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EDITORIAL
A NEW SPACE SAFETY MANDATE FOR THE WORLD’S SPACE AGENCIES

Joseph N. Pelton

Founder of the Arthur C. Clarke Foundation - Email: joepelton@verizon.net

“The dinosaurs became extinct because they didn't 
have a space program. And if we become extinct be-
cause we don't have a space program, it'll serve us 
right!” 

Larry Niven, Sci-Fi Writer of Note 

The World’s space agencies have given a wide range 
of benefits to the global society in the past half century. 
We now have a much better understanding the nature of 
the cosmos and the structure of galaxies and the world’s 
place in the Universe. The various space agencies have 
also played a leading role in the development of com-
munications, navigations, remote sensing, and weather 
satellites. Our various satellites now make the skies safer 
for aircraft takeoff and landing, our globe can share news, 
sports and major events instantly — life via satellite. 
Weather and climate change monitoring satellites help us 
monitor hurricanes and monsoons and save thousands of 
live — if not billions of lives in the future. 

The question is whether the Space Agencies around the 
world need to play a bigger and more central role in mak-
ing our world safer from cosmic threats? Sci-Fi writer 
Larry Niven famous quote from decades ago is not only 
relevant today, but actually is one that demands serious 
attention as the world’s population swells, our urban cen-
ters expand, and our dependence on electric power grids, 
transportation systems, and IT and communications net-
works become ever more vital to the survival of the hu-
man race as we know it today. Niven’s quote goes like 
this: “The dinosaurs became extinct because they didn't 
have a space program. And if we become extinct because 
we don't have a space program, it'll serve us right!” My 
mentor and friend Arthur C. Clarke made this quote fa-
mous by quoting it often at space-related conferences 
around the world.

Niven was thinking about identifying “killer asteroids”, 
but today we know that there are many other cosmic 
hazards to look out for in the skies above. There are po-
tentially hazardous asteroids and comets, solar flares and 
even more dangerous coronal mass ejections. There are 
also changes to the Earth’s magnetosphere that shapes 
the Van Allen belts that protects us and our power grids 
from solar events that can create natural electromagnetic 

pulses (EMPs). We also have a growing problem with 
orbital space debris — particularly in low earth orbit and 
polar orbits. If the worst should happen billions of people 
— not millions, but billions — could be at risk. As global 
population expands from 7.5 billion to perhaps 10 to 12 
billion people concentrated in cities as we become 75% 
urban our vulnerability grows. A study by Lloyds of Lon-
don suggested that a massive coronal mass ejection from 
the Sun similar to the Carrington Event of 1859 that set 
telegraph offices on fire and brought the Northern Lights 
down to Cuba and Hawaii might trigger on the other of 
$3 trillion dollars in losses and who knows how many 
would die. This is a problem that we — and especially 
the space agencies — need to take seriously.

On Oct. 13, 2016 President Obama issued a key new 
Executive Order to coordinate efforts within the U.S. 
Government among the Department of Defense (DOD), 
Department of Homeland Security (DHS), National Sci-
ence Foundation (NSF) and NASA to protect and re-
spond to a massive solar coronal mass ejection (CME) 
as well as to address dangers associated with changes to 
the Earth’s magnetosphere. This is a key step forward in 
efforts to respond to catastrophic space weather threats.  
https://www.whitehouse.gov/the-press-office/2016/10/13/
executive-order-coordinating-efforts-prepare-nation-
space-weather-events 

Other nations should consider this Executive Order as a 
model in looking to their own defenses against cosmic 
hazards. NASA has estimated that there is over a 10% 
chance of a significant CME hit within the coming decade.

The question that many people ask is why is the threat 
from these solar storms from our local star more danger-
ous than ever before? The answer is at least for two key 
reasons. One answer is more people concentrated in ever 
larger cities that are more dependent on modern infra-
structure. The second answer is that the Earth’s magne-
tosphere — that shapes the protective Van Belts — have 
been shown by ESA’s Swarm satellites and NASA’s 
MMS satellites to be shifting. Some models say that the 
Van Allen Belts may change to be on 15% as affective in 
warding off ions travelling at millions of km/hour as they 
were just a few years ago. 
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So what could the Space Agencies do to protect us from a 
cosmic hazards that could possibly be a holocaust of epic 
proportion? The answer is actually a great deal more.

Potentially Hazardous Asteroids and Comets: The UN  
has endorsed the creation of an new International As-
teroid Warning Network (IAWN) and a Space Mission 
Planning Advisory Group (SMPAG) that is to coordinate 
finding dangers in the sky and to consider a response. 
This effort should be enhanced with the capability to 
find dangerous asteroids and comets that are 30 meters 
or larger in size, since these are truly potential city kill-
ers. The current size limit, as set by the U.S. Congress, 
for potentially hazardous asteroids that is being used by 
NASA scientists set at 140 meters in diameter. This size 
limit is woefully inadequate. Also new efforts aimed at 
so-called space mining may help identify new ways to 
use small asteroids in Lunar orbit as protective systems 
for Earth. The bottom line is that the world’s space agen-
cies working with the UN COPUOS Working Group on 
Long Term Sustainability of Outer Space Activities need 
to do more to detect these hazards and prepare systems 
to protect Earth.

Severe Space Weather: Recent research concerning se-
vere space weather from the Sun and cosmic radiation, 
and also about the Earth’s magnetosphere suggest that 
this is perhaps the likeliest near term cosmic hazards. 
Too long we have assumed there is nothing that could be 
done about this danger, but we are evolving technology 
that might allow us to do new and innovative things to 
protect Earth. This might involve creating a relatively 
small electromagnetic solar shield (inflatables with 1-2 
tesla of magnetic charge) at Lagrangian Point 1 that 

might be able to protect us from a massive CME. This 
system might also be designed as a solar power satellite 
and also to attenuate solar rays so as to lessen climate 
change effects. Unless we embark on serious studies of 
such possibilities we will not know what is possible. A 
systematic study of cosmic hazards and planetary de-
fense represents an excellent opportunity for the Space 
Agencies to work together on the ultimate space applica-
tion — saving Earth and human and flora and fauna from 
another great mass extinction akin to the K-T event of 66 
million years ago.

Space Debris: In this area the Space Agencies have al-
ready formed the InterAgency space Debris Committee 
(IADC) to address this issue and has a working relation-
ship with the UN COUPUOS with regard to efforts to 
curtail this problem. The effort here needs to be stepped 
up and active mitigation debris undertaken sooner rather 
than later. When the UNISPACE +50 Conference con-
venes in 2018, it would be wonderful if there could be 
a globally agreed plan among the space agencies of the 
world to not only take on all three of these cosmic haz-
ards but a logic effort at planetary defense as well. 

