys-
tems for commercial, civil, and military launches at the
Western or Eastern Range. The instruction should include a
description of interfaces among responsible organizations,
such as AFSPC, AFMC, FAA, NASA, and commercial con-
tractors.

RISK CRITERIA, RISK MANAGEMENT, AND
ANALYSIS METHODS

This section discusses several key issues affecting public
safety during launch. First, the current risk criteria used by
the Air Force are discussed. Next, certain inconsistencies
between these accepted risk-management criteria and opera-
tional methods based on risk avoidance are described. These
inconsistencies are examined in light of the risk posed by
vehicles as they approach orbit to show that downrange
safety-related assets can be eliminated while safety is main-
tained within accepted limits. Finally, general safety assess-
ment and modeling issues are presented, followed by an out-
line of the major differences in modeling and analysis
methods at WR and ER.
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TABLE 3-1 Comparison of Maximum Acceptable Collective Risks
Annualized Collective Risk
Activity (number of expected fatalities per year)

Space launch (ER and WR)

Commercial nuclear power plants (United States)

Hazardous material storage (Hong Kong)
Nuclear and chemical industry (Netherlands)
British Ministry of Defense

Petrochemicals (Santa Barbara County)

1x10-3
2x10°
7% 1073
1.1x1073
6x 1073
1x1073

Source: RCC, 1997b.

In the course of its study of the risk criteria used at the
WR and ER, the committee reviewed a number of docu-
ments. Central among them was Chapter 3, “Risk Criteria
Rationale,” in the Supplement to Range Commanders Coun-
cil (RCC) Standard 321-97 (RCC, 1997b).3 This document
contains an extensive treatment of the principles and logic
behind the use of common risk criteria.

Risk Criteria

According to Air Force Instruction 91-202, “risk should
be quantified and acceptable limits established” (USAF,
1991). EWR 127-1 describes the principal risk criterion for
space launches at the WR and ER: a casualty expectation,
E_, “of 30 x 107 shall be used by both ranges as a level
defining ‘acceptable launch risk without high management
(Range Commander) review.” Based on national need and
the approval of the Range Commander/Wing Commanders,
launches may be permitted using a predicted risk above
30 x 107 (Paragraph 1.4.1). Previous versions of
EWR 127-1 indicated that the upper limit of risk that a com-
mander might approve locally was an E, of 300 x 1075

The ranges also use an individual risk criteria, P_, to de-
scribe the probability of an individual in any particular place
being killed or severely injured during a launch. P_can be
used to determine whether specific personnel are at high risk
in a given area. EWR 127-1 prohibits exposing members of
the general public to a P, greater than 1 x 1075; the limit for
mission-essential personnel is 1 X 1073, (See Chapter 5 for a
discussion of limits on individual hit probabilities, P,, for
ships and aircraft.)

These collective and individual risk criteria are consistent
with RCC Standard 321-97, which recommends their use on
all DoD ranges (RCC, 1997a). The supplement to RCC Stan-
dard 321-97 also describes acceptable levels of risk in other

3The membership of the Range Commanders Council includes the com-
manders of the ER, the WR, and 19 other test, training, and operational
ranges operated by the DoD.

domains. The supplement cites regulatory procedures pro-
mulgated by the U.S. Department of Labor, Environmental
Protection Agency, Occupational Safety and Health Admin-
istration, and the Food and Drug Administration that pertain
to individual and collective risks of industrial, occupational,
public, and in-the-home accidents, as well as risk levels re-
lated to carcinogens (RCC, 1997b).

The RCC analysis uses annualized risks when comparing
space launch range safety to safety in other fields. An E_ of
30 x 1070 is equivalent to a rate of one casualty every
1,000 years, or 1 x 1073 casualties per year, given an average
launch rate of 33 per year. Table 3-1 compares this risk level
with the annualized collective risk limits for other fields and
shows that annualized risks on the order of 103 are com-
monly accepted, both in the United States and inter-
nationally. The significantly lower risk standard established
by the Nuclear Regulatory Commission for the operation of
nuclear power plants reflects concerns about a major catas-
trophe that could affect tens or hundreds of thousands of
people near a nuclear power plant and the potential long-
term consequences of a nuclear accident.

An E_of 30 x 1076 is also comparable to the risk accepted
by the public for commercial air travel. From 1982 through
1998, U.S. air carriers had 131 million departures, and acci-
dents resulted in 2,868 casualties (354 serious injuries and
2,514 fatalities), which is equivalent to an E_ of 22 X 107 per
departure (NTSB, 2000, Tables 3 and 5).

Finding 3-3. A collective risk standard (i.e., a casualty ex-
pectation, or E) of 30 x 10 per launch for members of the
general public is consistent with the risk standards of many
other fields in which the public is involuntarily exposed to
risk, both domestically and internationally.

Application of Risk Management

To ensure safety, range safety tracks each launch vehicle
and predicts its instantaneous impact point (IIP), which is a
real-time estimate of where the vehicle would land if the
flight were terminated. Because of the high speed of the

Copyright © National Academy of Sciences. All rights reserved.



Streamlining Space Launch Range Safety
http://lwww.nap.edu/catalog/9790.html

20

vehicle, the IIP may be several thousand miles downrange of
the vehicle’s current position. The nominal flight path, the
actual course of the vehicle, and the computed IIP change
during flight. If for any reason the range safety personnel
cannot verify that a vehicle is and will remain within speci-
fied boundaries (e.g., if tracking systems fail), they will ter-
minate the flight.

Background on Destruct Lines and the Africa Gates

A key element of current range safety procedures involves
defining the thresholds used during launch to determine
when a flight should be terminated. These thresholds are ul-
timately based on impact limit lines (ILLs), which extend
downrange from the launch site and define the area in which
debris (from planned stage drops, vehicle explosions, or
thrust termination) may land. Flight trajectories and ILLs
are calculated and approved prior to launch to protect people
and property. The ILLs are not explicitly defined by safety
metrics (such as E ). Instead, they are based on risk avoid-
ance: “Whenever possible, the overflight of any inhabited
landmasses is discouraged and is approved only if opera-
tional requirements make overflight necessary, and risk stud-
ies indicate probability of impact and casualty expectancy
are acceptable” (EWR 127-1, paragraph 2.3.6). To account
for delays in operator response, uncertainties about vehicle
breakup, winds, and other aerodynamic effects, destruct lines
are defined inside of the ILLs. If a vehicle’s IIP reaches a
destruct line, the flight is terminated.

Wherever the vehicle passes over inhabited landmasses
before orbital insertion, “gates” (i.e., exits) in the ILLs and
destruct lines are defined. The vehicle must pass through the
gate or the flight will be terminated. The gates are perpen-
dicular to the nominal trajectory, and the width of the gates
accounts for tracking uncertainties and acceptable variations
in trajectory. The use of gates and their locations are defined
by EWR 127-1 and related Air Force documents—the com-
mittee knows of no international agreements that require
their use.

Even though orbital insertion typically occurs over the
horizon, gates and downrange tracking, telemetry, and FTS
capability are not needed to satisfy the E, risk standard
(30 x 107) for orbital launches from the WR. Allowable
azimuths are constrained during the uprange portion of flight
to avoid overflight of inhabited landmasses during the boost
phase. Orbital vehicles are tracked and FT'S commands are
issued only to the horizon (i.e., only as long as uprange sys-
tems have direct contact with the vehicle).

DoD Directive 3200.11 requires ranges to prevent launch
vehicles from “violating established limits through impact
for vehicles with suborbital trajectories and through orbital
insertion or escape velocity for space vehicles” (Paragraph
4.2.9.8). The 45th Space Wing made the following state-
ment in response to a query from the committee:
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Our interpretation is that DoD Directive 3200.11 drives a
definite requirement for downrange assets at the ER to sup-
port command destruct . . . and metric tracking . . . . Evenin-
terpreting 3200.11 liberally and employing risk management
techniques, metric tracking would be required to support
notification in cases of accident or errant trajectories. The
responsibility for safety from launch to orbital insertion (for
space vehicles) and from launch to impact (for ballistic ve-
hicles) is consistent with knowing the vehicle’s position and
its predicted impact point at all times during these periods of
flight. This information would also be necessary for the
settlement of international claims or disputes in the event
that a malfunction occurs beyond the destruct capabilities of
the ranges (45th SW, 1999).

Neither DoD nor AFSPC instructions establish different
risk standards for citizens of the United States and citizens
of foreign nations, and the ER allows vehicles to proceed
over Europe and Africa without further intervention if the
vehicles have successfully navigated the appropriate gates.
The location of the Africa gate typically corresponds to the
position of the IIP at approximately 500 to 700 seconds after
launch (see Figure 3-2). Depending upon the launch vehicle
and flight azimuth, Africa gates may be as far downrange as
10° west longitude. Downrange radar assets at Antigua and
Ascension Islands are required to provide the vehicle posi-
tion data used to compute the IIP beyond approximately
480 seconds (Figure 3-3). Maintaining, staffing, and operat-
ing downrange facilities and providing reliable, real-time
communications between the downrange facilities and the
Range Operations Control Center (ROCC) at the ER is
expensive. Coordinating launch operations with remote
facilities also complicates range safety operations and
increases the risk of holds and delays (if problems occur at
the remote facilities or in the communications links).

Moving the Africa Gates

Several factors suggest that the collective risk standard,
E_, could still be met if the Africa gates were moved uprange.
First, most major vehicle events (staging and engine starts)
occur within approximately 300 seconds of launch while the
vehicle is well within the area covered by uprange assets.
Following these events, vehicles have historically been quite
reliable. After 300 seconds, for example, the probability of
an Atlas failure is estimated at 25.7 X 10-° per second until
the end of the vehicle’s mission at 670 sec (see Table 3-2
and Figure 3-4).

Vehicles that successfully complete uprange staging
events are highly reliable, and their IIPs are travelling very
fast—much faster even than the vehicles themselves as
they approach orbital velocity; the IIP disappears as soon
as the vehicle reaches orbital velocity. The IIPs of Atlas
vehicles, for example, are over Africa for only 0.3 to
8.08 seconds before the vehicle reaches orbital velocity or
the IIP enters the Indian Ocean. Based on the vehicle
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launched).

FIGURE 3-2 Instantaneous impact point trace and Africa gate location for Titan IV-B25. Source: 45th SW, 1999.

reliability data in Table 3-2, the probability of debris from
an Atlas hitting Africa is less than 210 x 10~ per launch.
This is equivalent to one event in more than 4,800
launches and is consistent with the probability of land im-
pact for Titan launches on similar trajectories, which has
been estimated to be approximately 300 X 10-° per launch
after 400 seconds. When combined with the subsequent
probabilities of impacting a populated area and causing
casualties, 3 the risks from flying over Africa appear to be
well within the standard acceptable for the U.S. popula-
tion, 30 x 107% (Ward, 1997). In fact, for an Atlas II/IIAS
launch vehicle that successfully reaches the existing Africa
gates, E_ for the remainder of flight is 8 x 108 (LMA,
1999), and the remaining E_ for an Atlas IIIB when
uprange facilities lose contact with the launch vehicle is
4.9x 1078

Even if a failure were to occur more than 400 seconds
after launch, the vehicle is travelling very fast and it would

4Calculated as follows: 1-(1-0.0000257)8-08,
SPopulation modeling is described in Appendix E.

break up from dynamic forces upon reentering the atmo-
sphere. At this stage of flight, fuel cutoff often is used for
flight termination instead of explosive charges. Cutting off
fuel helps prevent the vehicle from veering off course and
minimizes the size of the debris pattern by keeping the ve-
hicle largely intact until it breaks up at lower altitudes. For
failure modes in which thrust ends prematurely, a thrust-
termination type of FTS would have no added benefit.
Therefore, the absence of FTS capability beyond the cov-
erage area of uprange assets would not reduce safety for
malfunctions that terminate thrust prematurely. This would
not be true if a malfunction occurred downrange that unex-
pectedly reduced vehicle thrust or directed a vehicle off the
intended trajectory while maintaining stable, powered
flight. The committee concludes, however, that the vehi-
cle’s design characteristics and its high speed at this point
in the flight make it highly unlikely that a significant
change in IIP would occur before the vehicle breaks up
even without intervention by an FTS. This conclusion is
supported by calculations of E, during the downrange por-
tion of flight, as noted above.

The current placement of Africa gates derived from
ILLs and destruct lines is based on risk avoidance. From a
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FIGURE 3-3 Ground track and elevation angle for an Atlas IIA launched from Pad 36A at the Eastern Range on an initial flight azimuth of

104 degrees. Source: 45th SW, 1999.

risk-management perspective, it appears that the Africa
gates could be moved safely uprange. The combination of
vehicle reliability, short time over land, and high speed
make it unlikely that moving the Africa gates to within the
coverage of uprange assets (i.e., terminating vehicle track-
ing, telemetry, and FTS coverage beyond approximately
480 seconds) would violate E, limits or significantly
increase E_. This conclusion should be validated by more
detailed analyses covering current and future launch vehicles
of interest. If downrange tracking is needed for reasons
other than risk management, those requirements should be
documented. However, as already noted, the WR has dem-
onstrated that the collective risk standard can be met with-
out tracking, telemetry, or FTS during the later stages of
flight.

Primary Recommendation on Risk Management. AFSPC
should define objective, consistent risk standards (e.g.,

casualty expectation, E,, of 30 x 107 and individual risk, P,
of 1 X 107°) and use them as the basis for range safety deci-
sions. Safety procedures based on risk avoidance should be
replaced with procedures consistent with the risk manage-
ment philosophy specified by EWR 127-1. Destruct lines
and flight termination system requirements should be defined
and implemented in a way that is directly traceable to
accepted risk standards.

Finding 3-4. At the Eastern Range, the downrange location
of gates and destruct lines and current requirements for
downrange coverage by flight termination, telemetry, and
tracking systems are not directly related to accepted risk stan-
dards (e.g., E, of 30 X 10 or P, of 1 x 10-°) but to a risk-
avoidance policy that discourages the overflight of inhabited
landmasses whenever possible. The Western Range imple-
ments this policy by constraining the azimuth of orbital
launches.
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TABLE 3-2 Probability of Failure vs. Phase for the Atlas ITIAS
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Phase Start Time (seconds) End Time (seconds) Probability of Failure (per second)
Liftoff 0.00 5.00 0.000884
GLSRB burn 5.00 59.00 0.0000855
ALSRB ignition 59.00 64.00 0.000106
ALSRB burn 64.00 103.40 0.000106
GLSRB jettison 103.40 104.40 0.0000943
ALSRB burn continue 104.40 117.30 0.0000943
ALSRB jettison 117.30 118.30 0.0000741
Booster flight 118.30 164.80 0.0000740
Booster engine cutoff 164.80 165.80 0.00398
Booster engine cutoff to booster package jettison 165.80 168.90 0.0000514
Booster package jettison 168.90 169.90 0.00182
Sustainer flight 169.90 190.90 0.0000514
Payload fairing jettison 190.90 191.90 0.0000507
Sustainer flight (continued) 191.90 282.90 0.0000507
Sustainer engine cutoff 282.90 283.90 0.00000121
Atlas/Centaur separation 283.90 284.90 0.00161
Coast 284.90 301.50 0.000000454
Main engine start (upper stage) 301.50 306.50 0.00153
First Centaur burn 306.50 670.00 0.0000257

GLSRB = ground-lit solid rocket booster
ALSRB = air-lit solid rocket booster
Source: 45th SW, 1999.

Finding 3-5. Moving the Africa gates uprange has the po-
tential to reduce the cost of safety-related downrange assets,
decrease the complexity of range safety operations, and re-
duce launch holds and delays. Moving the Africa gates to
within the reach of uprange flight termination, telemetry, and
tracking systems is not likely to increase E, significantly or
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Probability of failure (per second)
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violate established limits. No known international agree-
ments would preclude moving the gates. Thus, in terms of
range safety there is no clear justification for retaining down-
range assets at Antigua and Ascension. It may also be fea-
sible to move other gates uprange and further reduce the
need for downrange facilities.
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FIGURE 3-4 Probability of failure vs. phase for the Atlas ITAS. Source: 45th SW, 1999.
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Primary Recommendation on Africa Gates. While other
requirements may exist, from the perspective of launch range
safety the Air Force should move the Africa gates to within
the limits of uprange flight termination and tracking sys-
tems; eliminate the use of assets in Antigua and Ascension
for range safety support; and conduct a detailed technical
assessment to validate the feasibility of moving other gates
uprange. If other requirements for downrange tracking exist,
AFSPC should validate those requirements and reexamine
this recommendation in light of the additional requirements.

Modeling and Analysis Issues

A number of analytical processes and modeling tools are
used before, during, and after launch to predict and monitor
the safe operation of launch vehicles. The basic prelaunch
safety assessment methodology used at both the WR and ER
is based on Monte Carlo simulation tools, which is consis-
tent with methods used in other fields. These tools can com-
pute the likelihood of vehicle failure at a given time during
launch, the resulting likelihood of debris impacting a given
location, and in some cases the risk of casualties caused by
debris impact, explosion, blast, or toxic effects. The final
outputs of the assessment are used prior to launch (with sta-
tistical wind profiles) to determine whether the launch meets
safety criteria and where evacuations are required. Contin-
ued evolution and assessment of these modeling and analy-
sis techniques is critical, especially for new types of launch
vehicles such as RLVs.

Because of inherent uncertainties in input parameters and
modeling assumptions, safety assessments can provide only
approximate results, even though range safety personnel are
constantly improving their analytical models based on ac-
tual range experience. Because the launch rate is quite low
compared to the rate at which new technologies are devel-
oped, however, it can be difficult to predict the performance
of new vehicles or systems using historical data.

Safety procedures and rules should be clearly linked to
accepted risk standards, but demonstrating this linkage is
difficult because of inherent uncertainties. Therefore, the
computation of safety metrics tends to be conservative. For
example, models may assume that all debris survives to
impact or use worst-case wind profiles. The effect of this
conservatism is that actual operations are likely to be safer
than predicted. However, conservatism may also overly
restrict operations and should be carefully limited. The goal
should be to obtain the most accurate answer, not the most
conservative one. Safety assessments should be conducted
to the level of detail appropriate to the scale and accuracy of
the assumptions used in the models, and making the models
more detailed is not always warranted. In fact, the additional
complexity may have no effect—or even a negative effect—
on accuracy.

The results of safety assessments should not be subjec-
tively altered when making decisions regarding launch,
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evacuation, or flight termination. This issue has been identi-
fied and discussed by the RCC:

Answers obtained by applying these analytical methods . . .
are not the “absolute truth” but are the product of a rational
process to establish objective safety recommendations.
Therefore, the answers should not be subjectively altered at
the end of the process. Such changes could render invalid the
informed decision process which helps protect the govern-
ment from liability (RCC, 1997a).

This issue has been further developed in the Flight Safety
Analyst Handbook:

While the validity of the calculation process (the “math”) is
not often questioned, numerical results at the end of the pro-
cess are sometimes called “ballpark”, or thought to contain
“margins” as the result of “conservatism built into models.”
This intuition fosters a belief that numbers indicating high
risk (especially borderline high risk) can somehow be
discounted. . . . If the Commander exceeds the criteria it can
be argued that the criteria does not exist, or was in fact, never
a valid criteria. For credibility and liability protection, it is
better to change the criteria before initiating a launch opera-
tion, than to establish one and then violate it (30th
SW, 1999).

As indicated above and in Appendix E, the committee noted
that conservatism is, in fact, built into many range safety
analytical models and procedures. Ensuring that safety
analyses are accurate and free of unnecessary conservatism
will help minimize the temptation to discount their results.

Recommendation 3-2. AFSPC should identify and correct
unwarranted conservatism in analytical models and verify
that modeling and analytical methods are properly imple-
mented. Periodic, independent reviews should be conducted
to ensure that the level of modeling detail is appropriate
given the accuracy of model inputs and assumptions.

Differences between WR and ER Analysis Methods

The overall modeling and analysis approaches at ER and
WR are similar, but some significant differences exist. For
example, the ranges use different assumptions and models in
computing safety metrics, such as £, and they use analytical
results differently. At the WR, safety analyses are rerun on
launch days using measured wind data to reevaluate the
safety metrics and verify that the launch meets the accepted
safety criteria. At the ER, the measured winds are compared
against predefined worst-case winds to determine if the
launch may proceed.

Because of the potential risk to the launch area it is neces-
sary to detect and terminate the flight of a vehicle that fails
to pitch over and head downrange. Both ranges compute how
long it would take for a vehicle to present an unacceptable
risk if it flew straight up. If a vehicle fails to turn downrange
by the specified time the flight is terminated. Also, at the
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ER, a “chevron display” is used to track the IIP immediately
after launch. If the IIP fails to move downrange at the proper
rate as shown on the chevron display, destruct commands
are sent. At WR, a dedicated pitch-program display is used
to track the vehicle’s position relative to the nominal pro-
gramming trajectory. Prior to launch, the WR also computes
how long after launch it takes a vehicle to generate enough
kinetic energy to impact a region outside the ILLs. If track-
ing of the vehicle is not be available by that time, the flight is
terminated. Differences in the assumptions and methods used
at the ER and WR to determine ship and aircraft exclusion
zones are discussed further in Chapter 5.

Finding 3-6. The overall modeling and analysis approaches
at the Eastern and Western Ranges are similar, but there are
some significant differences in analytical tools, assumptions,
and operational procedures. These include differences in
analysis software packages, methods of defining ship exclu-
sion zones, and displays for monitoring the launch vehicle
trajectory. The differences may increase costs because of
overlap or duplication of effort in developing models, soft-
ware, and hardware for the two ranges.

Although differences in geography and other factors may
make it impractical for the ER and WR to use identical mod-
eling and analysis approaches, an effort should be made to
increase the degree of commonality in accordance with the
Primary Recommendation on EWR 127-1.
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Flight Safety Requirements

One of the most important safety responsibilities of the
range commanders (i.e., the commanders of the 30th and
45th Space Wings) is to ensure public safety during launch
and flight. Range safety personnel evaluate vehicle design,
manufacture, and installation prior to launch; monitor ve-
hicle and environmental conditions during countdown;
monitor the track of vehicles during flight; and, if necessary,
terminate the flight of malfunctioning vehicles. The method
used for flight termination depends on the vehicle, the stage
of flight, and other circumstances of the failure. In all cases,
propulsion is terminated. In addition, the vehicle may be
destroyed to disperse propellants before surface impact, or it
may be kept intact to minimize the dispersion of solid debris.
Flight termination can also be initiated automatically by a
break-wire or lanyard pull on the vehicle if there is a prema-
ture stage separation.

Current FTS practices have an excellent safety record.
From 1988 through November 1999 there were 427 launches
at the ER, during which 11 destruct commands were issued
(two Atlas II, one Delta III, one Titan IV, four Trident
SLBMs, and three other missiles). Over the same time pe-
riod there were 177 launches at the WR, during which
11 destruct commands were sent (one Athena, two Pegasus,
one Titan IV, and seven ICBMs). Total failure of an FTS is
extremely rare at either range, and destruct commands are
often superfluous because vehicles explode or break up
because of dynamic forces before the mission flight control
officer (MFCO) can react.

This chapter discusses current and future requirements
for flight termination, tracking, and telemetry; examines
cost, reliability, and efficiency from the perspectives of both
the ranges and the users; and suggests improvements.

TRACKING

A large fraction of range support costs are related to de-
veloping, maintaining, and operating accurate and reliable
tracking systems. EWR 127-1 requires “at least two adequate
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and independent instrumentation data sources” for tracking
launch vehicles “from T-0 throughout each phase of pow-
ered flight up to the end of range safety responsibility” (Para-
graph 2.5.4). For space launch vehicles, the ER implements
this requirement by mandating two independent tracking
sources and full FTS capability from launch through normal
engine shutdown subsequent to achieving orbit. The WR re-
quires two independent tracking sources and FTS capability
until loss of contact with the vehicle as it approaches and passes
over the horizon. Missions at both ranges are allowed to pro-
ceed if one source of data is lost during flight, but complete
loss of tracking data is a prima facie reason to terminate the
flight even if there are no indications that the vehicle is
departing from its intended flight path. Thus, the purpose of
the two-source requirement is largely to ensure a successful
mission—>by ruling out the possibility that a good flight will
be terminated because a single tracking system fails. Public
safety, however, is not based on mission assurance. Safety is
provided by the ability to determine when something has
gone wrong and, if necessary, safely terminate a flight.

Tracking requirements at both ranges are met through a
combination of C-band radar beacons, unaided radar track-
ing, optics, and vehicle telemetry. Launch vehicle systems
include C-band transponders with omnidirectional antennas;
two or more flight termination command receivers per ve-
hicle; redundant batteries to power the flight termination re-
ceivers; and thrust-termination and vehicle-destruct ord-
nance, including initiators and safe/arm devices. A real-time
vehicle telemetry system also is required to provide tele-
metered inertial guidance (TMIG) data from the vehicle
guidance system, along with other critical data, such as the
status of the flight termination receiver and chamber pres-
sures in the engines and solid rocket motors.

Accuracy Requirements

Tracking systems must be accurate, timely, and reliable
enough to enable the ranges to calculate accurate IIPs.

Copyright © National Academy of Sciences. All rights reserved.



Streamlining Space Launch Range Safety
http://lwww.nap.edu/catalog/9790.html

FLIGHT SAFETY REQUIREMENTS

EWR 127-1 (Paragraph 2.5.4.1.1) establishes different IIP
error standards for the WR and ER. The ER believes that the
current limits are overly restrictive and has proposed relax-
ing them in the next version of EWR 127-1 (Campbell,
1999). For the ER, crossrange and downrange error in I[P
must be no more than 100 feet (three sigma)! until ITP clears
the launch area (as currently authorized) or no more than
300 feet (per the proposed change). The proposed change
also requires that error in vehicle position not exceed 140 feet
in the vicinity of the launch area. At the WR, the allowable
error is 1,000 feet. Once the vehicle clears the launch area,
IIP crossrange error at the ER must not exceed 0.5 percent of
the ITP range, and downrange error may not exceed 5 percent
of the IIP range. At the WR, crossrange and downrange er-
rors must not exceed 1 percent of the IIP range. The ER
bases estimates of IIP error on static error sources, excluding
time lags caused by data transfer and processing delays. The
WR incorporates lag errors in its methodology. This may
explain the large differences in accuracy requirements be-
tween the ranges.

It is essential to account for lag errors in predicting the
accuracy of IIPs because range radars cannot satisfy the ITP
accuracy requirements in real time. In addition to mechani-
cal pointing lags and various delays in relaying the data to
the ROCC (Range Operations Control Center), sequential-
difference data derived from the azimuth, elevation, and
range data must be “smoothed” to develop the velocity esti-
mate needed to calculate the IIP. This smoothing typically
requires several seconds of data. The accuracy of the real-
time IIPs is highly sensitive to the velocity value used, and a
sudden change in the vehicle thrust vector takes time for the
tracking system to detect and display; meanwhile, the actual
IIP may be hundreds of feet from the displayed location.

In practice, however, small errors in IIP are not signifi-
cant. The debris pattern after an explosive flight termination
is many thousands of feet across even for an accident 10 to
15 seconds after liftoff, and pinpointing the center of the
pattern is not necessary to ensure safety. The committee sup-
ports the proposal to relax the tight IIP accuracy require-
ments currently imposed at the ER for launch vehicles that
have not yet cleared the launch area. Satisfying IIP accuracy
requirements outside the launch area is well within the capa-
bilities of both radar and GPS tracking systems.

Radar

The ER and WR each have a network of 10 C-band
radars. Several of these radars are located at downrange
facilities. Each network consists of one phased-array

1Sigma is a measure of statistical fluctuation. Three sigma means that the
probability that the outcome will fall within expected limits (in this case,
the probability of having an IIP error of 100 feet or less) should be at least
99.7 percent. The equivalent values for one and two sigma are 68 and
95 percent.
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multiple-object tracking radar and nine, generally aging,
C-band single-object tracking radars (see Figure 4-1).
Ongoing modernization of both ranges will eliminate the
need for most of these radars. As currently planned, the
modernized ranges will use differential GPS tracking sys-
tems supplemented by two radars at the WR and seven
radars at the ER. Three of the seven radars at the ER will be
necessary only to support launches of the space shuttle, and
three others will be located at downrange facilities to sup-
port ballistic missile tests and space object identification.

The WR launches vehicles into polar orbits using initial
launch azimuths between 158° and 201°. Downrange assets
are not needed for these launches because, by the time
uprange facilities lose contact with launch vehicles, they no
longer pose a threat to inhabited landmasses.

The ER uses initial launch azimuths of 37° to 114°. North-
erly trajectories parallel the U.S. and Canadian coasts. Many
launch vehicles on easterly trajectories do not achieve orbit
prior to flying over Europe or Africa, and African overflight
is common for missions with large payloads headed for geo-
synchronous orbit. Currently, the ER uses downrange facili-
ties to track vehicles to orbital insertion.?

EWR 127-1 specifies that the ground segment of the
tracking system must have a reliability of at least 0.999 for a
one-hour duration during the period of range safety respon-
sibility (Paragraph 2.5.4.1.3). EWR 127-1 also says that the
reliability requirements for vehicle-based range tracking sys-
tems are 0.995 for the C-band transponder systems and 0.999
for GPS-based systems (Paragraph 4.10.3a). A proposed
change to EWR 127-1 would establish a slightly lower reli-
ability standard (of 0.96) for each of the two independent
sources of tracking data used in a GPS-based system (Cather,
1999).3 The requirement to have two independent tracking
sources would not be changed.

TELEMETRY

Telemetered data are routinely collected during launches,
and selected items are provided in real time to the range user
and to range safety personnel in the ROCC. Data of particu-
lar interest to range safety are guidance data, command re-
ceiver status, and steering commands.

TMIG data must be used as a tracking source for launch
vehicles equipped with an inertial guidance system
(EWR 127-1, Section 2.5.5.1). TMIG data are important
because they provide vehicle state vectors (which indicate
vehicle location and velocity) to determine IIPs with a mini-
mum of data processing. Compared to IIP displays based on

2As discussed in Chapter 3, the committee recommends that the Air Force
modify this practice because GPS metric tracking will eliminate range safety
requirements for downrange radars for space launches.

3As noted below, the two sources of tracking data used with a GPS sys-
tem would be (1) a GPS device (translator or receiver) and (2) another,
independent GPS device, an inertial measurement unit (IMU), or TMIG.
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FIGURE 4-1 Changes in range tracking support under the RSA range modernization program. Source: Finn and Woods, 1999.

data from a single radar, IIP displays based on TMIG data
are very low in noise, extremely accurate, and have very
little delay.

TMIG data are also useful during tracking system drop-
outs or overshoots, which occur frequently at major staging
events. TMIG data can quickly indicate sudden turns or rota-
tions, and a failure during a staging event can be detected
using TMIG data three or four seconds earlier than with ra-
dar data. This may be less important with GPS tracking sys-
tems, which are expected to reduce lag times. Even so, GPS
data links may be interrupted for a second or two by staging
events; flight experience will be necessary to determine the
effect of staging events more accurately.

Inertial guidance systems can fail in a way that would
steer a vehicle off course even though TMIG data indicate
that the flight is on course. For this reason, TMIG data
must be independently verified by other sources early in
flight. At the WR, MFCOs have used TMIG to track
ICBMs for three decades, but only after visual comparison
of TMIG data with radar data through the beginning of

fourth-stage flight. At the ER, MFCOs shift to TMIG as a
prime source on SLBM missions when other tracking data
becomes unreliable.