Clearly this is not something that the space agencies can 
do alone, but they can play a pivotal role. The new US 
Executive Order on this subject could be used as a model 
elsewhere to see how scientific research, military opera-
tions and homeland defense agencies can also undertake 
other parts of this mission. Leadership by administrators 
of space agencies on this important effort is what this 
editorial is seeking to get a serious effort underway. This 
could be the top agenda item and success for UNISPACE 
+ 50. Let’s not be dinosaurs left on the dustbin of history.

PROFILE

Dr. Joseph N. Pelton is the 
former Dean and Chair-
man of the Board of Trust-
ees of the International 
Space University with its 
main campus in Stras-
bourg, France worldwide 
now has over 5000 gradu-
ates. He served as the 
founder of the Arthur C. 
Clarke Foundation and the 
founding President of the 
Society of Satellite Profes-
sionals International. He is 

currently on the Executive Board of the International As-
sociation for theAdvancement of Space Safety and chair 
of its International Academic Committee. He is on the 

Editorial Boards of the Room Space Journal and Space 
Policy. He served as Vice President and President of the 
International Space Safety Foundation a 501c3 organiza-
tion in the U.S. Until recently he served as the Director 
of the Space and Advanced Communications Research 
Institute at George Washington University and is Director 
Emeritus of this Institute.
 
He is the award winning author and editor of some 45 
books and over 300 articles in the field of space, space 
safety, satellite communications systems, and future tech-
nologies. Dr. Pelton has also served as Director of the 
Interdisciplinary Telecommunications Program at the 
University of Colorado-Boulder. Earlier in his career he 
served in a number of executive capacities at Intelsat and 
the Comsat Corporation including as Director of Strategic 
Policy and Director of Project SHARE at Intelsat. 

Dr. Joseph N. Pelton

Journal of Space Safety Engineering – Vol. 3  No. 3 - December 2016

103

International Association for the Advancement of Space Safety



ABSTRACT

NASA and its industry and international partners are 
embarking on a bold and inspiring development effort to 
design and build an exploration class space system. The 
space system is made up of the Orion system, the Space 
Launch System (SLS) and the Ground Systems Devel-
opment and Operations (GSDO) system. All are highly 
coupled together and dependent on each other for the 
combined safety of the space system. A key area of sys-
tem safety focus needs to be in the ground and flight ap-
plication software system (GFAS). In the development, 
certification and operations of GFAS, there are a series of 
safety characteristics that define the approach to ensure 
mission success. This paper will explore and examine a 
real world approach needed to implement safety charac-
teristics of the GFAS development.

The GFAS system integrates the flight software pack-
ages of the Orion and SLS with the ground systems and 
launch countdown sequencers through the ‘agile’ soft-
ware development process. A unique approach is needed 
to develop the GFAS project capabilities within this agile 
process. NASA has defined the software development 
process through a set of standards. The standards were 
written during the infancy of the so-called industry ‘ag-
ile development’ movement and now must be tailored 
to adapt to the highly integrated environment of human 
exploration systems. Safety of the space systems and the 
eventual crew on board is paramount during the prepara-
tion of the exploration flight systems. A series of software 
safety characteristics have been incorporated into the de-
velopment and certification efforts to ensure readiness for 
use and compatibility with the space systems.

Three underlining factors in the exploration architecture 
require the GFAS system to be unique in its approach 
to ensure safety for the space systems, both the flight as 
well as the ground systems. The first are the missions 
themselves, which are exploration in nature, and go 
far beyond the comfort of low Earth orbit operations.  
The second is the current exploration system will launch 
only one mission per year even less during its develop-
mental phases. Finally, the third is the partnered approach 
through the use of many different prime contractors,  
including commercial and international partners, to 

design and build the exploration systems. These three 
factors make the challenges to meet the mission prepa-
rations and the safety expectations extremely difficult  
to implement.

As NASA leads a team of partners in the exploration be-
yond earth’s influence, it is a safety imperative that the 
application software used to test, checkout, prepare and 
launch the exploration systems put safety of the hardware 
and mission first. Sets of software safety characteristics, 
to integrate into the more classic ‘agile’ process, are built 
into the design and development process to enable the 
human rated systems to begin their missions safely and 
successfully. Exploration missions beyond Earth are in-
herently risky, however, with solid safety approaches in 
both hardware and software, the boldness of these mis-
sions can be realized for all on the home planet.

1. EXPLORATION SYSTEMS STRUCTURE

NASA’s Exploration Systems Development is building 
the agency’s crew vehicle, next generation rocket, and 
ground systems and operations to enable human explora-
tion throughout deep space — a capability the world has 
not had for more than 40 years.

The Orion spacecraft, Space Launch System (SLS) and 
a modernized Kennedy Space Center spaceport will sup-
port missions to multiple deep space destinations extend-
ing beyond our Moon, to Mars and across our solar sys-
tem. This innovative approach aligns with NASA’s bold 
new mission to design and build the capability to extend 
human existence to deep space. 

A program at the Johnson Space Center manages the Ori-
on, a program at the Marshal Space Flight Center man-
ages the SLS and a program at Kennedy Space Center 
manages the Ground Systems Development and Opera-
tions (GSDO). The GSDO program is broken down into 
major projects under the program. Command, Control 
and Communications (C3) is one of those projects. The 
Ground and Flight Application Software, GFAS, is a 
project within GSDO.

SAFETY CHARACTERISTICS IN SYSTEM APPLICATION SOFTWARE FOR 
HUMAN RATED EXPLORATION MISSIONS

Edward J. Mango (1)

(1) National Aeronautics and Space Administration, Kennedy Space Center, Florida, U.S.
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2. EXPLORATION MISSIONS

Human exploration missions are in the critical develop-
ment phases. All three programs under ESD have com-
pleted their various Critical Design Reviews (CDRs). 
Each of the CDRs is at different levels of maturity with 
the details of their designs. In order to be ready for hu-
man flight in the 2021 timeframe a series of two highly 
integrated flights, test flights prior to a human test flight 
are required. The first flight test was the Exploration 
Flight Test -1 (EFT-1) in December 2014. The Orion 
capsule was launched on a Delta 4 V launch vehicle. 
The goal was to test the capsule structure as well as 
re-entry thermal and guidance. The second flight test 
is Exploration Mission – 1, (EM-1). This first fully 
integrated mission of NASA’s Orion spacecraft and 
Space Launch System (SLS) will launch from a mod-
ernized Kennedy spaceport. The 70-ton SLS will send 
an uncrewed Orion into lunar distant retrograde orbit, 
a large orbit around the moon that is farther into space 
than any human spaceflight system has ever ventured.  
The mission will last 25 days and splashdown in the 
Pacific Ocean. Exploration mission – 2 (EM-2) will be 
the first “crewed mission” of Orion launched from Ken-
nedy spaceport again using the Space Launch System.  
The flight will focus on checking out the mission sys-
tems, crew systems, and demonstrating the capability 
for the crew to operate this vehicle in deep space, near 
the moon, and return safely to earth. The mission is 
planned to be two weeks in duration. After the EM-2 
flight, the integrated systems will be used to perform all 
of the future human exploration missions beyond Earth. 
Destinations and complexity will evolve as the missions 
are defined and developed. The entire architecture is 
based on capability not only on destination.

3. GROUND AND FLIGHT APPLICATION  
 SOFTWARE

The overall construct of the C3 project includes the 
Launch Control System (LCS) as well as the GFAS sys-
tem. The LCS comprises a software and hardware plat-
form structure and includes a set of system software that 
operates and interfaces with each of the flight vehicles, 
as well as the various ground systems’ interfaces, and 
the Launch Control Center (LCC). Consoles within the 
LCC Firing Room are used by both the flight vehicle 
and ground system engineers to monitor and command 
the hardware, perform the testing, checkout, and prepa-
rations including launch countdown of the flight vehi-
cles. Each of the flight hardware vehicles has its own 
avionics and flight software that must interface with the 
LCS. The Orion spacecraft, the SLS Core vehicle and 
the Interim Cryogenic Propulsion Stage (ICPS) all have 

different approaches to their corresponding flight avi-
onics systems and flight software. LCS must interface 
with each of these three different interface approaches 
as well as integrate the downlinked information and 
command uplink information all through a common set 
of equipment for the various Firing Room engineers. 
The LCS platform system software is similar to various 
operating systems, like Windows or Apple OS operating 
systems. 

As with most command and control architecture, there 
needs to be applications on top of the platform of soft-
ware structure. The GFAS system is the equivalent com-
mand and control applications on those various operat-
ing systems. The GFAS applications integrate the flight 
software packages of the Orion, the flight software of 
the SLS, and the ground control systems through the 
LCS. The launch countdown sequencers are also in the 
GFAS applications. All GFAS applications use the ‘ag-
ile’ software development process. 

Figure 1 – GFAS Application Structure 

The GFAS will develop the integrated firing room con-
sole applications and displays for pre and post launch 
activities to support flight and ground processing and 
integrated ground subsystem processing as required 
for Orion, Core Stage, Booster and ICPS. These soft-
ware applications and displays will support integrated 
Ground Systems verification and validation, launch ve-
hicle and spacecraft integration and launch processing. 
These displays and applications will also support off-
line processing, recovery, and de-servicing of the Orion 
after splashdown.

The applications and displays include Graphical User 
Interface (GUI) and applications for Command Control 
Sequences, Prerequisite Logic, Reactive Control Logic, 
and Data Fusion.
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Figure 2 – GFAS Application Types

The GFAS software is used to satisfy integrated subsys-
tem requirements, integrated ground to flight require-
ments, and integrated flight processing requirements. 
The GFAS team is made up of ten grouped subsystems 
comprising of approximately 70 software and process-
ing engineers. Each subsystem team supports all the 
applications for the subsystem regardless of which 
flight vehicle they are supporting. For example, Avion-
ics team supports the avionics installed in Orion, ICPS, 
SLS, Boosters and Engines. Below is the listing of each 
of the GFAS Teams.

Avionics
Cryo/Prop
Electrical
ECLSS/Hypers
Flt Controls
Mech
APU/HYD
Comm
Integration
Master

Figure 3 – GFAS Software Teams

The LCS system is developed through a series of Agile 
processes as well and is required to support Ground sys-
tem verification and validation in late summer of 2016. 
The GFAS subsystems are expected to have verifica-
tions completed prior to first use of any applications 
used in flight hardware processing and testing. The first 
critical milestone for this effort is currently expected 
in Fall of 2017 against the Orion vehicle in the Multi-
Purpose Processing Facility (MPPF). The Orion vehicle 

will go through a series of commodity loading activities  
and initial vehicle tests, prior to integration of the 
spacecraft hardware with the SLS in the Vertical As-
sembly Building (VAB).

4. SOFTWARE DEVELOPMENT PLAN

The GFAS project uses a form of “agile development” 
like many software application projects. Agile develop-
ment is an alternative to classic project management 
techniques, in that it adapts quickly to unpredictable 
and multi-faceted requirement, design, verification and 
production situations. Agile is an alternative to a stan-
dard “waterfall” or traditional sequential project devel-
opment scheme. For software applications, ‘agile de-
velop’ is ideal when the vehicle hardware and interface 
hardware is still in design and development. Otherwise 
a classic project approach would require software ap-
plications to be developed after the hardware design is 
matured, qualified and even in production, thus causing 
an extensive and lengthy overall program development 
schedule. In the case of the ESD development, with-
out agile development to many of the various software 
products, at least two or more years would be added to 
the overall program development, as the tasks would 
be sequential instead of paralleled. The Agile project 
development approach provides opportunity to assess 
and evaluate the direction of a project throughout the 
development lifecycle and adjust development priori-
ties to match the assessment. This saves time during 
development. To achieve this project effort, work is ac-
complished via a series of cadences called ‘sprints’. For 
GFAS, a series of ‘sprints’ are made up into a Drop. 
Each Drop has a specific set of actionable products to 
produce. Each ‘sprint’ within a Drop is two weeks in 
duration, with a total of six ‘sprints’ per twelve-week 
Drop. Thus the development can be measured in short 
increments. Changes, alterations, and issues that arise 
can be discussed and implemented within a Drop, and 
even from ‘sprint’ to ‘sprint’. There are a total of four-
teen Drops for the overall GFAS project development. 
In the Spring of 2016, GFAS will complete Drop 6 and 
start Drop 7. Additional Drops of requirement content, 
and software development activities can be added, if 
needed, due to flight hardware design modifications oc-
cur, or issues are found with ground or flight qualifica-
tion activities. This approach allows the focus on safety 
and preparing the correct design for each mission.

The GFAS project control is through two separate ac-
tivities. As with any project there are the three pillars of 
project management, cost, schedule and technical proj-
ect management. The Technical Review Panel (TRP) is 
used to support the technical aspects of the GFAS project.  
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The TRP, baselines or modifies software design require-
ments and implementation methods to include verifica-
tion and validation. The TRP is the gateway between the 
driving NASA standards, specifications, and the flight/
ground hardware design solutions and requirements. 
The TRP meets at least weekly to codify and accept the 
various GFAS team’s detailed development plans. The 
second portion of the project control is the GFAS Drop 
Reviews. These Drop Reviews evaluate progress against 
the near term plan established for each twelve week 
Drop. Progress is measured in schedule performance, 
and work effort against the expectations for that Drop. 
The Drop Reviews, completed at the beginning, mid-
point and end of each Drop help establish the cost and 
schedule impacts to the overall GFAS project effort. 

Figure 4 illustrates the Agile process used within the 
GFAS project.