At the WR there have been 16 failures involving TMIG
during tests of Minuteman III ICBMs. In two cases, TMIG
data apparently failed to indicate an off-course condition
(Cortopassi, 1999). The first was W7262 launched on Janu-
ary 26, 1972, which missed the Kwajalein target point by
five miles because of a human error in prelaunch alignment.
The resulting offset early in the trajectory was too small to
be detected in real time by radar. In a second incident in
March 1990, the TMIG did not show on-course progress, but
it indicated a safe condition when, in fact, the IIP was rap-
idly moving off the nominal flight path. More recently, on
August 12, 1998, a Titan IV failure at the ER involved a
momentary power failure and reset after the vehicle had
pitched over to head downrange. The reset apparently caused
the guidance system to act as if the vehicle were still level on
the pad; consequently, it reinitiated pitch steering. The ve-
hicle was destroyed by aerodynamic forces (Lyles, 1999).
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None of the events just described led to an uncontrolled
situation. That would have required multiple independent
failures, such as:

* the loss of primary tracking so that TMIG data become
the primary source of tracking data

* aguidance system failure causing the vehicle to turn to
a prohibited azimuth

* aturn ending before aerodynamic limits have been ex-
ceeded, with return to stable flight

* the absence of any other observations or information
indicating the vehicle is off course

The probability that all of these conditions would occur on a
single launch is very small. Therefore, the committee be-
lieves that TMIG should be allowed to serve as one of the
two required sources of tracking data, and the process of
verifying TMIG data against other tracking sources should
be retained.

Vehicle operators normally have their own requirements
for real-time telemetry displays, and only minor changes
(and minimal costs) are required to strip out and forward
items of interest to the range safety office. Current and
planned telemetry equipment can readily handle the various
formats, reporting rates, and other differences between
launch vehicles and real-time displays.

Stand-alone inertial measurement units (IMUs) also can
be used as independent tracking sources. IMUs must be cali-
brated prior to launch. Also, unless an IMU is connected to a
GPS unit or can be otherwise recalibrated during flight, the
IMU must include gyros with very low drift rates. Gyros
with low drift rates are very expensive, and an acceptable
stand-alone IMU might cost almost as much as a full guid-
ance system. However, it is quite feasible to pair a GPS re-
ceiver with an IMU costing on the order of $10,000.

Recommendation 4-1. As a matter of good engineering
practice, the requirement for two independent sources of
tracking data should be retained, and the accuracy of
telemetered inertial guidance data should be verified after
launch. AFSPC should clarify EWR 127-1 to specify that
telemetered inertial guidance data can serve as one of the
two sources of tracking data.

GPS METRIC TRACKING

As part of the RSA range modernization program, the Air
Force plans to transition both the ER and WR to GPS-based
tracking systems. This will affect both range operators
and users.

GPS System Options

A GPS system would replace the onboard C-band tran-
sponder beacon with either a GPS translator or receiver unit
along with appropriate cabling and L-band antennas.
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Ground-based radars would be replaced with telemetry-
receiving equipment compatible with the chosen system.

A GPS translator receives L-band signals from GPS sat-
ellites and retransmits them without any processing to the
ground on the S-band telemetry link. The alternative, a GPS
receiver, would use L-bank signals to calculate vehicle posi-
tion and state vectors and transmit them to the ground in real
time. In both cases, data from the satellite are transmitted to
the ground via an S-band communications link and then re-
layed to the ROCC. The accuracy of translators or receivers
can be improved through the use of differential GPS correc-
tions, which employ a fixed receiver on the ground as a ref-
erence to account for errors associated with (1) intentional
inaccuracies in the signals transmitted by the GPS satellites,
(2) small deviations in the orbits of the GPS satellites, and
(3) atmospheric effects that distort the GPS signals received
by the launch vehicle. Both differential GPS receiver and
translator systems, if properly designed and qualified, would
be able to meet range requirements for tracking accuracy.

Analog GPS Translator System

Launches of Navy SLBMs conducted offshore from Cape
Canaveral use a GPS-based analog translator system for
range safety. Simpler versions of this system were used for
SLBM launches beginning in 1979. Since the completion of
the GPS constellation, the system has not constrained launch
timing or flight trajectory. The L-band GPS signals are cap-
tured by the vehicle, translated into an S-band transmission,
and relayed through appropriate ground-based telemetry re-
ceivers to the ROCC. The ground-based receivers are con-
figured to decode the S-band transmission and add correct-
ing algorithms, producing highly accurate vehicle state
vectors. The overall accuracy of this system exceeds current
requirements, and the system is fully flight operational. How-
ever, the GPS analog translator system has some drawbacks.
First, a wide bandwidth, in the neighborhood of several
megahertz, is required to downlink the GPS signals to the
range receivers. This creates a problem because the S-band
telemetry spectrum is already overloaded, as are the commu-
nications links between downrange sites and the ROCC. Sec-
ond, noise increases with bandwidth, so more power is
needed on the vehicle for an acceptable signal-to-noise ratio.
Also, noise is added each time the signal is retransmitted,
which may prevent ground-based receivers from locking on
to the signals or decoding them in real time.

The ER already operates GPS ground-processing stations
to support the launch of Navy SLBMs. As described below,
the WR is procuring and installing GPS ground-processing
stations capable of supporting both analog and digital GPS
translator systems to support ICBM launches.

Digital GPS Translator System

The Air Force Range Instrumentation System Program
Office at Eglin Air Force Base is developing a digital GPS
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translator system, which translates and transmits L-band
GPS signals to the ground in an S-band digital format.
Ground processing of the signals to determine vehicle posi-
tion and velocity are the same as in the analog system after
the digital telemetry is decoded. In fact, the current version
of the ground translator processor station can process either
analog or digitized signals equally well.

Compared to an analog system, the digital system re-
duces the S-band retransmission bandwidth by a factor of 2
to 10 and reduces the size and weight of the onboard compo-
nents. The digitized signal provides more robust link mar-
gins and facilitates signal relaying, while the reduced trans-
mission bandwidth reduces interference with existing and
planned launch vehicle telemetry. These units are being
adapted specifically for launches of Air Force ICBMs and
are not presently planned or being demonstrated for space
launches. Flight qualification is scheduled for completion in
early 2000.

GPS Receiver System

GPS receiver systems have been flown experimentally on
vehicles at the U.S. Army White Sands Missile Range, at
Vandenberg Air Force Base, and on Pegasus vehicles
launched on both coasts. The development of an operational
GPS receiver for use at the ER and WR is under way. De-
signs under consideration would enable simultaneous track-
ing of up to 12 GPS satellites. The vehicle state vector and
the intermediate information used to determine the state
vector would be transmitted to the ground. The RSA ground
support system will include fixed GPS receivers to produce
adifferentially corrected state vector. The S-band bandwidth
necessary to send receiver data to the ground is on the order
of 100 times smaller than the bandwidth for a translator
system.

Precise estimates of the accuracy and precision of GPS-
derived trajectory information must take into account an-
tenna performance, how well corrections can be made for
refraction and other errors, the number of satellites used to
generate the solution, and other factors. Without differential
correction, real-time position accuracy of 500 feet (one
sigma) is routinely obtained by receivers used in boats and
automobiles. Commercially available differential GPS re-
ceivers can provide positional accuracy of significantly less
than 100 feet, which is the most stringent accuracy require-
ment at either of the ranges. GPS systems have demonstrated
the ability to maintain lock on the satellite signals at accel-
erations significantly higher than those expected during
booster flight of space launch vehicles. Also, GPS receiver
systems can be linked with inexpensive auxiliary IMUs to
compensate for momentary loss of signals resulting from
staging or other dynamic events. Necessary algorithms have
already been developed, and experimental testing has dem-
onstrated their versatility and robustness over a broad range
of simulated flight conditions.

STREAMLINING SPACE LAUNCH RANGE SAFETY

Assessing the Alternatives

Costs

Switching to a GPS-based range safety tracking system
would mean replacing each onboard C-band transponder
with either a GPS receiver system or a GPS translator sys-
tem with an S-band telemetry transmitter separate from the
one used for TMIG data. The digital translator developed for
ICBMs is projected to cost roughly $28,000 each (Wells,
1999). The launch-hardened G-12 GPS receiver built by
Ashtech being tested at White Sands and Edwards Air Force
Base (but is not space qualified) reportedly costs between
$25,000 and $30,000. A receiver being built by Rockwell-
Collins Radio for the ICBM terminal area study of the Re-
entry Vehicle Decoy GPS Experiment is projected to cost
$10,000 to $12,000 and will be tested early in 2000 (Finn
and Woods, 1999). These devices can track the required
number of GPS satellites, and their output data rate satisfies
requirements for space launch. However, the performance of
the receivers has not yet been validated in terms of data time
lags, compatibility with the vibration and temperature envi-
ronment of flight, and other factors listed in Chapter 4 of
EWR 127-1.

The cost and time required to develop a GPS receiver—
and for modifying the design of launch vehicle hardware and
interfaces to make them compatible with GPS receivers—
are still uncertain. SMC estimates it will cost $5 to $10 mil-
lion to redesign and recertify each family of launch vehicles
to use GPS receivers in place of C-band transponders (Finn
and Woods, 1999). Some users are concerned that actual
costs could be significantly higher. To meet schedule re-
quirements during the transition, existing radars should re-
main functional long enough to acquire GPS receivers,
modify the design of launch vehicles, and conduct flight tests
(including operational tests during which users, if they wish,
can fly GPS receivers in parallel with traditional radar track-
ing systems to build confidence in the new systems).

Shifting from radar tracking to GPS receivers will also
increase recurring costs for related vehicle systems. The
added L-band antennas, L-band low-noise amplifiers, cables,
and the GPS receiver/transmitter could double the cost of
onboard hardware compared to a C-band transponder sys-
tem (Smith, 1999). Depending on performance and configu-
ration requirements, the first operational designs could add
10 pounds or more to the weight of the upper stage, resulting
in an equivalent reduction in payload capacity. Even so, the
life-cycle costs for a GPS receiver tracking system are ex-
pected to be much lower than for radar systems because the
current single-object radars are aging, expensive to main-
tain, and would be expensive to replace (see below).

Versatility

Both GPS receivers and translators can be designed
and built to meet basic safety requirements related to
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qualification tests, data rate, data latency, overall accuracy,
and reliability. The performance of both systems is sensi-
tive to the design and placement of the L-band antennas and
would differ somewhat (but probably not materially) in the
recovery time from momentary dropouts in the L-band sig-
nals received from GPS satellites or S-band transmissions
to the ground. As already noted, GPS translators require a
broader bandwidth and may experience earlier loss of sig-
nal lock than receiver systems. Also, if a vehicle equipped
with a translator system departs from the planned flight
path, flight termination would have to be commanded from
the ground; the GPS translator system would not detect the
off-course condition because GPS position data would not
be available on board.

GPS receivers, which would compute position and
velocity data on board, would enable development of FTSs
with a higher degree of autonomy. Also, the small band-
width requirements of receiver systems would be compat-
ible with a space-based range that would use satellites to
relay commands, GPS data, and telemetry between the
vehicle and the range control center. A space-based range
would eliminate the need for virtually all ground-based
tracking infrastructure, greatly reduce the need for ground-
based telemetry equipment, and allow a control center to
support launches almost anywhere in the world. Thus, a
GPS receiver system offers operational advantages over
either a translator system or the existing radar-based system.

RANGE MODERNIZATION

User costs at both the ER and WR are based, in part, on
the ranges’ direct costs of supporting a particular launch
(i.e., how much each launch increases the overall cost of
range operations). Lockheed Martin Astronautics estimates
that the average range costs for each Atlas or Delta launch
are on the order of $500,000. In addition, prelaunch tests of
the FTS cost $100,000 and tests of the C-band radar track-
ing beacon and S-band vehicle telemetry system cost an-
other $100,000 (Hillyer, 1999). These costs do not include
the cost of standard factory acceptance tests. Lockheed
Martin estimates that a “typical” mission scrub costs the
range user about $110,000 (Hillyer, 1999). This cost is
highly variable, however, depending on the cause of the
scrub, how long it takes to reschedule the launch, and the
effect of the scrub on the flight status of the vehicle and
payload systems.

Of greater concern is the need to upgrade or replace
range radars. The vast majority of existing radars were built
in the early 1950s, and their continued use will increase the
already high cost of maintaining their aging electronics and
pointing mechanisms. Increasing age is also expected to in-
crease the failure rate of critical systems and down time for
repairs. Increases in average and peak launch rates and
shorter launch windows will amplify the impact of
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unexpected ground system down time and make it more
difficult to meet users’ schedule requirements. During the
196 launches at the ER from 1993 through 1998, problems
with range instrumentation caused numerous holds but only
five launch scrubs. Over the same time period, the WR con-
ducted 92 launches, and instrumentation problems caused
three scrubs.

As already discussed, a GPS-based range safety tracking
system would eliminate the need for 11 of the 20 tracking
radars currently used to support launches at the ER and WR.
Studies initiated by SMC show that a GPS-based system
would significantly reduce total life-cycle costs (LMTSC,
1996, and Finn and Woods, 1999). Figure 4-2 shows esti-
mates of life-cycle cost for three options: (1) retaining cur-
rent radars with no major upgrades, (2) modernizing current
radars and adding two new ones, and (3) transitioning to a
GPS tracking system supplemented by nine radars. The esti-
mates include development costs (of $30 to $60 million) and
recurring costs (of $120,000 to $250,000 per vehicle) of
implementing a GPS system on all current launch vehicles
except the space shuttle. The results do not take into account
potential future savings from the elimination of scrubs
caused by radar outages, reduced radar infrastructure, easier
prelaunch checkout, or the cost to NASA of either modify-
ing the space shuttle fleet to use GPS (estimated by NASA at
$32 million) or maintaining a radar tracking capability
solely for shuttle operations.

Most of the savings that are explicitly included in Figure
4-2 are in the area of ground system acquisition and mainte-
nance. Because of the way costs are allocated, these savings
would primarily benefit the range owner (the Air Force),
not users (industry). Costs might also be reduced through
collaborative development of new flight safety systems.
Until the 1970s the government designed and certified
many safety systems and provided them to launch contrac-
tors as government-supplied equipment. The committee be-
lieves that the time and total cost of shifting to a GPS re-
ceiver tracking system could be reduced if government and
industry work together to develop and certify new systems
that satisfy agreed-upon performance requirements and are
compatible with a broad range of launch vehicles in terms
of weight, size, and power requirements.

The schedule for deploying GPS receiver tracking sys-
tems (i.e., completing the RSA program and related activi-
ties) is based primarily on the amount of available funding.
In recent years annual funding has been reduced, which has
delayed the schedule and increased total program costs. The
committee believes it would be worthwhile to restore fund-
ing and accelerate the deployment of GPS receiver tracking
systems because of the cost savings and operational im-
provements that would result.

Finding 4-1. For space launches, an onboard GPS receiver
tracking system would be more versatile and have lower total
life-cycle costs than GPS translator or radar tracking systems.
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FIGURE 4-2 Comparison of life-cycle costs for radar and GPS-based range tracking systems. Source: Finn and Woods, 1999.

Finding 4-2. Real-time GPS tracking systems have an over-
all cost and performance advantage over the single-object
radar network that has been the workhorse on both the East-
ern and Western Ranges for many years. Implementation of
a GPS tracking system would increase users’ recurring and
nonrecurring costs in the short term, but it would benefit
users in the long term by increasing operational flexibility.
A GPS tracking system would also yield long-term costs sav-
ings for the ranges.

Primary Recommendation on GPS Receivers. AFSPC
should deploy a GPS receiver tracking system as the baseline
range tracking system for space launch vehicles. The transi-
tion to GPS-based tracking should be completed as rapidly
as feasible.

Finding 4-3. Upgrades to onboard tracking systems currently
in use and to new systems, such as GPS receivers, are rela-
tively costly for individual users. Each user currently must
develop or acquire hardware, prove that it meets safety
requirements, demonstrate its compatibility with range
support equipment, provide for qualification and acceptance
testing, and support confidence checks in the final
countdown.

Recommendation 4-2. AFSPC should form a range-
industry team to define performance requirements and tech-
nical specifications for the onboard elements of a GPS
receiver tracking system, including cost, weight, size, and
power limitations, and to establish user requirements during
the transition from radar to GPS-based tracking systems. A
cost-shared government/industry project should be estab-
lished for the development and qualification testing of
common end-user equipment. Range users should pay for
the recurring costs of onboard hardware.