Figure 4 – GFAST Agile Process

The classic textbook agile process must be meddled 
into a unique approach for this real world development. 
Thus the application software design lifecycle is made 
up of six phases for each set of the ten application’s 
teams. These lifecycles are broken down by subsystem 
for the teams processing site locations which require an 
application software set of deliverables. For example, 
the electrical applications used during the MPPF pro-
cessing may be totally different than those used during 
the Vertical Assembly Building (VAB) processing. The 
six phases include the Doc 45 Design Review, the Doc 
90 Design Review, Implementation, Integration, Veri-
fication and finally Validation. Release of the applica-
tion products for production use occurs after each of the 
lifecycle phases is completed for the software required 
for the site deliverable. During any specific ‘sprint’ or 
Drop, different subsystems may have various applica-
tion products in the different phases. Therefore, not 
every application is at the same state of development 
and it’s that flexibility that makes the overall software 
development approach ‘agile’.

Doc 45 Software Design Review

The preliminary design development is commonly called 
the Doc 45 Design Review. This is the initial develop-
ment of the requirements for the applications for specific 
subsystems. Since during this phase, many of the flight 
hardware design states are unknown or still not mature 
enough in their designs, the content for the Doc 45 De-
sign Review is considered preliminary. At this phase 
the Software Requirements and Design Specifications 
(SRDS) are started. The SDRS will address the scope 
of the software applications, the types of applications, 
either Displays, Sequencers and/or Algorithms. In addi-
tion, the SRDS includes the approximate number of mea-
surements and commands the applications are expected 
to process, the operational scenarios for the applications 
and any interface requirements to other applications will 
be documented along with the LCS platform needs or 
the flight hardware software interfaces. Each SRDS is 
brought forward to the TRP for approval.

Doc 90 Software Design Review

At the Doc 90 Design Review the software design pack-
age is ready for final review and the start of implemen-
tation. At this point the flight hardware requirements 
are established, through the Operational Maintenance 
Requirements Set (OMRS), the Launch Commit Crite-
ria (LCC), software standards and specifications and the 
flight hardware subsystem critical design. A mapping of 
the software applications against each of the established 
requirements is completed and the resulting product is 
called the Requirements Traceability Verification Matrix 
(RTVM). The RTVM is critical to establish the proper 
links between the flight hardware requirements, the safe-
ty specifications, and the detail software applications and 
code for implementation. The RTVM is used throughout 
the rest of the software lifecycle including Verification 
and Validation. From the RTVM, a set of Design Veri-
fication Objectives and Design Validation Objectives 
(DVO’s and DVaO’s) are produced and baseline for use 
during verification and validation phases. The software 
Doc 90 Design package is accepted by the TRP as well 
as by the independent technical authorities as a check and 
balance of the software design. 

Implementation

Implementation is the next phase in the software devel-
opment process. Implementation is the actual display 
development and software coding of the applications, 
scripts, sequencers and control logic. For GFAS, the ap-
plications are coded in a C++ based Application Control 
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Language (ACL). During this phase the applications are 
put under configuration control. Individual applications 
or components of an application are tested for syntax 
errors, logic gates, logic interfaces and also for its com-
patibility to the RTVM. In order to remain as agile as 
possible, a certain amount of implementation can be 
worked in parallel with the Doc 45 and Doc 90 design 
effort. This is necessary in the GFAS development life-
cycle, as the flight hardware design and development is 
not often at a state for the ground software applications 
to proceed with fully accepted design details. This ap-
proach is done at risk both to the schedule but more 
importantly to the technical content of the software re-
quirements and actual code. The TRP process and the 
GFAS project management pays particular close atten-
tion to the risk of performing this type of agile devel-
opment effort. Once the implementation phase is near 
completion, there is a re-alignment of the software ap-
plications to the RTVM and the corresponding DVO’s 
and DVaO’s. This is critical in the extremely agile envi-
ronment of the GFAS project to ensure all the require-
ments for usability are met, and safety remains as a fo-
cus for implementation at each step of the lifecycle. 

Integration

The Integration phase provides the initial integration 
of the individual software applications to be compiled 
into a configuration managed Test Configuration Iden-
tifier Description (TCID). The complied action is the 
first time the application is incorporated into the LCS 
platform. Integration testing includes checks to assure 
that the applications have the appropriate measure-
ment identifier information, and can properly com-
municate with other portions of the LCS systems. Any 
regression testing due to changes in the LCS platform 
operating system could also be performed during this 
phase against the application. The DVO’s and DVaO’s 
are incorporated into a set of software verification test 
procedures. A review and alignment of the SRDS, the 
RTVM, the application, and the verification procedures 
are completed by the TRP and accepted for readiness to 
begin the next step of the lifecycle, verification. 

Verification

The Software Verification phase contains the verifica-
tion activities needed to provide software requirements 
buyoff from quality and safety for the GFAS Displays 
and Applications. This testing is performed to ensure 
that all allocated functional requirements, including 
DVOs, are adequately and correctly satisfied. A Soft-
ware Test Readiness Review (STRR) is conducted 

early in the phase to ensure the GFAS software team 
and the project stakeholders are all cognizant of the test 
plans, procedures and schedule to complete the appro-
priate testing. Verification Test execution is performed 
by a member of the GFAS team that was not directly 
involved in the development of the software. This pro-
vides a level of independent verification. In addition, 
the Safety and Mission Assurance personnel buy-off 
the test procedure steps, as well as the closeout of the 
procedure. A formal non-conformance process is also in 
place during the testing. Any non-conformance is for-
mally documented and appropriate corrective action is 
put in place before the GFAS application set is consid-
ered complete through the verification test process.

Validation

The Validation phase is the final phase prior to formal 
release of the software applications to the operational 
TCID set. Once the verification testing is completed, and 
any non-conformances are formally disposition, the ap-
plications are ready for validation testing. Like verifica-
tion testing, most validation testing is performed against 
a set of software models built by a separate software 
organization. The models are developed to simulate the 
flight hardware configurations. Most are not full physics 
based models, but are adequate to verify the application 
software. For validation testing, the stakeholder must ac-
cept the software for their use. In the case of processing 
for Orion, ICPS and SLS, the stakeholders are the opera-
tions and processing engineers and test controllers who 
will be performing the various checkout tests and pro-
cessing on the flight hardware. In order to help ensure 
stakeholder needs were fully incorporated into the GFAS 
applications, the GFAST project appointed the GFAS 
“leads” from the operations engineering community at 
KSC. So the validation testing will include members of 
the GFAS teams as well as other operations engineers. A 
few of the validation tests will also be performed against 
the flight hardware test rigs at the hardware integration 
test rigs in Denver and Huntsville. Validation testing is 
executed in a similar manner to the verification testing 
with complete configuration control, S&MA oversight 
and non-conformance processing. Once the Validation 
testing is complete, the GFAS Application set is ready to 
use in an operational TCID and ready for a flight hard-
ware Test Readiness Review (TRR). 

5. SOFTWARE SAFETY ANALYSIS

Software projects under NASA’s control are subject to 
the NASA Standard NPR 7150.2B. This Standard ad-
dresses the various top-level standards for software de-
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velopment, safety and configuration management. In-
dividual software projects derive lower level software 
requirements and standards from the set of standards 
found in the NPR. Under the GFAS project there are 
a number of additional standards, which must be fol-
lowed for proper development. They include the End 
To End Command and Control Software Development 
Plan, as well as the GSDO End To End Command and 
Control System and Software Safety Plan, and End-to-
End Command and Control Software Assurance Plan. 
Each of these is a lower level derived from the NPR 
7150.2B.

There are a number of software safety characteristics 
built into the GFAS system. Throughout the six phases 
of the project development, software safety characteris-
tics are embedded into the phases. Each of these char-
acteristics adds a critical safety element in the overall 
structure of the GFAS software applications. Besides 
those characteristics embedded in the development 
phases, there are five overarching characteristics that 
help ensure GFAS is ready and capable of performing 
human spaceflight mission preparations

The first of these characteristics is the classification of 
GFAS software. Since GFAS software applications are 
used in the human spaceflight, GFAS must follow the 
elements of the Class A classification for NASA soft-
ware according to NPR 7150.2B. The Class A classifica-
tion is applicable to software systems and applications 
that are used to ensure safe and sustainable software for 
human rated space vehicles, during ground and flight 
operations. For GFAS, this represents all of the applica-
tions used to monitor, command and control the various 
elements of the flight hardware from initial power up at 
KSC through the completion of a launch, scrub recycle 
and recovery operations. The classification is applicable 
to all 1.5+ million lines of code, thousands of applica-
tions and displays across the ten GFAS subsystems.

Another key characteristic is the embedding of system 
safety engineers into the design and implementation 
process. The GFAS system safety engineers are tasked 
with ensuring that the subsystem software design is safe 
and reliable when used for its intended purpose. During 
the design and implementation of the flight programs, 
the flight system safety engineer is responsible for ana-
lyzing the overall subsystem design and the hardware 
component failures that can lead to subsystem level 
hazards. This is accomplished by performing a hazards 
analysis and a qualitative reliability analyses, or failure 
modes and effects analysis upon the subsystem design. 
If the analysis performed by the system safety engineer 
identifies concerns within the design, it is then the re-
sponsibility of the system safety engineer to raise the 

concerns through the flight system design review pro-
cess. The GFAS software safety engineers review the 
SRDS both at the Doc 45 and the Doc 90 reviews for 
incorporation of the flight system hazards through the 
proper implementation of the OMRS into the software 
applications. Since the GFAS software is used to im-
plement flight hardware activities and preparations for 
flight, many of the hazards and hazard analysis devel-
oped by the flight programs are translated into other op-
erational requirements and are further implemented into 
the GFAS software code. Thus the system safety engi-
neers who are assigned to the GFAS subsystem teams 
are focused on the proper implementation of those flight 
hardware hazards through the OMRS, the other opera-
tional requirements, into the software code.

Another characteristic is the review and concurrence the 
safety engineers perform on the software code itself to 
ensure the software applications meet the software stan-
dards as defined. These reviews ensure that applications 
for displays, command control sequences, prerequisite 
logic, reactive control logic, and data fusion are standard-
ized. In addition, the software chief engineer must concur 
with the application design through the approval of any 
deviation against the software application standards.

Yet another overarching characteristic is the quality as-
surance effort required throughout the development pro-
cess. Quality engineering supports the Doc 45 and Doc 
90 reviews and once baselined, using the SRDS and the 
RVTM, the Quality Engineer ensures through each step 
in the development that the software application meets 
the RVTM. This is critical in the Integration, Verifica-
tion and Validation steps in the development process. It 
is also critical that any non-conformance is addressed 
against the software design requirements (SRDS) and 
traceable back to the RTVM. 

The final characteristic is the configuration control of 
the software application from its initial implementation 
through final validation and inclusion into the TCID 
used against flight hardware. There is a rigorous process 
that aligns with the standards defined in NPR 7150.2B. 
The GFAS team as a whole is accountable to configura-
tion control of the software and the clear traceability 
from the requirements, through the implementation and 
into the verification and validation efforts. Ultimately, 
at the Design Certification Review (DCR), the GFAS 
project attests to the completeness and readiness of the 
GFAS applications to perform their intended purpose 
against the flight and ground hardware. 

These five overarching characteristics are key to build-
ing a foundation of application software that will be 
safe to use against human rated flight hardware. 
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6. CONCLUSION

The ESD is in the midst of developing the first human 
rated beyond Earth space exploration capabilities in 
over 40 years. The capabilities being developed will 
bring human crews further into the exploration of our 
solar system than ever before. As the hardware and soft-
ware capabilities are developed on the flight systems, 
a critical portion of the overall development is the de-
sign, development and implementation of ground appli-
cations to test, checkout, prepare and launch the flight 
systems. The GFAS project is made up of ten software 
subsystems and is closely aligned, to the flight hardware 
and software systems. The GFAS project follows a se-
ries of software requirements and standards. The unique 
real world implementation of these NASA Agency and 
GSDO Program requirements and standards is com-
pleted through a set of additional GFAS software safety 
characteristics to ensure safe and effective software ap-
plications. As the missions are designed, it is the solid 
safety approaches that will ensure the inherently risky 
missions can be successfully carried out for human ex-
ploration of our near space neighborhood. 

Figure 5 - 2016, National Aeronautics and Space
Administration, Space Launch System First Flight
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ABSTRACT

The rapid increase in uncontrolled high velocity objects 
orbiting earth poses a continuously growing failure po-
tential for ongoing and future space missions. Despite 
increasing efforts to mitigate collisional risks, e.g. via 
active debris removal, potential solutions are currently 
only emerging at the horizon, emphasizing the impor-
tance of space debris related risk assessment.

However, traditional impact shielding requirements for 
manned mission cannot directly be transferred to un-
manned missions. Instead of restricting the analysis to 
the outer hull, it is necessary to directly assess the fail-
ure risk on the level of individual, internal components.

Here, we outline a newly developed deterministic meth-
odology to enable the evaluation of system level effects 
on the spacecraft. In particular, we employ a compu-
tational model based on available probabilistic debris 
models and component-specific ballistic limit equa-
tions. The methodology has been implemented into the 
easily accessible software tool PIRAT (Particle Impact 
Risk and Vulnerability Assessment Tool).

1. INTRODUCTION

The continuing accumulation of space debris in heav-
ily used orbits such as the LEO presents an increasing 
threat for civil and military satellite infrastructure [1-2]. 
Until effective debris removal strategies are designed 
and set into motion, space missions will have to rely 
on a combination of collision avoidance maneuvers 
for large, traceable objects and damage mitigation by 
appropriate shielding of the spacecraft for smaller, un-
traceable debris [3].