After the committee had completed its deliberations, rep-
resentatives of Lockheed Martin Astronautics and the Boeing
Company gave the committee copies of an assessment that
they had performed on alternative approaches to range mod-
ernization. Their assessment concluded that the most cost-
effective option would be to use a dual TMIG system in
place of a radar or GPS tracking system. Although the com-
mittee did not have an opportunity to examine this assess-
ment in detail, some of its assumptions and cost projections
seemed questionable. The information received by the com-
mittee was not convincing and the committee stands by its
recommendation that the ER and WR should be modernized
with GPS receiver tracking systems for space launch.
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AUTONOMOUS FLIGHT TERMINATION SYSTEMS
WITH GPS

GPS-receiver range tracking systems would be compat-
ible with either a fully autonomous FTS or a conventional,
human-in-the-loop FTS with enhanced autonomous func-
tions. Some autonomous functions are already operational in
the form of inadvertent-separation destruct systems that
sense unplanned vehicle breakup and initiate the destruct
sequence.

At least three basic methods could be used to implement
an autonomous FTS that would assume full FTS responsibil-
ity once the launch vehicle clears the launch area. One
method is to continuously compute the flight heading, com-
pare it with the expected heading, and terminate the flight if
the difference exceeds a predetermined limit. This method
could use headings derived from the GPS receiver system,
the vehicle guidance system, or an auxiliary IMU.

A second method is to continuously compute position
and velocity and compare them with expected values. The
flight would be terminated if errors exceeded predetermined
limits as a function of flight time. This would be a relatively
simple and straightforward way to use GPS data.

A third method is to replicate the current IIP and surface
destruct line methodology. This is the most complex of the
three methods described here, but it would provide the great-
est margin for allowing continued flight of a vehicle that
deviates from the intended flight plan but is not yet danger-
ous. Allowing a flight to proceed under such circumstances
provides an opportunity for the vehicle to recover and maxi-
mizes the collection of telemetry to support postmission in-
vestigations of the problem.

Each of these methods would require a logic unit with
validated software to process measured data, such as GPS
state vectors; compare them with stored data; and generate
commands to the FTS. Like current FTS flight hardware,
autonomous FTSs would be designed for high reliability,
tested for compatibility with the launch environment, and
include means for prelaunch verification of operability.

Certain Russian launch vehicles use fully autonomous
FTSs, although they do not use GPS (or equivalent) systems.
In one example, projected allowable pitch and yaw angle
limits based on time from liftoff are stored in the onboard
computer and compared to actual launch vehicle flight
angles from the guidance IMU. Figure 4-3 shows the limits
for a typical Sea Launch mission using a Ukrainian/Russian
booster system. The Sea Launch system does not satisfy ER
or WR requirements for two independent data sources, but it
does demonstrate the feasibility of using autonomous FTSs.

The Israeli Arrow missile uses an automated FTS dur-
ing portions of flight where the allowable flight path is
quite narrow and human reaction time may not be fast
enough to terminate the flight of a malfunctioning rocket
safely. One Arrow was destroyed by its FTS during a test
flight, although some believe the termination could have
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been avoided if a human operator had been in the primary
control loop.

At locations such as the ER, the uprange launch area is
the largest contributor to collective risk. An initial approach
to autonomous FTS would be to fly the uprange portion of
the mission using traditional human-in-the-loop FTS proce-
dures. Then, after E_ has decreased with distance and flight
time, the mission could switch to a fully autonomous FTS
before leaving the uprange area. A semiautonomous FTS
such as this would probably require minimal hardware modi-
fications to the GPS receiver. Retransmission of the GPS-
derived position and velocity data on independent S-band
links would no longer be necessary, the need for downrange
facilities would be further reduced, and practically all
uprange tracking and telemetry assets could be eliminated,
resulting in very substantial cost savings. The committee
believes that the reliability of such a system could be
demonstrated to equal or exceed current FTS system
requirements.

Although an autonomous FTS system is technically fea-
sible, system performance requirements must be defined,
development and validation costs must be accurately esti-
mated, and issues of public acceptability (domestically and
internationally) must be addressed to determine if a fully
autonomous FTS would be practical and cost effective. The
successful deployment of semiautonomous systems, which
would provide operational benefits even if a fully autono-
mous system is never developed, would help resolve these
issues. A first step would be to develop computerized simu-
lations of vehicle dynamics and FTS responses to determine
system requirements. These simulations could be followed
by validation testing using sounding rockets or other low-
cost test vehicles.

Finding 4-4. With the incorporation of onboard GPS receiv-
ers, semiautonomous and fully autonomous flight termina-
tion systems would become technically feasible. These sys-
tems might substantially reduce range support costs, but
additional research and testing is needed to resolve outstand-
ing issues and quantify the likely benefits.

REUSABLE LAUNCH VEHICLES

Many different organizations are developing commercial
RLVs, some of which may someday operate from the ER or
WR. The basic safety criteria for RLVs should be the same
as for expendable launch vehicles in terms of £, P_, and P,.
Even so, range safety processes for RLVs require special
attention because RLV concepts vary greatly in design and
operational characteristics. In addition, RLVs that carry hu-
man beings raise additional safety of flight issues, especially
with respect to the acceptability of autonomous or semi-
autonomous FTSs. FAA regulations and EWR 127-1 should
facilitate efforts by range users to obtain launch authoriza-
tions using means of compliance that make sense for the

Copyright © National Academy of Sciences. All rights reserved.
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vehicle being launched. The committee did not attempt to
develop specific means of compliance for new classes of
RLVs because they will vary with the design of each ve-
hicle. However, streamlining EWR 127-1 to focus on
performance-based requirements, in accordance with the
Primary Recommendation on EWR 127-1, would be an im-
portant first step toward the routine launch of commercial
RLVs from either the WR or ER. In the long term, develop-
ing space-based ranges would increase operational flexibility
and reduce turnaround times. These improvements will be
important to support future RLVs, which will also have
a high degree of operational flexibility and short turn-
around times.
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Incursions

Aircraft and marine incursions into restricted airspace and
waters have not resulted in any casualties and have contrib-
uted to only a small percentage of launch holds and scrubs at
either the ER or WR. When they do occur, however, delays
caused by incursions can be highly disruptive and costly for
both the range and the user. Incursions are a particular con-
cern for high profile missions, such as the flight of John
Glenn on the space shuttle, that attract large numbers of
sightseers, many of whom choose to view the launch from a
boat or aircraft. During launch delays caused by intruders
other problems may develop, which makes it difficult to as-
sess the historical or future impact of intruders accurately.!
A launch scrub typically increases launch costs by at least
$100,000 and increases risk, especially if it is necessary to
de-fuel the launch vehicle or offload the payload.

Space launches typically require a huge investment of
time and effort on the part of designers, manufacturers,
testers, and support personnel to reduce the likelihood of
failures and anomalies. Launch holds triggered by unwitting
or irresponsible intruders can frustrate the huge effort that
has been made to ensure a successful, on-time launch. Long
delays can also adversely affect team performance during
subsequent preparations for launch.

Expected increases in marine and airborne traffic, par-
ticularly at the ER, and an increase in the pace of space
launches, especially commercial launches, are likely to in-
tensify the overall impact of incursions. Increased traffic will
further challenge the adequacy of existing surveillance and
interdiction capabilities, and a higher launch rate means there
will be less time between launches. Thus, not only can the
number of scrubs and holds be expected to increase substan-
tially, but their occurrence will be more likely to create a

ITf an intruder causes a hold, during which an equipment malfunction
causes a scrub, the event will probably be recorded as an equipment-induced
scrub, and the role of the intruder may not be recorded. Figures obtained
from different sources on the number and causes of holds and delays were
inconsistent, and the committee was unable to resolve the differences.
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“cascade” effect on subsequent launches, increasing launch
disruptions, risks, and costs.

This chapter summarizes the committee’s examination of
the Air Force’s safety guidelines and procedures associated
with errant aircraft and surface vehicle incursions into re-
stricted airspace, waters, and terrain. The purpose of this
examination was to determine if the number of holds and
scrubs could be reduced while desired levels of safety are
maintained. The following sections summarize current
guidelines and procedures associated with aircraft and ma-
rine incursions, describe planned improvements, and recom-
mend further improvements. The ER and the WR use similar
equipment and procedures for surveillance and interdiction,
and the findings and recommendations that appear in this
section generally apply to both ranges.

CURRENT GUIDELINES AND PROCEDURES

As discussed in Chapter 3, launch risk is expressed in
terms of E_ (for collective risk), P, (for individual risk), and
P, (for the probability of hitting a particular ship or aircraft).
E_provides a measure of the overall risk of the launch to the
population as a whole; P, and P, are used to evaluate the risk
to a person or vehicle at a particular location.

The establishment of hazardous launch areas (e.g., flight
hazard and flight caution areas) is fundamental to dealing
with errant intruders in space launch operations. Hazardous
launch areas begin at the launch points and extend down-
range along the intended flight azimuths. The size and shape
of the areas are based on calculations of P; for ships and
aircraft for the specific launch vehicle, its payload, the
known and expected failure modes and effects (including
toxic hazards), and weather conditions.

During a launch, only mission-essential personnel are al-
lowed inside flight hazard areas, where the probability that
an individual will be seriously injured or killed, P, exceeds
1 x 1075, and those personnel must take shelter in blast-
hardened structures with adequate breathing protection.

Copyright © National Academy of Sciences. All rights reserved.
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Outside each flight hazard area the ranges define a flight
caution area, where P, exceeds 1 X 10, During a launch,
only mission support personnel equipped with breathing pro-
tection are permitted inside the caution area.

The presence of offshore oil platforms at the WR is a
complicating factor with regard to the evacuation of high-
risk areas. Oil companies maintain evacuation and other con-
tingency plans for their oil rigs. However, because of con-
cerns about oil spills on unattended oil rigs, even when oil
platforms are “evacuated” because of launch risk, the evacu-
ation orders allow a minimum cadre of personnel to remain
on board. These difficulties notwithstanding, exclusion may
be the only viable option for some high-risk areas.

Risk assessments are used to evaluate risk and define haz-
ardous launch areas. The ER and WR rely on quantitative
methods and data to model hazards and to assess risks to
people and property. The modeling algorithms and risk cal-
culations used by the ranges seem to conform to generally
accepted practices, some of which have been in use for many
years. During the initial development and subsequent refine-
ment of these methods, they have been reviewed repeatedly
in collaboration with other organizations, including the
Lawrence Livermore National Laboratory, NASA, the U.S.
Navy, and the National Oceanic and Atmospheric Adminis-
tration. Therefore, rather than trying to validate the indi-
vidual analysis methods, the committee assessed more gen-
erally the acceptability of the risk standards currently used at
the ER and WR to protect the public.

Risk Standards for Aircraft and Ships

As indicated above, the individual risk standard, P, for
members of the general public is 1 X 1075, A different risk
standard is appropriate for individual ship-hit probability,
P, because hitting a ship with a piece of debris will not nec-
essarily result in casualties. At both the WR and ER the maxi-
mum allowable P, is 1 x 10->. Chapter 7 of EWR 127-1 (Sec-
tion 7A.2.8.3.1), however, directs the WR and ER to apply
P, differently. At the WR a launch hold or scrub may be
initiated if an individual vessel is exposed to a P, greater
than 1075, At the ER, however, a launch hold or scrub may
be initiated if the sum of the individual hit probabilities for
all targets plotted within, or predicted to be within, the estab-
lished probability contours exceeds 1 x 107, Thus, the pro-
cedure specified for the ER is more conservative than the
procedure for the WR.

Unlike the WR, the ER estimates impact blast over-
pressure to determine if a near miss of solid propellant frag-
ments debris might damage a ship. That is, if calculations
show that debris could miss a vessel but create an over-
pressure of 0. 5 psi (for boats) or 2 psi (for ships), the risk
analysis tool counts that as a hit. These limits are not speci-
fied in EWR 127-1, and the committee was unable to locate
analytical studies supporting the overpressure limits used by
the ER, which appear to be quite conservative. However, the
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committee endorses the use of overpressure limits to im-
prove the accuracy of P, estimates and recommends adding
validated overpressure limits to EWR 127-1.

The number of casualties will depend on the location of
the debris impact relative to the people on board and the
characteristics of the ship and the debris. In the 30th Space
Wing’s Flight Safety Analyst Handbook, a highly simplified
approach (a person sitting on an unprotected deck) indicates
that a ship-hit probability of 1 x 105 corresponds to an indi-
vidual risk of 4 x 1078. For a launch rate of 33 per year, a P,
of 1 x 10~ implies that a ship in a particular location would
be hit once about every 3,000 years. That figure appears to
be in line with an E_ of 30 x 10, which corresponds to three
casualties every 3,000 years for the same launch rate. During
the study, the committee asked the Air Force to provide a
more sophisticated analysis of risks to ships. In response, the
Air Force used the Launch Risk Analysis computer program
to assess the risk faced by a medium-sized ship with a crew
of 10, assuming that the ship resembled a building with light
protection characteristics. The results of this analysis, which
were provided to the committee, showed that a plot of E,
equal to 30 x 107° was fairly close to a plot of ship-hit P,
equal to 1 X 105 used operationally at the WR. It may be
worthwhile to conduct additional studies to assess factors
not included in the analyses described here, such as the pos-
sibility that a single big hit could cause multiple casualties
by completely destroying a ship or impeding crew escape.
Also, comparisons based on practices at the WR do not di-
rectly apply to the ER.

Unlike RCC Standard 321-97 (RCC, 1997a), EWR 127-1
does not specify a risk standard for non-mission-essential
aircraft. At both the ER and WR, several kinds of special-
use airspace zones are activated to keep public aircraft to-
tally away from hazardous operations. Restricted areas over
the launch areas were established by FAA rule-making many
years ago and are sized to cover a number of different sites
and operations. These areas are plotted on standard aeronau-
tical charts and are purposely large enough to create a buffer
zone to compensate for the high speed of aircraft. Warning
areas extend from the coast to as much as 150 miles offshore
and usually take in the extremes of the ILLs (impact limit
lines). The ranges also use stationary altitude reservation
areas to warn aviators away from ocean areas where
expended booster stages are expected to hit. These areas are
also conservatively sized and include buffer zones of five
miles or more. No other warnings to commercial traffic are
invoked outside of these areas, and air lanes around the world
continue to operate normally below the flight paths of space
and missile launches.

At the WR, hazard areas inside the warning areas are de-
fined using an aircraft P, of 1 x 10-8. Mission-essential air-
craft are not normally allowed in hazard areas during
launches. Exceptions have been made to allow mission-
essential aircraft to operate in areas with a P, up to 1 x 1075.
In any case, air traffic is not a problem at the WR, which has

Copyright © National Academy of Sciences. All rights reserved.
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not had a launch hold or scrub because of an aircraft intruder
within the memory of current staff.

At the ER, P, is used to manage risk for mission-essential
aircraft, which may be allowed to operate in areas where P,
is less than 1 x 109, Aircraft intrusions, generally by small
private aircraft, are not uncommon. Air surveillance usually
detects intruders even before they enter a restricted zone; as
described later in this chapter, they are monitored during the
countdown, and efforts are made to communicate with the
aircraft and warn them away from the area.

Prior to each launch, the flying public is warned to stay
clear of the restricted areas for that launch. Despite the large
size of the standardized restricted areas, they do not seem to
unduly hamper civil or commercial air operations, and using
predefined areas that can be permanently plotted on aero-
nautical charts is much more practical than disseminating
precise boundaries of warning areas for each launch using
latitude and longitude coordinates. However, the use of stan-
dardized areas is not an efficient tool for determining
whether a launch hold is needed. Launch hold decisions
should be based on the position of intruder aircraft relative
to the areas of actual hazard, especially at the ER where air-
craft intrusions are more often a problem.

P, should be calculated differently for aircraft than for
ships because even small pieces of debris can endanger air-
craft. For example, cylindrical steel or aluminum fragments
weighing as little as 2 or 3.5 grams, respectively, can pen-
etrate an aircraft windshield (RCC, 1997b). Such small par-
ticles are not normally taken into account in launch risk
analyses. Nevertheless, an aircraft P, limit of 1 x 1079, if
calculated to account for very small pieces of debris, appears
to be consistent with the individual ship-hit risk criteria (P,
of 1 x 1075) and the collective risk standard (E,of 30 X 1079).