Several computational tools, including NASA’s BUM-
PER-II and ESA’s ESABASE2/Debris have been de-
veloped to assess the risk of mission failure caused by 
impacts of high-velocity micrometeoroids and man-
made space debris [4-5]. Traditionally, the assessment is 
based on the probability of no penetration (PNP) of the 
outer pressure wall of the spacecraft [6, 5]. While this 
approach is well suited for the manned space missions  

it has been originally developed for, its application to 
unmanned satellites results in often unnecessary steep 
requirements stemming from unjustified high failure 
probabilities. Furthermore, for the majority of unmanned 
missions, a thorough risk assessment is out of the ques-
tion due to the connected prohibitive costs.

Here, we present a newly developed software tool, PI-
RAT, which has been specifically designed for the risk 
assessment of unmanned missions. It provides an in-
tuitive, reliable, fast, thorough, and resource-effective 
analysis of a spacecraft for a given set of mission pa-
rameters. In particular, we improve on the traditional 
risk assessment methods by looking beyond structural 
penetration and additionally investigate impact effects 
at the level of internal components [7].

The approach is in large parts based on the Schäfer-
Ryan-Lambert (SRL) ballistic limit equations (BLE), 
which is capable of making damage predictions for ob-
jects behind multi-plate structure walls such as Whipple 
shields [8].

In combination with knowledge about the functional 
architecture of the spacecraft, this allows for a detailed 
component-level, functionality-based failure analysis. 

Furthermore, PIRAT is continually developed, main-
tained, and tested against available models following 
the guidelines of the Inter-Agency Space Debris Coor-
dination Committee (IADC) [9]. The performance-ori-
ented approach of PIRAT delivers results within min-
utes, making it an ideal tool for in-session support, e.g. 
during the early design phase of European and Ameri-
can space missions [6,10].

2. METHODOLOGY

The PIRAT methodology is schematically depicted in 
Fig. 1 (for a detailed description, see [6, 10]): it requires 
a 3D satellite geometry as well as space debris flux data 
for a given set of mission parameters. PIRAT combines 
this data to compute and display impact-related informa-
tion, including the total impact flux, the cratering area, 
as well as the failure probability for every component  
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integrated over the mission duration. The results can 
be used, e.g., in conjunction with knowledge about the 
functional architecture of the vessel, to systematically 
modify the satellite geometry as well as the mission pa-
rameters. This optimization loop is repeated until the 
overall mission supports a sufficiently small failure 
probability [10]. 

Figure 2: Exemplary component vulnerability reduction 
by addition of a sun shield (red circle) to the spacecraft 

geometry. Image adapted from [10].

Catastrophic failure is modelled via energy coupling 
coefficients of each component and is based on a pre-
defined energy-to-mass ratio. Fig. 2 depicts an exem-
plary optimization of the failure probability for several 
satellite components via a slight modification of the 
spacecraft geometry. The graphical user interface (GUI) 
is illustrated in Fig. 3.

Figure 3: PIRAT GUI in visualization mode. Left half: 
geometry and material editing view. Right half: results 

visualization. Numbers: (1) Main menu, (2) viewing 
mode selection, (3) component material editor, (4) view-

port options.

PIRAT provides an interface to ESA’s MASTER and 
NASA’s ORDEM space debris models up to the most 
recent versions, allowing to assess American as well as 
European missions [11-12].

Internally, PIRAT uses a deterministic approach based 
on multi-wall BLEs, in particular the SRL BLE [8], to 
account for failures of internal as well as external com-
ponents. The SRL is a three-wall equation, which inher-
ently considers failure mechanisms of different compo-
nent types, including pressure vessels, electronic boxes, 
cable harnesses, and batteries. It supports opaque im-
pacts, different shielding materials as well as configura-
tions and is founded on a large and continuously grow-
ing experimental basis.

The SRL requires a set of material as well as geometrical 
parameters. Geometrical information is directly derived 
from the 3D satellite model, which can be constructed 
within PIRAT using geometric primitives. However, in 
order to provide greater design flexibility and tap the 
full potential of current computer-aided design (CAD) 
software, PIRAT supports direct model import via 
the Standard for the Exchange of Product model data 
(STEP) format. Hence, previously constructed mod-
els can be directly evaluated within the computational 
framework of PIRAT.

Material properties, such as physical density or hard-
ness, can also be individually entered in PIRAT for 
every component and structure. Additionally, PIRAT  

Figure 1: PIRAT operation scheme. 3D geometry and 
space debris flux data (green) for given mission param-
eters provided to compute component-level damage on 
spacecraft. Output (orange) fed back into refinement 

loop for optimization.
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provides an interface to existing models and parameter 
sets via ESA’s concurrent design facility (CDF). This 
interface allows to import necessary design as well as 
mission characteristics via ESA’s new mission data 
sharing system, Open Concurrent Design Tool (OCDT).

3. CONCLUSION

Until effective measures are taken to mitigate collisional 
risks, impact shielding against untraceable space debris 
will stay indispensable for spacecraft. While traditional 
risk assessment is well suited for manned missions, un-
manned missions exhibit inherently different require-
ments. However, prohibitive costs and limited time do 
often not allow for thorough risk assessment. Here, we 
provide a flexible, performance-oriented methodology 
particularly designed for the risk assessment of un-
manned missions in the early design phase. With sup-
port for CAD geometry data and different space debris 
models, interfaces to ESA’s CDF as well as component 
level threat evaluation, PIRAT provides the opportunity 
to quickly perform optimizations on the geometrical 
model and mission layout. We believe that our method-
ology will substantially facilitate early mission design 
by providing a fast, easy-to-use, and resource effective 
way for satellite optimization.
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ABSTRACT

There is currently an effort in the U.S. to create a sys-
tematic review of various types of cosmic hazards — 
natural and manmade — that could create significant 
harm to vital infrastructure on which the U.S. citizenry 
now depends for commerce and daily life. This paper 
proposes that a systematic global assessment of critical 
infrastructure that is subject to cosmic hazards also be 
undertaken by the International Association for the Ad-
vancement of Space Safety in cooperation with the U.N. 
Committee on the Peaceful Uses of Outer Space and 
other potential partners such as the International Acad-
emy of Astronautics, COSPAR, and the International 
Space University. 

The purpose of this study would be not only to identify 
the nature of these various global risks to vital infrastruc-
ture by cosmic hazards, but also to identify measures 
that might be undertaken to lessen these vulnerabilities. 
The cosmic hazards to be assessed would include coro-
nal mass ejections, solar flares, changes to the earth’s 
protective magnetosphere and Van Allen Belts, asteroid 
strikes, electromagnetic pulses, orbital debris, as well as 
other hazards that the study team might identify.

1. INTRODUCTION

There is little general public awareness that we all in-
habit a common spaceship that is hurtling through space 
at over 100,000 kilometer per hour. Further there is little 
comprehension that life could not exist on planet Earth 
were it not for a protective but thin atmosphere (pro-
portionately less than the skin of an apple) plus a global 
magnetosphere that shields us from solar storms. These 
key protective systems, however, and particularly the 
geomagnetosphere and the Ozone layer that protect us 
from solar storms, shift in their protective shielding ca-
pabilities over time.

In the United States there are current efforts to enact a 
“Critical Infrastructure Protection Act” that would as-
sess dangers to U.S. critical infrastructure that might 
come from solar storms, electromagnetic pulses (EMPs) 
or other natural or man-made space events that might 

threaten U.S. electrical grids, computer and telecommu-
nications networks, key satellite networks, etc. 

This paper sets forth a process whereby a global critical 
infrastructure protection study might be undertaken to 
systematically identify the nature and the possible se-
verity of these hazards and in the second part of the 
study to characterize preventive or partially protective 
systems that could be employed to minimize these risks. 

2. REVIEW OF THE VARIOUS TYPES OF  
 COSMIC HAZARDS

The most difficult aspect of this ambitious global cos-
mic risk assessment study (COSRAS) is that there are 
so many different types of potential risks to be con-
sidered and that the scientific and engineering exper-
tise needed for such a study are quire varied. Thus as a 
first step it might be most useful to identify the various 
hazards and then form teams suited to consider each of 
these separately before seeking to integrate the findings 
into a single unified report. The following sections thus 
sets forth the various risks that might be considered in a 
COSRAS global effort.

3. CORONAL MASS EJECTIONS

The most destructive solar events in terms of power and 
information networks as well as possible damage to sat-
ellites are coronal mass ejections. The Carington event 
of 1859 is the most well-known, but the Montreal event 
of 1989 and the Halloween solar storms in Scandinavia 
of 2003 are powerful reminders that not only are these 
event destructive, but their occurrence are with consid-
erable frequency. The study would provide the latest in-
formation about the nature of CMEs, but what might be 
done to protect power grids, pipeline systems, Supervi-
sory Control and Data Acquisition (SCADA), and vital 
satellite systems against such solar events. This study 
would be also give consideration to the earth’s weaken-
ing geomagnetosphere, the movement of the magnetic 
poles, and the reduced protective capability of the Va-
nAllen Belts.[1] 
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4. SOLAR FLARE

The radiation from solar flares, especially during solar 
max, has the potential to do damage to satellites, elec-
tronic systems, and information networks that are vital 
to transportation systems, global commerce and safety, 
police, fire, rescue and defense related systems, as well 
as global commerce in general. The more intense flares 
can also give rise to genetic mutations to all life forms 
and also lead to elevated risks of cancer. Space mis-
sions such as the NASA Solar Dynamic Observatory 
(SDO) provides useful information on solar flares. Al-
though solar flares and CMEs are closely related they 
involve different types of physical events (powerful ra-
diation vs. ionic bombardment). The studies on CME, 
Solar radiation flares and changes to the geomagene-
tosphere are closely related and should be carried out  
in tandem.

5. CHANGING PROTECTIVE  
 GEOMAGNETOSPHERE

Space probes by NASA and ESA in recent years have 
noted that the Earth’s protective geomagnetosphere that 
helps to prevent the worst damages that can come from 
solar storms is weakening. ESA’s Project Swarm [2]and 
NASA’s Magnetospheric Multi-Scale (MMS) Mission 
are designed to provide more information about the 
changes that are occurring as the Earth’s magnetic poles 
shift. These probes are also designed to to solve the 
mystery of how magnetic fields around Earth connect 
and disconnect and in the process explosively release 
energy. This process is known as magnetic reconnec-
tion.[3] The fact that the Earth’s protective magnetic 
field has weakened and that the magnetic poles have 
shifted both downward from the North and upward 
from the South are of serious concern. The reduced pro-
tection from solar radiation and ion particles from the 
Sun’s coronal mass ejections seems to indicate that the 
world’s electrical grids, pipelines, satellites and com-
munications networks are now at increasing risk. Even 
more importantly these risks seem likely to increase 
significantly in the decades immediately ahead. Under-
standing these changes in the Earth’s geomagnetosphere 
is one of the key objectives of this COSRAS effort on a  
global scale.

6. ASTEROID IMPACT

The NAVSTAR Global Positioning Satellite System 
include sensors that are designed to detect nuclear ex-
plosions, but they can also detect asteroid impact with 
Earth. This monitoring system has indicated that mete-

ors, bolides and asteroids impact earth with four to ten 
times greater frequency that was previously thought to 
be the case. In short there is increasing data that show 
that asteroid threats are greater than previously thought. 

Programs such as NASA’s NEOWise Infradred tele-
scope, ground observatory observations and proposed 
new infrared observatories like NASA’s NEOCAM and 
the B612 Foundation’s Sentinel satellite can help iden-
tify potentially threatening asteroid impacts with earth. 
The current NASA guidelines of location asteroids that 
are 140 meters in diameter as set by the U.S. Congress 
has not yet been achieved. The fact that 30 meter as-
teroids traveling at sufficient velocity could be a city-
killer and that there are perhaps 500K to a million of 
these size potentially hazardous asteroids (PHAs) rep-
resents a very large risk element. Clearly greater efforts 
to locate PHAs and dangerous comets and more consid-
eration of planetary defense systems are needed. The 
UN authorized “NEO WARN” and the “Space Mission 
Planning Advisory Group” are significant steps forward 
but much more needs to be done. 

7. ORBITAL DEBRIS

The increasing amount of orbital space debris is yet 
another concern that is being addressed by the Inter-
Agency space Debris Committee (IADC) and the UN 
COPUOS Working Group on the Long Term Sustain-
ability of Outer Space (as well as solar storms) 

The projection by former NASA Scientist Don Kessler, 
who originally warned of the possibility of orbital de-
bris cascading out of control seems to be an increas-
ingly valid space threat concern. His current projection 
is that with the current environment that there will be a 
major on-orbit collision every ten years. This projection 
was made in advance of currently announced plans for 
new large-scale constellations by One Web, Planet Labs 
and others such as Space X. Clearly the risk of increas-
ingly orbital debris is one of the key elements of this 
global COSRAS effort.

8. CONCLUSIONS 

The above areas of potential cosmic risks are briefly 
summarized. The first step is to develop a clear state-
ment of specific areas of cosmic risk to planet Earth and 
its flora and fauna in coming years. An international 
committee should be formed, perhaps initially within the 
IAASS, but also with other international partners that 
would agree to cooperate in this coordinated multi-year 
effort. The next step would be to form a coalition of or-

Journal of Space Safety Engineering – Vol. 3  No. 3 - December 2016

115

International Association for the Advancement of Space Safety



ganizations that would undertake this Cosmic Risk As-
sessment Study (COSRAS) with assigned responsibility 
for each one of the identified cosmic risks in step one 
of this effort. A coordinated plan would then need to be 
developed to undertake detailed studies in each of these 
areas in terms of not only of the projected level of risk, 
but also to devise concepts for protective or ameliorative  
programs that can lessen the level of these risks to in-
frastructure and to human, animal and vegetative life 
forms. It is proposed that the Executive Committee of 
the IAASS add this topic to its agenda for specific dis-
cussion as to whether the IAASS in cooperation with 
other international agencies could agree to formally un-
dertake the COSRAS effort as outlined above.
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ABSTRACT

Uncontrolled reentries of sizable space objects are 
becoming of growing concern due to the increase of 
space activities around the Earth and population on the 
ground. After providing an updated review of various 
aspects of the problem, this paper presents the exemplar 
case of Progress-M 27M, whose control was lost im-
mediately after launch, on April 28, 2015, and which 
reentered on May 8. As in similar previous occurrences, 
the Space Flight Dynamics Laboratory of ISTI/CNR, in 
Pisa, was in charge of reentry predictions for the Ital-
ian civil protection authorities and space agency. The 
first prediction was issued in the morning of April 30, in 
the morning of May 7 the only potentially risky reentry 
trajectory over central Italy was identified, and in the 
afternoon of May 7, about 12 hours before the actual re-
entry, any residual risk for Europe and Italy was finally 
excluded.