Each launch vehicle has a “commit sequence” that typi-
cally starts one to five minutes before engine ignition. Insti-
tuting a hold after the commit sequence starts can be danger-
ous and costly. Thus, each hazard area should be surrounded
by a buffer zone large enough to ensure that aircraft will not
enter the hazard area until the launch vehicle has cleared the
area even if an aircraft turns toward the hazard area at the
beginning of the launch commit cycle. These large buffer
zones are not necessary for aircraft flying under the direction
of air traffic controllers in airways outside the hazard areas.

Finding 5-1. A limit of 1 x 103 for individual ship-hit
probability, P,, is reasonable and consistent with an E_ of
30 x 10-%. However, the use of collective risk in the Eastern
Range ship exclusion process is not consistent with either
the corresponding Western Range process or accepted
guidelines for the evacuation of hazard areas, which are
both based on individual risk. Aircraft avoidance criterion
are not specified by EWR 127-1, are applied differently at
the Eastern and Western Ranges, and are not supported by
analyses showing that they are consistent with other range
safety criteria.

STREAMLINING SPACE LAUNCH RANGE SAFETY

Primary Recommendation on Risk Standards for Air-
craft and Ships. AFSPC should apply the individual ship-
hit criterion, P, of 1 x 107 to the ship exclusion process at
the Eastern Range in the same way it is used at the Western
Range. EWR 127-1 should be modified to specify an aircraft-
hit P, limit of 1 x 10-° (properly calculated to include the
probability of impact for very small pieces of debris). Prior
to each launch, the range should establish aircraft hazard
areas (based on the aircraft P;) and buffer zones (for uncon-
trolled aircraft in the vicinity of the hazard area). Launches
should be allowed to proceed as long as no intruder aircraft
are in the hazard area or buffer zone.

Recommendation 5-1. AFSPC should determine maximum-
acceptable blast overpressure limits and apply these limits to
ship-hit calculations at both the Western and Eastern Ranges.

Guidelines and Procedures for Marine Traffic

Risks to marine traffic in and approaching a launch area
are determined by flight analysis personnel using ship-hit
probability contours and toxic hazard zones. Safety analyses
include risks from both accidents and normal operations, in-
cluding the jettison of expended stages and the areas and
altitudes where toxic hazards may exist. Graphic plots are
used to determine the areas that must be cleared of boats and
ships (and trains, at the WR). At the ER, multiple contours
are provided to show the zones that pertain to various num-
bers of ships or boats that are allowed within a grid area. For
example, a launch would not be allowed to proceed if a boat
were located inside the contour in Figure 5-1 labeled “1 boat
x 1075 or if two boats were located inside the contour la-
beled “2 boats x 1075.”

Extending downrange from the coastline, the launch cor-
ridor is divided into three separate areas: from the coast to
three miles offshore (national waters), from 3 to 12 miles
(federal waters), and beyond 12 miles (international waters).
Different rules of operation apply in each of these areas with
implications for surveillance, interdiction, and enforcement.
Enforcement action against intruders may not be practical
beyond the 12-mile limit.

General requirements for launch area surveillance and
control at the ER and WR are included in EWR 127-1. Sec-
tion 7.9 directs the use of surveillance aircraft and ground-
based surveillance radar and requires advance public notifi-
cation of specific hazard areas and times using Notices to
Mariners and marine radio broadcasts. At the ER, Section
7.9 also requires the use of on-shore warning signals, lights,
and signs in the vicinity of hazard areas and in channels lead-
ing to the ocean.

Guidelines for surveillance and interdiction to prevent and
clear surface incursions also address the use of ground-based
military and FAA radars, U.S. Coast Guard vessels (at the
ER), U.S. Navy ships (at the WR), helicopters, fixed-wing
aircraft, voice communications systems, and an automated

Copyright © National Academy of Sciences. All rights reserved.
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104 and 1075 boat-hit contours

1 boat x 1074

1 boat x 1079

2 boats x 1079

3 boats x 107

4 boats x 1079

39

20 boats x 1072

Nautical miles

FIGURE 5-1 Samples of multiple boat-hit contours. Source: RTI, 1997.

train surveillance system (at the WR). However, many of the
ships and aircraft that the ranges rely on for these services
are also assigned other duties by the Coast Guard and Navy
and are not always available to support launch operations.

Guidelines and Procedures for Aircraft

The safety of aircraft is ensured through the use of special-
use airspace and restricted, warning, and hazard areas. The
general requirements described above for launch area sur-
veillance and control of surface traffic apply to aircraft as
well. EWR 127-1 also requires advance dissemination of
Notices to Airmen (NOTAMs) via the FAA to inform civil
and military pilots of the boundaries for hazardous areas and
the times they are active.

Nearby military radars and the FAA’s air traffic control
(ATC) surveillance radars are key sources of information for
surveillance and clearing of launch hazard areas at both
ranges. Principal sites at the ER that actively support
launches include the radar approach control facility at Patrick
Air Force Base and FAA radars at the Miami and Jackson-
ville air route traffic control centers. These radars provide
aircraft surveillance within a 50-nautical mile radius of the
launch site. At the WR, similar radars at Vandenberg Air
Force Base and the FAA/Air Force Joint Surveillance Sys-
tem provide comparable air surveillance to a range of
250 nautical miles.

Communications and coordination guidelines and proce-
dures at both ranges support effective coordination among
FAA air traffic controllers and Air Force launch support
staff. Air traffic controllers use radars and associated com-
munication networks to communicate with civil and mili-
tary aircraft under their control and keep them clear of haz-
ardous airspace during launch operations. However, general

boats x 1079
S boats x 1079

B Nautical
miles

boats x 1079

aviation aircraft in the vicinity of the ranges typically fly
under visual flight rules (VFR) and operate independently
of ATC. Although VFR aircraft are usually equipped with
operating transponders and appear on ATC radar displays,
they are not uniquely identifiable, and their pilots normally
are not in continuous communication with ATC. VFR traf-
fic density at the ER is much greater and presents more of a
challenge than at the WR.

0il Rigs

Four manned oil platforms lie offshore from the WR fa-
cility within some of the launch risk corridors. Current
guidelines direct that a platform be totally evacuated if E,
(the cumulative risk to personnel during launch) exceeds
the criterion for mission-essential personnel (300 x 10-9),
but this has never occurred within the memory of range
safety or oil industry personnel contacted by the committee.
If E, is less than 300 x 1075, but P, is greater than 1 x 103,
unnecessary personnel are evacuated, and those who re-
main take shelter inside the structure of the platform during
the launch period. Oil rig operators are routinely advised
10 days prior to a launch that may require personnel to be
evacuated or sheltered.

Total evacuation of an oil platform could cost about
$15,000 in direct expenses, plus as much as $300,000 in
lost production for a total shutdown. The evacuation
process also involves inherent risks to equipment and per-
sonnel (e.g., the risk associated with a helicopter flight to
and from the platform). Sheltering of personnel, however,
may result in only 20 to 30 minutes of lost production and
little or no additional risk.

In 1988 oil platform operators examined the WR’s ana-
Iytical tools and the risk levels that pertain to oil platforms.
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Since that time the WR has shared risk information with
operators on a regular, case-by-case basis and allowed them
to determine which protective measures should be taken.
Reportedly, under this shared decision-making arrange-
ment, partial evacuations are rare (no more than one per
year). However, the ownership of the platforms may be
changing. If so, it would be prudent for WR managers to
contact the new owners and try to preserve the current, mu-
tually beneficial partnership. In view of the cooperative ar-
rangement between the WR and oil platform operators and
the infrequent need for even partial evacuations, the com-
mittee concluded that current oil platform launch notifica-
tion and evacuation criteria and procedures, as applied by
the WR, are acceptable.

PLANNED IMPROVEMENTS AND ADDITIONAL
RECOMMENDATIONS

Current assets to accomplish the sea surveillance and in-
terdiction mission at the ER include a U.S. Coast Guard ves-
sel that is subject to diversion for other search and rescue
missions, a tower-mounted marine radar with a limited 20-
mile range capability, and two U.S. Air Force helicopters.
The helicopters are relatively slow (120 knots) and operate
at low altitude (500 feet), which provides the crew with a
limited field of view. The hazard area at the ER encompasses
alarge ocean area and frequently contains many fishing boats
that routinely operate in areas with the highest hit probabil-
ity. The clearing process typically involves approaching each
intruder and asking the crew to move using marine VHF
radio or a streamer with a written message that is dropped
onto the boat. Because of the long time required for helicop-
ters to sweep their assigned areas and the high traffic den-
sity, search crews sometimes find that an intruder has unex-
pectedly entered a cleared area between sweeps. As a result,
it is sometimes difficult to clear hazardous launch areas and
keep them clear.

Air surveillance radar data from several sites is fed to the
ROCC for use in detecting and tracking aircraft in and near
the launch hazard areas. The current arrangement relies on
outdated radars and offers limited data storage and automatic
tracking capability. As a result, considerable time and man-
power are needed to integrate and interpret this information
before it can be acted upon. The committee believes radar
data from current ATC and military air surveillance radars
may not be adequate under maximum traffic loading to pro-
vide an integrated display of aircraft position and tracking
information for timely and efficient air surveillance and con-
trol purposes, especially at the ER.

Both ranges have developed improvement plans that in-
clude new surface radars and replacing military aircraft with
commercial aircraft carrying improved sensor, navigation,
and communications equipment. Commercial sensor tech-
nology and miniaturization have progressed to the point that
military surveillance systems are no longer required. The ER
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estimates that the operating costs of an improved system
would be about half the cost of current military helicopters,
but it has not yet shifted to such a system. The committee
agrees that suitably equipped, commercially operated, fixed-
wing aircraft would cut costs and provide a more stable sen-
sor platform with greater mobility, more extensive surveil-
lance of hazard areas, and higher resolution video recording.

The Cape Canaveral Range Surveillance System (CRaSS),
proposed by the ER, could also enhance air surveillance and
control capabilities and possibly contribute to surface surveil-
lance. The CRaSS system would consist of a mosaic radar
display system capable of processing, storing, and displaying
data from as many as 16 separate radar sources. CRaSS would
greatly increase the ER’s radar surveillance area and auto-
matically track numerous targets.

The WR already is using a limited version of CRaSS. The
WR also has plans for a faster and more accurate “digital rail
display” for surveillance of trains transiting the range. How-
ever, because of funding and other considerations, the sched-
ule for completing these improvements is uncertain.

Increases in launch area marine and air traffic and more
frequent space launches are expected to increase the number
of boat and aircraft intruders, especially at the ER. Present
surveillance and interdiction capabilities at the ER and WR
cannot always detect and clear incursions in time to avoid
launch holds and scrubs. The committee believes that imme-
diate improvements are warranted.

Finding 5-2. Detecting marine and aircraft intruders earlier
and shortening the time required to clear them from the
launch area would reduce disruptions, costs, and risks asso-
ciated with launch holds and scrubs, especially at the East-
ern Range where intruders are more of a problem.

Recommendation 5-2. AFSPC should expeditiously im-
prove range surveillance and interdiction capabilities, as
follows:

* Use commercial aircraft equipped with suitable sur-
veillance, navigation, communications, and image re-
cording systems in place of military aircraft.

* Implement the proposed Cape Canaveral Range Sur-
veillance System (CRaSS) for surveillance and clear-
ing of aircraft intruders at the Eastern Range.

Notices to Mariners indicating restricted areas to be
avoided and the times they are active are issued before
launches. Similar voice alerts are broadcast periodically
over marine channels. However, these warnings are not eas-
ily accessible to many members of the pleasure-boating
community, and, as a result, they are only partly effective.
Public awareness and community support could be im-
proved by more effective dissemination of information
regarding hazardous launch areas. Options include public
service and paid announcements on radio and television,
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local newspapers, the Internet, town meetings, and focused
notices at marinas and commercial fishing ports. The
committee believes that an aggressive, concerted education
and publicity effort would greatly increase public aware-
ness of launch hazards and reduce the incidence of both sur-
face and airborne incursions.

NOTAMs provide similar warnings to the aviation com-
munity. Although NOTAMs are readily accessible to the
pilots of most military and commercial flights, they may
not be as available to general aviation pilots operating out
of small or uncontrolled airports (i.e., airports without air
traffic controllers). Many of these pilots do not file flight
plans and do not communicate frequently with the FAA’s
ATC facilities. As a result, NOTAMs are only partly effec-
tive in preventing incursions by this segment of the avia-
tion community. A more effective notification process
would benefit both the general aviation community and the
ranges.

Enforcement action against marine intruders inside the
12-mile limit can be taken under Title 33, Part 334 of the
Code of Federal Regulations. Pilots licensed by the FAA
also can be sanctioned. However, enforcement actions
against intruders at either the WR or ER are rare. In con-
trast, at the launch site in Kourou, French Guyana, govern-
ment authorities are very aggressive in taking action against
intruders.

Commercial fishing vessels have substantial financial in-
centives to continue operations in active hazard areas, and
pleasure boaters may have a strong desire to obtain a close
vantage point for viewing a launch. They may also be reluc-
tant to interrupt their activities to leave proscribed areas. The
frequent incursions of pleasure boaters also demonstrates
that the perceived level of personal risk is not an effective
deterrent. Finally, intruders rarely face direct penalties, or
even censure, for noncompliance.

The situation is much the same with general aviation pi-
lots. Having the equivalent of “front row seats” to a spec-
tacular and dramatic, if not historic, event is understandably
appealing to many people. Both the Atlantic and Pacific
coastal areas of the United States offer scenic views for plea-
sure fliers. Because many general aviation pilots don’t un-
derstand the risk that a launch accident could pose to their
aircraft, it is not surprising that intruders are sometimes a
problem.

Finding 5-3. Current guidelines and procedures for notify-
ing operators of general aviation aircraft and small boats of
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active launch hazard areas do not prevent incursions, espe-
cially at the Eastern Range.

Recommendation 5-3. AFSPC should improve the launch
communications and notification process, as follows:

* Make greater use of public media, such as newspapers,
radio and television broadcasts, the Internet, notices at
public marinas and general aviation airports, and avia-
tion and marine weather broadcasts.

* Modify signs, lights, and other warning devices at ma-
rinas and along the coast, as necessary.

* Inform the public on the extent of safe viewing areas
to discourage operators of small boats and aircraft from
encroaching on hazard areas.

Although an aggressive notification and education pro-
cess directed at the flying and boating public is expected to
contribute significantly to increasing community support and
reducing the number of incursions, additional action is
needed to address the intruder problem.

Recommendation 5-4. In combination with efforts to im-
prove surveillance and interdiction capabilities and the pub-
lic notification process, AFSPC should aggressively enforce
restrictions against intruders at both ranges to encourage
compliance with launch notifications. In cooperation with
the U.S. Coast Guard, the Federal Aviation Administration,
the U.S. Attorney’s Office, and other regulatory and law
enforcement agencies, AFSPC should initiate administrative
and regulatory changes to facilitate enforcement action
against intruders who were afforded ample, timely launch
notifications.
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Findings and Recommendations

CHAPTER 2

Background

Finding 2-1. Range safety personnel and procedures have
well protected people and property. In the history of the U.S.
space program, no members of the general public or launch
site workers have been killed or seriously injured during a
launch accident.

CHAPTER 3

Risk Management Approaches to Safety

Primary Recommendation on EWR 127-1. AFSPC should
simplify EWR 127-1 so that all requirements are perfor-
mance based and consistent with both established risk stan-
dards for space launch (e.g., E, of 30 x 10-°) and objective
industry standards. The process of revising EWR 127-1
should include the following steps:

* Eliminate requirements that cannot be validated.

* Remove all design solutions from EWR 127-1.

» Establish a range user’s handbook or other controlled
document to capture lessons learned and design solu-
tions recognized by the ranges as acceptable means of
compliance. (Requirements should be retained in
EWR 127-1.)

* Form a joint government/industry team to establish
procedures for periodically updating EWR 127-1 and
ensuring that future requirements are performance
based.

* Converge the modeling and analysis approaches, tools,
assumptions, and operational procedures used at the
Western and Eastern Ranges.

Finding 3-1. AFSPC has transferred responsibility to AFMC
for development, developmental testing and evaluation, and
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sustaining engineering of range safety ground systems.
Organizational responsibilities for many other range safety
processes and procedures, however, are inconsistent with
the current memorandum of agreement between AFSPC and
AFMC on spacelift roles and responsibilities. In addition to
the operational workforce, each AFSPC range safety office
also has an engineering workforce that establishes flight
safety system design and testing requirements and certifies
that flight safety systems meet safety requirements at the
component, subsystem, and system levels. These acquisition-
like functions overlap the responsibilities of AFMC.

Finding 3-2. The complete transfer of range safety develop-
ment, developmental testing and evaluation, and sustaining
engineering to AFMC would, if properly implemented, in-
crease efficiency and reduce costs without compromising
safety by eliminating overlapping responsibilities between
the ranges and AFMC, by minimizing differences in range
safety policies and procedures applicable to the Western and
Eastern Ranges, and by enabling users to deal with a single
office when seeking approval to use new or modified sys-
tems on both ranges.

Primary Recommendation on Roles and Responsibilities.
The Air Force should fully implement the memorandum of
agreement between AFSPC and AFMC on spacelift roles
and responsibilities. This would consolidate within AFMC
the acquisition-like functions related to safety that are now
performed by AFSPC organizations at the Eastern and West-
ern Ranges. These functions include developmental testing
and evaluation, sustaining engineering, and certifying that
system designs meet safety requirements. To manage the
safety aspects of the acquisition-like functions specified in
the memorandum of agreement, AFMC should establish an
independent safety office. Operational responsibilities, such
as generating safety requirements, operational testing and
evaluation, and all prelaunch and launch safety operational
functions, would be retained by AFSPC.

Copyright © National Academy of Sciences. All rights reserved.



Streamlining Space Launch Range Safety
http://lwww.nap.edu/catalog/9790.html

44

Recommendation 3-1. AFSPC should issue an Air Force
Instruction addressing the certification of flight safety sys-
tems for commercial, civil, and military launches at the
Western or Eastern Range. The instruction should include a
description of interfaces among responsible organizations,
such as AFSPC, AFMC, FAA, NASA, and commercial
contractors.

Finding 3-3. A collective risk standard (i.e., a casualty ex-
pectation, or E,) of 30 x 10 per launch for members of the
general public is consistent with the risk standards of many
other fields in which the public is involuntarily exposed to
risk, both domestically and internationally.

Primary Recommendation on Risk Management. AFSPC
should define objective, consistent risk standards (e.g., casu-
alty expectation, E,, of 30 x 10-° and individual risk, P, of
1 x 1079 and use them as the basis for range safety deci-
sions. Safety procedures based on risk avoidance should be
replaced with procedures consistent with the risk manage-
ment philosophy specified by EWR 127-1. Destruct lines
and flight termination system requirements should be de-
fined and implemented in a way that is directly traceable to
accepted risk standards.

Finding 3-4. At the Eastern Range, the downrange location
of gates and destruct lines and current requirements for
downrange coverage by flight termination, telemetry, and
tracking systems are not directly related to accepted risk stan-
dards (e.g., E, of 30 X 106 or P, of 1 x 10-) but to a risk-
avoidance policy that discourages the overflight of inhabited
landmasses whenever possible. The Western Range imple-
ments this policy by constraining the azimuth of orbital
launches.

Finding 3-5. Moving the Africa gates uprange has the po-
tential to reduce the cost of safety-related downrange assets,
decrease the complexity of range safety operations, and re-
duce launch holds and delays. Moving the Africa gates to
within the reach of uprange flight termination, telemetry, and
tracking systems is not likely to increase E, significantly or
violate established limits. No known international agree-
ments would preclude moving the gates. Thus, in terms of
range safety there is no clear justification for retaining down-
range assets at Antigua and Ascension. It may also be fea-
sible to move other gates uprange and further reduce the
need for downrange facilities.

Primary Recommendation on Africa Gates. While other
requirements may exist, from the perspective of launch range
safety the Air Force should move the Africa gates to within
the limits of uprange flight termination and tracking sys-
tems; eliminate the use of assets in Antigua and Ascension
for range safety support; and conduct a detailed technical
assessment to validate the feasibility of moving other gates
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uprange. If other requirements for downrange tracking exist,
AFSPC should validate those requirements and reexamine
this recommendation in light of the additional requirements.

Recommendation 3-2. AFSPC should identify and correct
unwarranted conservatism in analytical models and verify
that modeling and analytical methods are properly imple-
mented. Periodic, independent reviews should be conducted
to ensure that the level of modeling detail is appropriate
given the accuracy of model inputs and assumptions.

Finding 3-6. The overall modeling and analysis approaches
at the Eastern and Western Ranges are similar, but there are
some significant differences in analytical tools, assumptions,
and operational procedures. These include differences in
analysis software packages, methods of defining ship exclu-
sion zones, and displays for monitoring the launch vehicle
trajectory. The differences may increase costs because of
overlap or duplication of effort in developing models, soft-
ware, and hardware for the two ranges.

CHAPTER 4

Flight Safety Requirements

Recommendation 4-1. As a matter of good engineering
practice, the requirement for two independent sources of
tracking data should be retained, and the accuracy of
telemetered inertial guidance data should be verified after
launch. AFSPC should clarify EWR 127-1 to specify that
telemetered inertial guidance data can serve as one of the
two sources of tracking data.

Finding 4-1. For space launches, an onboard GPS receiver
tracking system would be more versatile and have lower total
life-cycle costs than GPS translator or radar tracking
systems.

Finding 4-2. Real-time GPS tracking systems have an over-
all cost and performance advantage over the single-object
radar network that has been the workhorse on both the East-
ern and Western Ranges for many years. Implementation of
a GPS tracking system would increase users’ recurring and
nonrecurring costs in the short term, but it would benefit
users in the long term by increasing operational flexibility.
A GPS tracking system would also yield long-term costs sav-
ings for the ranges.

Primary Recommendation on GPS Receivers. AFSPC
should deploy a GPS receiver tracking system as the baseline
range tracking system for space launch vehicles. The transi-
tion to GPS-based tracking should be completed as rapidly
as feasible.

Finding 4-3. Upgrades to onboard tracking systems cur-
rently in use and to new systems, such as GPS receivers,
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are relatively costly for individual users. Each user cur-
rently must develop or acquire hardware, prove that it
meets safety requirements, demonstrate its compatibility
with range support equipment, provide for qualification
and acceptance testing, and support confidence checks in
the final countdown.

Recommendation 4-2. AFSPC should form a range-
industry team to define performance requirements and
technical specifications for the onboard elements of a GPS
receiver tracking system, including cost, weight, size, and
power limitations, and to establish user requirements dur-
ing the transition from radar to GPS-based tracking sys-
tems. A cost-shared government/industry project should be
established for the development and qualification testing of
common end-user equipment. Range users should pay for
the recurring costs of onboard hardware.

Finding 4-4. With the incorporation of onboard GPS re-
ceivers, semiautonomous and fully autonomous flight ter-
mination systems would become technically feasible.
These systems might substantially reduce range support
costs, but additional research and testing is needed to re-
solve outstanding issues and quantify the likely benefits.

CHAPTER 5

Incursions

Finding 5-1. A limit of 1 x 10~ for individual ship-hit
probability, P,, is reasonable and consistent with an E_ of
30 x 10-°. However, the use of collective risk in the East-
ern Range ship exclusion process is not consistent with ei-
ther the corresponding Western Range process or accepted
guidelines for the evacuation of hazard areas, which are
both based on individual risk. Aircraft avoidance criterion
are not specified by EWR 127-1, are applied differently at
the Eastern and Western Ranges, and are not supported by
analyses showing that they are consistent with other range
safety criteria.

Primary Recommendation on Risk Standards for Air-
craft and Ships. AFSPC should apply the individual ship-
hit criterion, P, of 1 x 107 to the ship exclusion process at
the Eastern Range in the same way it is used at the Western
Range. EWR 127-1 should be modified to specify an
aircraft-hit P, limit of 1 x 10-° (properly calculated to include
the probability of impact for very small pieces of debris).
Prior to each launch, the range should establish aircraft haz-
ard areas (based on the aircraft P;) and buffer zones (for un-
controlled aircraft in the vicinity of the hazard area).
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Launches should be allowed to proceed as long as no in-
truder aircraft are in the hazard area or buffer zone.

Recommendation 5-1. AFSPC should determine maximum-
acceptable blast overpressure limits and apply these limits to
ship-hit calculations at both the Western and Eastern Ranges.

Finding 5-2. Detecting marine and aircraft intruders earlier
and shortening the time required to clear them from the
launch area would reduce disruptions, costs, and risks asso-
ciated with launch holds and scrubs, especially at the East-
ern Range where intruders are more of a problem.

Recommendation 5-2. AFSPC should expeditiously im-
prove range surveillance and interdiction capabilities, as
follows:

* Use commercial aircraft equipped with suitable sur-
veillance, navigation, communications, and image re-
cording systems in place of military aircraft.

* Implement the proposed Cape Canaveral Range Sur-
veillance System (CRaSS) for surveillance and clear-
ing of aircraft intruders at the Eastern Range.

Finding 5-3. Current guidelines and procedures for notify-
ing operators of general aviation aircraft and small boats of
active launch hazard areas do not prevent incursions, espe-
cially at the Eastern Range.

Recommendation 5-3. AFSPC should improve the launch
communications and notification process, as follows:

* Make greater use of public media, such as newspapers,
radio and television broadcasts, the Internet, notices at
public marinas and general aviation airports, and avia-
tion and marine weather broadcasts.

* Modify signs, lights, and other warning devices at ma-
rinas and along the coast, as necessary.

* Inform the public on the extent of safe viewing areas
to discourage operators of small boats and aircraft from
encroaching on hazard areas.

Recommendation 5-4. In combination with efforts to im-
prove surveillance and interdiction capabilities and the pub-
lic notification process, AFSPC should aggressively enforce
restrictions against intruders at both ranges to encourage
compliance with launch notifications. In cooperation with
the U.S. Coast Guard, the Federal Aviation Administration,
the U.S. Attorney’s Office, and other regulatory and law
enforcement agencies, AFSPC should initiate administrative
and regulatory changes to facilitate enforcement action
against intruders who were afforded ample, timely launch
notifications.
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Biographies of Committee Members

ROBERT E. WHITEHEAD (chairman) entered govern-
ment service in 1971 after receiving undergraduate and
graduate degrees in engineering mechanics from Virginia
Polytechnic Institute and State University and completing
one year of postdoctoral study at the National Aeronautics
and Space Administration (NASA) Ames Research Center.
Dr. Whitehead began his career with the Department of the
Navy as a research engineer in the Aviation Department of
the David Taylor Naval Ship Research and Development
Center at Carderock, Maryland. He transferred to the Office
of Naval Research (ONR) in 1976 as a scientific officer in
applied aerodynamics. For the next 13 years, Dr. Whitehead
held a number of positions at ONR, including director, Me-
chanics Division, from 1986 to 1989, when he transferred to
NASA Headquarters, as the assistant director for aeronau-
tics (rotorcraft). He held a variety of other positions before
becoming the associate administrator for aeronautics in 1995
and associate administrator for aeronautics and space trans-
portation technology in 1997. As associate administrator, Dr.
Whitehead led a Research and Technology Enterprise of
more than 6,000 civil servants and a similar number of con-
tractors at four research centers with an annual budget of
approximately $1.5 billion. Dr Whitehead retired from fed-
eral service in December 1997.

W. GAINEY BEST II has been employed by Lockheed
Martin Astronautics since 1994. In 1997, Mr. Best became
director of the Evolved Expendable Launch Vehicle
(EELV) Program, assuming responsibility for cost, sched-
ule, technical baseline, and performance. Previously, he led
the EELV Mission Integration Team. Before that, he was
responsible to the director of the Titan Centaur Program for
independent assessments of technical readiness for building,
launch processing, and launching of each Titan Centaur ve-
hicle. Mr. Best entered the U.S. Air Force in 1968, where he
was the director of West Coast operations for the National
Reconnaissance Office (NRO). He directed daily opera-
tions, including worldwide elements involved in the design,
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acquisition, launch, deployment, and orbital operation of
satellites. He was also the program manager and the deputy
program director for the Titan IV launch vehicle program.
During his career in the Air Force, Mr. Best was the Air
Force lead for the investigation of three launch failures. His
experience includes many operational, satellite, and pro-
gram management assignments. He has earned degrees in
industrial management and mechanical engineering.

JOHN L. BYRON works in strategic planning, process en-
gineering, and corporate planning for Johnson Controls of
Cape Canaveral, Florida. For the past five years, he has been
vice chairman of the Florida Space Business Roundtable. He
is also a member of on the Board of Directors of the newly
formed Florida Space Research Institute. Mr. Byron retired
from the Navy in 1993 after more than 37 years of continu-
ous active duty. During that time he commanded the Naval
Ordnance Test Unit (NOTU) at Cape Canaveral, where he
was director of Navy tests for the Eastern Range and super-
vised the launch of 52 Trident missiles from submerged sub-
marines. Mr. Byron has a B.S. in physical oceanography
from the University of Washington, and he is a graduate of
The National War College.

BENJAMIN A. COSGROVE is a retired senior vice presi-
dent of Boeing Commercial Airplane Group. His 43-year
career as a structural engineer began at Boeing in 1949 on
the B47 and B52 bombers. He was involved in the design
and analysis of every Boeing commercial airplane from the
707 through the 777. Mr. Cosgrove was the chief design
engineer of the 767, became vice president of engineering
and flight testing in 1985, and was promoted to senior vice
president in 1989. The National Aeronautic Association of
Washington, D.C., has awarded him the Wright Brothers
Memorial Trophy for his lifetime contributions to commer-
cial aviation safety and technical achievement. He is a mem-
ber of the National Academy of Engineering and received an
honorary doctorate of engineering from the University of
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Notre Dame. Mr. Cosgrove is also a member of the NASA
Advisory Council’s Task Force on the Shuttle-Mir Rendez-
vous and Docking Missions and the Task Force on Interna-
tional Space Station Operational Readiness, which are
chaired Lt Gen Thomas Stafford, USAF (retired).

JAMES W. DANAHER is the retired chief of the Opera-
tional Factors Division of the Office of Aviation Safety at
the National Transportation Safety Board (NTSB) in Wash-
ington, D.C. He has more than 35 years of experience in
human factors and safety, in both industry and government.
Since he joined the NTSB in 1970, Mr. Danaher has served
in various supervisory and managerial positions, with spe-
cial emphasis on human performance issues in flight op-
erations and air traffic control. He has participated in the
on-scene phase of numerous accident investigations, in as-
sociated public hearings, and in the development of NTSB
recommendations for the prevention of future accidents. He
is a former naval aviator and holds a commercial pilot’s li-
cense with single-engine, multi-engine, and instrument rat-
ings. He has an M.S. degree in experimental psychology
from Ohio State University and is a graduate of the Federal
Executive Institute. Mr. Danaher has represented the NTSB
at numerous safety meetings, symposia, and seminars, is the
author or co-author of numerous publications, and served on
the National Research Council’s Panel on Human Factors in
Air Traffic Control Automation.

KINGSTON A. GEORGE is a retired chief engineer for
safety from the 30th Space Wing, Vandenberg Air Force
Base, California. In 1959, he completed a unique five-year
combined degree program at Ohio State University, graduat-
ing with a B.S. in engineering physics and an M.S. in nuclear
physics. After two years as a researcher at the cyclotron labo-
ratory at Ohio State, he joined the Operations Analysis Of-
fice under the Air Force at Vandenberg Air Force Base in
1961, where he was engaged in evaluating the capability and
test design for ballistic missiles. He then moved to the newly
formed Air Force Western Test Range in 1965, where his
accomplishments include defining controlled areas during
launch; establishing telescopic camera sites for engineering
data; and developing improved data processing methods for
real-time display and flight control. He was a member of the
Range Commanders Council and chairman of the Executive
Committee for one term. He also chaired a tri-service study
on the use of GPS for launch ranges that culminated in a
major project at Eglin Air Force Base funded by the U.S.
Department of Defense to design and build GPS-based test
range instrumentation. A member of Tau Beta Pi, Sigma Pi
Sigma, and the American Physical Society, Mr. George was
honored in 1989 as the Air Force Association’s Senior Man-
ager of the Year. He is currently a senior consultant in the
aerospace industry, primarily concerned with issues of real-
time tracking and flight safety for space launch programs.
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BILL HAWLEY has been employed by Hughes Space and
Communications since 1978, where he currently is manager
of Launch Systems Engineering and Operations. His respon-
sibilities include all launch vehicle integration and engineer-
ing for Hughes spacecraft, system safety, and launch opera-
tions. Previously, as department manager of propulsion
engineering, Mr. Hawley was responsible for propulsion sys-
tem design and component development, including procure-
ment, testing, and propellant loading operations. He has also
been project manager and department manager for Space-
craft Structures and Integration; head of the Mechanical
Ground Support Equipment Section; and structural designer
for meteorological satellites. Mr. Hawley also has worked as
a design engineer for Rockwell International. He received a
B.S. degree in aerospace engineering from the California
State Polytechnic University.

JAMES K. KUCHAR is an assistant professor of aecronau-
tics and astronautics at the Massachusetts Institute of Tech-
nology (MIT), where he has been on the faculty since 1995.
His research interests are focused on safety-critical decision
aiding and alerting systems, risk assessment, advanced cock-
pit displays, air traffic control, and flight simulation. He has
performed several risk assessment studies of instrument ap-
proaches to closely spaced parallel runways for NASA, the
Federal Aviation Administration, and Draper Laboratory.
These studies developed methods to estimate risk during
parallel approaches and provided system design guidelines
to balance risks against landing capacity. He has also inves-
tigated policy issues related to air traffic and space launch
operations. For his work on alerting systems, Dr. Kuchar
was awarded the RTCA William E. Jackson Award and the
Council for University Transportation Centers’ Wootan/
Pikarsky Award in 1995. He received his S.B., S.M., and
Ph.D. in aeronautics and astronautics from MIT, where his
work focused on terrain displays for transport aircraft. Dr.
Kuchar is a member of the American Institute of Aeronau-
tics and Astronautics, and he is a private pilot. Dr. Kuchar
currently teaches courses on estimation, numerical methods,
flight simulation, and decision aiding and alerting systems.

JOYCE A. McDEVITT is a program manager with Futron
Corporation, Washington, D.C., where she provides range
safety and system safety support to government and com-
mercial clients. She is currently supporting the Commercial
Space Transportation Licensing and Safety Division of the
Federal Aviation Administration. Ms. McDevitt has more
than 30 years of experience in safety involving space, aero-
nautical, facility, and weapons systems, including propel-
lant, explosive, and chemical processes. She has developed
and managed safety programs, hazard analyses, safety risk
assessments, safety policies and procedures, investigations
of mishaps, and safety training. She retired from the federal
government in 1987 after working for NASA Headquarters,
Air Force Systems Command, and the Naval Ordnance
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Station. Ms. McDevitt received a B.S. in chemical engineer-
ing from the University of New Hampshire and an M.S. in
engineering from Catholic University. She is a registered
professional engineer in safety engineering and an active
member of the System Safety Society.

JOSEPH MELTZER, currently a system engineering and
planning consultant for Space and Missile Systems, retired
in September 1997 as corporate chief engineer of the Aero-
space Corporation. In this position, he was responsible for
systems engineering policies and practices, cross-program
engineering, integrated weapons systems management, and
product development systems, as well as acquisition process
improvements, such as risk management, safety, security
systems, readiness reviews, failure analysis, and launch cer-
tification. The Aerospace Corporation is a nonprofit, feder-
ally funded research and development center that provides
general systems engineering support to the Air Force and
other government space-related programs. Since joining
Aerospace in 1963, Dr. Meltzer has held positions of in-
creasing responsibility, including director of spacecraft pro-
grams and general manager of the Eastern Technical Divi-
sion, which was located in Washington, D.C. Prior to joining
the Aerospace Corporation, he worked on missile systems
for Hughes Aircraft Company, on missile systems and re-
entry vehicles for Lockheed Aircraft Company, and on
spacecraft propulsion systems for Giannini Scientific Cor-
poration. Dr. Meltzer earned his B.S., M.S., and Ph.D. in
engineering from the University of California, Los Angeles.

JIMMEY MORRELL has more than 30 years of experi-
ence in a wide range of technical, management, and admin-
istrative activities. After retiring from the U.S. Air Force,
Maj Gen Morrell became senior vice president and director
of the Decision Technologies Division at GRC Interna-
tional, Inc., where he managed Air Force space and classi-
fied business activities. As an Air Force officer, Maj Gen
Morrell served as a senior policy analyst at the White House
Office of Science and Technology Policy, assistant chief of
staff of the Air Force Air University, commander of an Air
Force satellite control wing, and commander of the 45th
Space Wing at Cape Canaveral Air Station. Maj Gen
Morrell was also a congressional liaison for the Air Force
Office of Space Systems and the military assistant to the
Secretary of the Air Force.

NORMAN H. SCHUTZBERGER is the director of the
Fluid Mechanical and Propulsion Division of TRW

STREAMLINING SPACE LAUNCH RANGE SAFETY

Components International, which engineers and supplies
systems, subsystems, and components to international
commercial and manned space flight system manufacturers.
Mr. Schutzberger earned his B.Sc. degree in mechanical
engineering from Pratt Institute and an Executive M.B.A.
from the Peter F. Drucker Graduate Management Center of
the Claremont Graduate University. He began his career as
an engineering co-op student in optics at NASA’s Goddard
Space Flight Center. After graduation from Pratt Institute,
he moved into an advanced spacecraft design and analysis
branch at NASA, where he analyzed early designs for the
Space Telescope and Earth Observing System Satellites.
Subsequent positions included resident mechanical systems
manager for the Delta Launch Vehicle and Space Shuttle
Upper Stages, where his responsibilities included mechani-
cal, hydraulic, and payload attachment structures and
mechanisms, as well as ordnance ignition, separation, and
launch range safety flight termination systems. Mr.
Schutzberger has been involved in the direction, integra-
tion, and launch of 85 international, commercial, and sci-
entific satellites. He has been an internal consultant to
NASA flight programs, NASA’s representative on com-
mercial satellite failure review boards, and an invited con-
sultant to Lloyd’s for assessing satellite launch risks.

FREDERICK H. HAUCK, Aeronautics and Space Engi-
neering Board liaison to the Committee on Space Launch
Range Safety, is president and chief executive officer of
AXA Space, Bethesda, Maryland. AXA Space, a member of
the global AXA insurance group, specializes in underwriting
the risk of launching and operating space systems. Before
joining AXA Space in 1990, Mr. Hauck completed a 28-year
career in the U.S. Navy as a combat pilot, test pilot, and
astronaut. His last military assignment was director of Navy
Space Systems in the Pentagon. During his 11 years as a
NASA astronaut, he flew on three space shuttle missions,
the last as commander of Discovery on the first space shuttle
mission after the Challenger tragedy. Mr. Hauck received a
B.S. in physics from Tufts University and an M.S. in nuclear
engineering from MIT. He is a member of the Board of Trust-
ees of Tufts University and of the American Astronautical
Society and a fellow of both the Society of Experimental
Test Pilots and the American Institute of Aeronautics and
Astronautics. Mr. Hauck was awarded two Defense Distin-
guished Service Medals, the NASA Distinguished Service
Medal, and the Distinguished Flying Cross. He has been a
member or chair of numerous panels and advisory groups on
national and international space issues.
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Appendix C

Participants in Committee Meetings

The full committee met four times from April through August 1999. As part of the committee’s
information-gathering process, several smaller meetings were attended by one or more committee members
and representatives of public and private organizations involved in space launch range safety. The open
portions of the full committee meetings were attended by many individuals who were not specifically invited;
the list below includes the names of participants who signed in, as well as the names of invited speakers.

ACTA, Inc.
James Baeker
Jon Collins
Fred Grimes
Karl Overbeck
Carlton Parks
Harold Reck

The Aerospace Corporation
William Butler
John Cameron
Gerald Finn

Mike Foehner
John Genovese
James Gin

Gail Johnson
Norman Keegan
Manuel Landa
Paul Mohlman
Rudy Mostajo
John Neeson
Douglas Schulthess
Bruce Simpson
Michael Spence
Paul Utecht

Joe Wambolt
Phillip Wildhagen
William Zelinsky

The Boeing Company
William Hampton
Kathleen McLaughlin

Kip Mikula
Ricardo Navarro
Rich Nieduhauser
Wayne Owens
Jack Schweikert
L. Yearsley

Cincinnati Electronics
Joseph Hermann
William Lampe

City of Cape Canaveral, Florida
Rocky Randels

Command and Control Technologies
Corporation
Kevin Brown
Peter Simons

Computer Sciences Corporation
Larry Shelley

Computer Sciences Raytheon
Michael Maier
Mickey Olivier

Consultants

Bob Brewster
Paul Echerd
Richard Lee
David Richardson
Robert Stahl
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DynSpace
Bob Parker

ENSCO, Inc.
Karen Haenke
Ron Ostroff
David Smith

Federal Aviation Administration

Ronald Gress

Florida Solar Energy Center
Todd Halverson
Ross McCluney

Florida Today
Malcolm Denemark
Todd Halvorson
Harvey Taffet

The Hauna Studio
Hal Hauna

Hernandez Engineering, Inc.
Maxie Peterson

Honeywell
Carlos Fernando Vales

Infoware Systems, Inc.
Bob Augustine
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ITT Systems
Ken McCaniel
H. Spaulding

Ken Jongebloed, Inc.
Ken Jongebloed

Kistler Aerospace Corporation
Paul Birkeland
Jack Gregory

L3 Communications-Interstate
Electronics
Lawrence Wells

Lockheed Martin
Frank Bell
Edward Butt
Thomas Hillyer
Michael Murray
Thomas Palmer
Earl Porco

Lynn Smith

Ben Ward

National Aeronautics and Space
Administration

Mark Berte

John Hudiburg

Les McGonigal

Greg Oliver

Loren Shriver

Albert Sofge

Bruce Underwood

Office of Dave Weldon, Member of
Congress, 15th District, Florida
Pamela Gillespie

Orbital
Frank Bellinger
Chris DeMars

Pioneer Consulting
Raymond Toomey

Raytheon Systems Company
Roger Evans

Research Triangle Institute
Gerald Bieringer

Kenneth Kaisler

Loyd Parker

Jack Parks

Santa Maria Public Airport District,
California
Theodore Eckert

Sebastian Inlet Tax District, Florida
Pat Hartman

Santa Maria Times
Janene Scully

Sigmatech, Inc.
Phil Hays

Spaceport Florida Authority
Kenneth Gunn

Albert Thomas

Louis Ullian

Keith Witt

SRI International
Jonathan Brown
James Means
Gerald Shaw

SRS Technologies
Chris Komatinsky
Peter Mazur
Michael Slusher
Brian Strohman
Trase Travers

Town of Indialantic, Florida
Bob Hartman

University of Central Florida
Ross McCluney

U.S. Air Force, 30th Space Wing
Lance Adkins

Leo Aragon

Michael Cancellier

Paul Klock

Michael McCombs

U.S. Air Force, 45th Space Wing
Darren Bergan
Dan Berlinrut
William Breyer
Michael Campbell
Barry Chefer
Frank Davies
Roger Devivo
Steve Duresky
Carl Haulk

John Kinstle

Tom Palo

Paul Rosati

John Sienkiewicz
Dave Stone

Bruce Syarto
Wayne Thompson

U.S. Air Force, Aeronautical
Systems Center
Cheri Hammer

U.S. Air Force Safety Center
Catherine Zeringue

U.S. Air Force Space Command
Tim Clapp
Alfred Cox
Mark Dowhan
Dave Fox

Joe Fury

Jeffrey Hill

John McConne
Joe Nemeth

M. Roney

Tim Slavenwhite
David Thompson

U.S. Air Force Space and Missile
Systems Center

Les Bordelon

Loz Enas

Thomas Fitzgerald

Homer Tackett

Thierny Woods

U.S. Navy
Douglas Burnett
Jeffrey Kirchmer
Steven Landau
Javier Sanchez
George Williams
R. Williamson

WESH Television, Inc.
Cyndy Russell

TRW
Jean Daniels

Others
Richard Henry
Dave Huff
Ken Kaisler
Chuck Mertz
Harvey Taffet
Jo Townsend
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Appendix D

Studies Related to Space Launch Range Safety

This appendix contains brief descriptions of 15 recently
completed or ongoing studies related to U.S. space launch.

Range Integrated Product Team (IPT) Report. In the fall
of 1998, Air Force Space Command (AFSPC) commissioned
a study on how to make their space launch ranges more effi-
cient and customer friendly. The study was conducted by
Air Force officers (retired and active) and others from gov-
ernment and industry. In mid-December 1998, AFSPC pre-
sented the results of this study to the U.S. Department of
Defense (DoD), U.S. commercial space companies, the Na-
tional Aeronautics and Space Administration (NASA), and
the Federal Aviation Administration (FAA). AFSPC then
formed teams to develop implementation plans for each of
the study’s recommendations. Recommendations that could
affect agency roles and responsibilities were remanded to
Headquarters, U.S. Air Force.

Streamlining Space Launch Range Safety. One recom-
mendation of the Range IPT report described above was that
AFSPC sponsor “an independent technical assessment by
the National Academy of Sciences of Air Force public safety
methods and processes.” This report is the direct result of
that recommendation.

Commercial Space Opportunities Study. In December
1998, the Air Force Chief of Staff initiated a study to iden-
tify opportunities for the Air Force to take advantage of de-
velopments in the growing commercial space sector. Sepa-
rate teams addressed communications, remote sensing,
navigation, launch range and satellite control, and launch.
Each team included representatives of the Air Force, Na-
tional Reconnaissance Office, and DoD. Some teams also
included representatives of NASA, the U.S. Department of
Commerce, the FAA, and industry. The final report, which
was completed in October 1999, concluded that the Air Force
could benefit from more commercial involvement in space
launch activities.
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National Launch Capabilities Study. The Commercial
Space Act of 1998 directed the secretary of defense to com-
pare future space launch requirements to current capacity
and address any shortfalls and funding responsibilities. The
Air Force led this study, as specified in the act, and coordi-
nated its activities with other elements of DoD, as well as the
U.S. Department of Transportation, the U.S. Department of
Commerce, and NASA. The report, was delivered to Con-
gress on July 8, 1999.

A Space Roadmap for the 21st Century Aerospace Force.
In November 1998, the Air Force Scientific Advisory Board
completed a study that recommended changes for making
the best use of space to accomplish the Air Force’s opera-
tional tasks in the twenty-first century. One section of the
report noted that “deteriorating facilities and an increasingly
commercial launch schedule create a serious Air Force bur-
den.” The study recommended “transitioning national launch
facilities to civilian operations with the Air Force as a tenant.”

National Security Council/Office of Science and Tech-
nology Policy Interagency Review. On March 29, 1999,
the assistant to the president for science and technology and
the assistant to the president for national security affairs re-
quested that the secretaries of defense, commerce, and trans-
portation, the director of the Central Intelligence Agency,
and the NASA administrator participate in an interagency
review on the future management and use of the U.S. space
launch bases and ranges, to be co-chaired by the National
Security Council and the Office of Science and Technology
Policy. The review assessed civil, commercial, and national
security roles and responsibilities for operations, mainte-
nance, and modernization at the space launch bases and
ranges. The formal review began in April 1999, and the in-
terim recommendations were considered in formulating the
fiscal year 2001 budget. The final report was released on
February 8, 2000, and is available on line (http://
www.whitehouse.gov/WH/EOP/OSTP/html/0029_6.html).

Copyright © National Academy of Sciences. All rights reserved.
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Defense Science Board Study of Air Force-Commercial
Space Launch. The fiscal year 2000 Defense Authorization
Bill requires that the secretary of defense study the future of
Air Force and commercial space launches and submit a re-
port in February 2000. The Defense Science Board has been
assigned to conduct the study, which is now under way.

Assessing and Achieving Customer Satisfaction at the
Florida Launch Site. J.D. Powers and Associates built a
customer model for the Cape Canaveral/Kennedy Space
Center complex at the behest of NASA’s Kennedy Space
Center, the Air Force’s 45th Space Wing, Enterprise Florida,
Boeing, and Lockheed Martin. A report on the customer
model, released on July 9, 1999, makes three comments sig-
nificant to the task of the Committee on Space Launch Range
Safety:

* Safety is paramount to all launch range customers.

* The customer interface with launch range management
(including launch range safety offices) must be sim-
plified.

» Safety should undergo “zero-based rethinking.”

Alsoin 1999, NASA’s Kennedy Space Center, Spaceport
Florida Authority, Enterprise Florida, and the U.S. Air Force
45th Space Wing agreed to form a “spaceport management
council” to manage and coordinate activities at the Kennedy
Space Center and Cape Canaveral Air Station. The nature of
this body and the participation of the federal agencies are
still emerging.

Volpe Center Study of Florida’s Role in Space. In 1999,
Florida Governor Jeb Bush commissioned the Volpe Center
to conduct a study of Florida’s role in space and its current
status. The report is pending. A preliminary executive sum-
mary of the study is now circulating in the Florida state gov-
ernment, and a final draft is expected early in 2000.

Aerospace Corporation Review of EWR 127-1. As a re-
sult of the Range IPT Report, the Air Force Space and Mis-
sile Systems Center chartered the Aerospace Corporation to
characterize all requirements listed in EWR 127-1 and, if
possible, determine the source or justification for each regu-
lation. The review has been completed and results forwarded
to AFSPC.

Review of EWR 127-1 by the 30th and 45th Space Wings.
The Space Wings also are reviewing EWR 127-1, mindful
of the recommendations that have been and are being gener-
ated by the other studies listed in this appendix. An updated
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version of EWR 127-1 may be issued by the summer of 2000.
In addition, both Space Wings routinely review launch
range safety issues as part of their normal mission, often with
the engineering and analysis support of outside consult-
ing firms.

Broad Area Review of Access to Space. The president di-
rected the secretary of defense to report on the causes of
recent failures of government space launches and to deter-
mine what actions should be taken to ensure future access
to space. In response, AFSPC appointed retired Air Force
Chief of Staff, General Larry Welch, to conduct a broad
area review of the development, production, preparations,
and launch of recent missions that ended in failure. The re-
view included personnel from the Central Intelligence
Agency, FAA, NASA, National Reconnaissance Office,
and the Office of Science and Technology Policy. The
resulting report, which was released in November 1999,
focuses on actions the government should take to improve
mission success in the future, especially with regard to the
Evolved Expendable Launch Vehicle. The results of the
study are available on line (www.af.mil/lib/misc/
spacebar99.htm).

American Institute of Aeronautics and Astronautics
(ATIAA) Development of a National Standard for Com-
mercial Launch Safety. The AIAA Space Launch Systems
Committee conceived the idea of a commercial launch safety
standard in 1992. Years of effort and many drafts later, a
standard was approved on October 5, 1999, that provides
guidelines for defining the safety responsibilities of ranges
and users, safety requirements, and launch safety processes.

International Standards Organization Development of
International Standards for Safety Requirements in
Launch Site Operations. Parallel to the ATAA effort de-
scribed above, the International Standards Organization has
been developing an international standard, Space Systems—
Launch Site Operations—Safety Requirements (ISO DIS
14620), for use wherever ISO standards are invoked. This
standard is still undergoing review and development.

Department of Transportation Range Safety Standards.
In accordance with its rule-making responsibilities and cog-
nizance over the licensing of space launch operations for
commercial launchers, the FAA, on behalf of the U.S. De-
partment of Transportation, has been developing its own
safety standards. Largely derived from EWR 127-1, these
emerging FAA regulations have the potential to become a
national standard.

Copyright © National Academy of Sciences. All rights reserved.
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Safety Modeling and Analysis

The primary hazards from launch accidents are associ-
ated with debris, toxic effects, and blast overpressure. De-
bris is created by aerodynamic forces that break up the ve-
hicle, by explosions caused by system malfunctions, or, in
many cases, as the intended result of initiating flight termi-
nation. Toxic effects may be caused by effluents from
launches or catastrophic accidents. Vehicle explosions may
also create blast overpressure, which can break windows and
cause injuries from glass fragments miles from an accident
site. Modeling of these effects is needed for launch safety.

PRELAUNCH MODELING

Nominal trajectory and expected variations from
nominal. The launch customer generally provides mission
data describing the nominal vehicle trajectory and states
(e.g., velocity, thrust, staging events). Uncertainties in ve-
hicle and control system characteristics and wind variability
are used to define three-sigma limits to the trajectory profile.
The nominal and three-sigma limits are used as references
during launch and are depicted on the Range Safety Display
System. These data, which define the baseline path for the
vehicle, are essential to any safety study. The data are also
necessary during launch because deviation from the nominal
trajectory may indicate a dangerous failure.

Vehicle component reliability. The launch customer
provides estimates of component and subcomponent reliabil-
ity to range safety personnel. These reliabilities are gener-
ally computed using fault tree analyses. If operational expe-
rience is available, component reliabilities may be adjusted
based on observed failure rates. The adjustment process uses
conventional filtering theory for estimating the confidence
level for operational and estimated reliability but also in-
cludes a degree of subjectivity and technical judgment.

The use of fault trees to estimate system reliability is quite
common in risk management. Fault tree analysis is most ef-
fective when subcomponent reliabilities are well known
(e.g., through repeated laboratory tests) but may be less
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accurate in estimating reliabilities when failure modes are
dependent or unexpected. Adding complexity to a fault tree
(e.g., adding nodes) does not necessarily result in a more
accurate estimate of reliability because the uncertainties in
each component propagate throughout the tree.

Vehicle failure modes, probabilities, and effects. Prob-
able failure modes are identified by the launch customer us-
ing event trees and component reliabilities. This process in-
cludes describing each failure type (including the results of
command destruct), its likelihood as a function of time, its
effect on the vehicle’s trajectory (e.g., a change in thrust
direction), and the quantity, type, and energy of debris that
would be generated. These data may also be adjusted by
range safety personnel based on previous experience.

Wind modeling and debris-dispersion modeling. Sta-
tistics on monthly or seasonal winds are developed at each
range to determine the likely trajectories of expended stages
or debris. These data include the average wind magnitude
and direction as a function of altitude, as well as the statisti-
cal variability of these parameters. Wind speed or direction
shifts downrange are not considered.

At the time of launch, the actual measured winds from
aerial soundings may be used to improve prelaunch esti-
mates. The wind data are used with the data on ballistic co-
efficient and energy to determine debris trajectories. During
launch, wind and aerodynamic effects are omitted when
computing the instantaneous impact point (IIP), but mea-
sured winds are used to depict probable debris impact points
on the Range Safety Display System.

Population modeling. Simplified models of population
density are developed by the ranges to determine the likeli-
hood of casualties if debris lands in a given region. These
models generally break the landmasses into regions in which
the population is assumed to be equally distributed. Dense
population centers and cities are separated from rural areas.
Population data are available in the models for much of the
world, although data for some regions, including Europe, are
missing. Different population distributions and shelter
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probabilities are assigned depending on the time of launch
(day, evening, or night).

Debris-effect modeling. Data relating object energy and
the likelihood that an object will cause injuries or deaths are
used to determine the smallest objects that should be in-
cluded in subsequent analyses. This modeling considers the
type of shelter available and the probability that a fragment
of a given energy would penetrate the shelter. This analysis
is also used to determine the minimum size of debris that
could endanger aircraft and ships.

Computation and application of safety metrics. Safety
metrics, such as casualty expectation (E,) and the individual
hit probability for aircraft or ships (P,) are calculated
throughout the launch trajectory by computing the probabil-
ity of failure at any given time; determining the potential
failure modes, debris types, and energies; propagating the
debris using wind and aerodynamic models; and estimating
casualties for the debris type and energy, the affected area,
shelter types, and population densities.

The Western Range (WR) uses the Launch Risk Analysis
(LARA) computer program, along with several other analy-
sis tools, to calculate safety metrics. Thrust termination, on-
trajectory breakup, and malfunction turns are the primary
failure modes considered in the LARA analysis. The Eastern
Range (ER) uses a different computer program, DAMP (fa-
cility DAMage and Personnel injury), along with other pack-
ages, such as RAFIP (Random Attitude Failure Impact Pre-
dictions), RSTT (Range Safety Tumble Turns), and DISP
(impact DISPersions). DAMP considers six failure modes:
explosion on the launch pad, loss of control at liftoff,
straight-up flight, on-trajectory failure, malfunction turn, and
planned jettison of components.

The overall approaches used by the WR and ER are simi-
lar in terms of failure modeling, debris propagation, and ca-
sualty estimation. The assumptions and implementation of
these methods, however, are different. RAFIP assumes that
an instantaneous turn to any attitude is possible, whereas
LARA uses physical limitations on turn rates. Both ap-
proaches are conservative. Conservatism is further increased
by RAFIP, which assumes that no debris is consumed by
heat during reentry and that no populations are sheltered.
The conservatism of safety metrics computed by LARA is
increased by the use of unrealistically high failure rates.

Some sensitivity analyses have been performed to deter-
mine how E_ varies with changes in input parameters, such
as overall probability of failure, residual thrust, or roof pro-
tection. These sensitivity analyses identify parameters with
the largest impact on the value of E, and, therefore, show
where accuracy is most important. This information can be
useful for improving risk analysis methods.

Flight hazard and flight caution area. The sizes of flight
hazard and caution areas are based on estimates of risk to
unsheltered personnel. These areas are conservatively de-
fined using worst-case wind conditions and a probability of
vehicle failure of 1.
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Blast-effect modeling. Blast risks are estimated using
two tools, GLASSC, which relates blast overpressure to
window breakage and casualties, and BLASTC (at the WR)
or BLASTX (at the ER), which use wind and temperature
profiles to determine the risk of casualties.! The models pro-
duce series of predicted overpressure contours and risk pro-
files (plots of the probability of varying numbers of casual-
ties), assuming that the probability of vehicle failure is 1.

Toxic-effect modeling. The risks from toxic gases are
estimated using two software packages. The Rocket Exhaust
Effluent Diffusion Model (REEDM) predicts the toxic
chemical concentration in the event of a vehicle failure and
produces contours showing the predicted concentrations of
toxic chemicals near the ground. The Launch Area Toxic
Risk Assessment (LATRA) program is used at the WR (and
will be used at the ER in the near future) to determine the
likelihood of an accident, estimate individual and collective
risk (P, and E ),and develop risk profiles based on current
weather conditions, models of population density and shel-
tering, and the amount, type, and toxicity of the substances
that could be released. Both blast and toxic risk evaluations
are performed well before each launch using statistical wind
conditions, and they are repeated on launch day using mea-
sured winds.

Impact limit lines. Impact limit lines (ILLs), which are
defined using geographic references, define boundaries be-
yond which significant pieces of debris should not penetrate.
The definition of ILLs does not explicitly take safety metrics
into consideration; rather, it is based on preventing the over-
flight of inhabited landmasses whenever possible.

Instantaneous impact point. To monitor the vehicle’s
progress relative to the nominal trajectory and the ILLs, the
vehicle’s current position and instantaneous impact point
(IIP) are computed and displayed in real time during flight.
For computational efficiency, the vacuum IIP is used (i.e.,
calculations do not include aerodynamic effects).

Destruct lines. Destruct lines, located inside the ILLs,
are used to ensure that significant amounts of debris will not
cross the ILL. The IIP position relative to the destruct line is
a primary element of information in destruct decisions dur-
ing launch. Small debris will propagate farther than large
debris but is generally less dangerous upon impact. Ignoring
small pieces of debris results in a wider launch corridor and
reduces the probability that a mission will be aborted unnec-
essarily.

Collision avoidance. The intended launch trajectory is
compared with the trajectories of satellites in orbit that are
manned or capable of being manned. If a vehicle is pro-
jected to pass within 200 km of a satellite, the launch win-
dow is adjusted. A buffer of two to eight minutes is added
to the window to account for uncertainties in the accuracy

IGLASSC, BLASTC, and BLASTX are descriptive nicknames, not
acronyms.
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and timing of the trajectory. Because the spatial buffer is so
large, this safety requirement may be quite conservative.

ACTIVITIES DURING LAUNCH

Some of the information displayed and used to make
safety-related decisions during launch is different at the ER
and WR. The primary tools and procedures that are common
to both ranges are described below, followed by a descrip-
tion of methods used by just one.

Methods Common to the Western and Eastern Ranges

Both the WR and ER use a range safety display system
that provides a real-time depiction of the vehicle’s current
position relative to the nominal trajectory. The display also
shows the three-sigma dispersions around the nominal tra-
jectory, the IIP, destruct lines, ILLs, and geographic fea-
tures, such as coastlines. The map may be manually or auto-
matically scaled as the vehicle progresses along its trajectory.
The mission flight control officer (MFCO) also has a verti-
cal display (specific to each range, as described below) and
flight termination system (FTS) arm and destruct buttons on
a console.

Methods Specific to the Western Range

LARA is rerun approximately two hours before launch to
identify any changes in E, caused by current wind data. The
results are briefed to the MFCO and range commander. A
debris pattern footprint is displayed on the range safety dis-
play system showing the probable (two-sigma) locations of
debris for several postulated failure conditions. The display
is updated in real time during flight. The footprints are shown
as circles rather than ellipses to simplify computation.

Two specific times of interest are computed and displayed
to the MFCO. Amber time is the time at which the launch
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vehicle has enough energy to impact a region outside the
ILLs. If tracking of the vehicle is not be available by amber
time, the flight is terminated. Computations for amber time
are conservative in that they do not account for aerodynamic
effects on the vehicle and assume the worst-case trajectory
toward the ILL. MFCO response time is not included in the
calculation because the MFCO is expected to be monitoring
the situation closely. Red time is the time at which a straight-
up vehicle would present a danger. Red time is calculated
using statistical wind conditions and MFCO reaction time. If
a vehicle fails to initiate its pitch program (turn downrange)
by red time, the flight is terminated.

The MFCO also has a display of two vertical planes. One
is used to determine whether the vehicle is pitching correctly
downrange. The other shows the vehicle’s cross-track posi-
tion relative to destruct lines.

Methods Specific to the Eastern Range

On launch day, the measured wind profile is compared
with the previously developed maximum-wind constraints.
Winds in excess of these values may result in a launch hold
because E_ could be increased beyond the accepted standard.

The MFCO uses two vertical profile displays to monitor
the vehicle relative to the nominal trajectory, ILLs, and de-
struct lines. A straight-up time (analogous to red time at the
WR) is also computed and displayed for reference.

At the ER, a “chevron line” display, which is designed to
protect the region behind the launch site from a vehicle that
does not pitch downrange successfully, is also provided. The
display shows destruct lines that move downrange in real
time in response to the vehicle’s velocity. If the vehicle is
not progressing downrange as expected, the flight is termi-
nated before the point at which debris would pass beyond
the ILLs. Generally, the chevron display is only needed for
the first 100 seconds of flight.






AFMC
AFSPC
ATC

CRaSS

DoD

FAA
FTS

GPS

ICBM
1P
ILL
IMU
IPT

MFCO

Acronyms

Air Force Materiel Command
Air Force Space Command
air traffic control

Cape Canaveral Range Surveillance System
Department of Defense

casualty expectation (collective risk standard)
Eastern Range

Federal Aviation Administration
flight termination system

global positioning system

intercontinental ballistic missile
instantaneous impact point
impact limit line

inertial measurement unit
integrated product team

mission flight control officer

MOA

NASA
NOTAM
NRC

o

RCC

ROCC

RSA

SLBM

SMC

TMIG

VFR

WR
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memorandum of agreement

National Aeronautics and Space Administration
Notice to Airmen
National Research Council

casualty probability (individual risk standard)
individual hit probability (for aircraft or ships)

Range Commanders Council

reusable launch vehicle

Range Operations Control Center

Range Standardization and Automation
(program)

submarine launched ballistic missile
Space and Missile Systems Center

telemetered inertial guidance
visual flight rules

Western Range