1. CATEGORIES OF UNCONTROLLED  
 REENTRIES

The space objects subjected to uncontrolled reentries can 
be roughly grouped in five orbital categories: 

1. Nearly circular low Earth orbits (LEO), with mean 
eccentricity e ≤ 0.015, whose evolution is dominated 
by atmospheric drag;

2. Low or moderate mean eccentricity (0.015 < e ≤ 0.5) 
orbits in LEO, or crossing both the LEO and the me-
dium Earth orbits (MEO) regions, whose evolution 
is mainly driven by atmospheric drag around the 
perigee;

3. High mean eccentricity orbits (e > 0.5), whose evo-
lution is driven by luni-solar third body attraction 
coupled with J2, but for which the atmospheric drag 
at the perigee can play an important role at the end of 
the lifetime;

4. High mean eccentricity orbits (e > 0.5), whose evo-
lution is dominated by luni-solar third body attrac-
tion coupled with J2, with minor influences from so-
lar radiation pressure;

5. Orbits initially above LEO, whose evolution is dom-
inated by solar radiation pressure [1] [2].

The relatively massive intact objects for which reentry 
predictions are relevant are typically characterized by an 
area-to-mass ratio A/M < 0.1 m2/kg, so the fifth category 
does not generally apply. Among the others, only for the 
objects belonging to the fourth category it is often possible 
to predict accurately in advance the location and time of 
atmospheric reentry. In fact, due to the Equivalence Prin-
ciple and to the absolute predominance of gravitational 
forces, the orbit evolution does not (significantly) depend 
on the object physical characteristics and attitude, often 
unknown or known with considerable uncertainty, so it 
can be accurately modeled well in advance, if a reliable 
orbit determination is available. For example, the uniden-
tified artificial object WT1190F, found in trans-lunar orbit 
and probably a remnant of the lunar exploration program, 
was predicted to impact a specific location of the Earth, 
40 days before reentry, occurred on November 13, 2015, 
at 6:20 UTC, with a time error of less than one minute.

Unfortunately, this situation does not apply to the first 
three categories, where the complex interaction between 
the decaying space object and the Earth’s thermosphere 
prevents the accurate prediction of a reentry location and 
time even a few hours before the event. For this reason, 
in most cases the reentry predictions of uncontrolled sat-
ellites are characterized by considerable uncertainties [3] 
[4] [5].

The large majority of the potentially risky uncontrolled ob-
jects belong to the first two categories. Concerning the first 
category, thermospheric drag is effective along the entire 
trajectory, whose semi-major axis progressively contracts, 
leading ultimately to reentry. Conventionally, the orbital 
motion ends when the object reaches the atmospheric in-
terface at the altitude of 120 km, with a flight path angle 
slightly negative, but close to zero (tangential reentry). At 
this point, a final plunge in the densest layers of the at-
mosphere is unavoidable, even though, in certain cases, if 
some lift force builds up, a skip reentry may occur, with 
the object briefly bouncing back above 120 km, describing 
a ballistic arc, and falling again towards the Earth.

The orbits of the objects belonging to the second catego-
ry are principally affected by thermospheric drag around 
the perigee, where most of the mechanical energy is dis-
sipated. This mainly produces a progressive decrease of 
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the apogee height, i.e. a progressive circularization of 
the orbit. When the orbit becomes nearly circular, what 
already said for the first category applies. However, it 
should be pointed out that a small residual eccentricity, of 
the order of 0.001, cannot be eliminated in practice (this 
applies also to category one objects), and that in certain 
cases the reentry occurs when the circularization process 
is still underway and not yet completed, with e > 0.015.

The evolution of the apogee and perigee height of the ob-
jects belonging to the third category is driven by luni-so-
lar perturbations, but the perigee altitude decrease is not 
always enough to cause a direct collision course with the 
Earth, as happens for category four objects. The evolu-
tion is therefore much more complicated and difficult to 
predict. The dive of the perigee in the thermosphere con-
tributes, of course, to the orbit evolution, in terms of apo-
gee and eccentricity decrease. In many cases a transition 
to the second category may occur. However, the perigee 
may also plunge several times well below the conven-
tional atmospheric interface at 120 km, avoiding imme-
diate reentry and regaining space each time to complete 
a further elliptical orbit. This situation is relatively com-
mon for satellites in Molniya orbits, which can experi-
ence aerodynamic fragmentations during these extremely 
low endo-atmospheric perigee passes. In these cases, the 
final decay of the main object occurs only when the com-
bined effects of gravitational and air drag perturbations 
shift the perigee height below 50 km. 

2. PHASES OF UNCONTROLLED  
 REENTRIES

The objects belonging to the first two categories de-
scribed in the previous section are subjected to a progres-
sive mechanical energy loss due to thermospheric drag, 
with the consequent decrease of the semi-major axis. The 
atmospheric capture occurs when the objects, moving at 
that point in nearly circular orbit and with a slightly neg-
ative flight path angle, with a relative velocity of more 
than 7 km/s, descend at a height in between 120 and 110 
km, initiating the reentry, i.e. the endo-atmospheric phase 
of their flight.

Even though some appendages and loose parts (like an-
tennae, booms and solar panels) might already break 
away in such earlier phase, in general the main body of 
intact spacecraft and rocket stages fragments below the 
altitude of 80 km, due to a combination of thermal and 
aerodynamic loads. Therefore, the motion of a reentering 
object can be consistently modeled with the methods of 
orbital dynamics down to an altitude of 80-90 km. For this 
reason, very often reentry predictions epochs refer not 
to the crossing of the atmospheric interface, at 120 km,  

but to the altitude of 80 (or 90) km. For instance, cur-
rent USSTRATCOM reentry assessments refer to 80 km 
and this is also roughly the altitude at which a reentry 
event becomes visible to eyewitnesses on the ground 
(if any). Last, but not less important, this is the lowest 
height for which a prediction is possible for any generic 
object, without a detailed knowledge of its design and 
construction details, coupled with a sophisticated endo-
atmospheric fragmentation analysis.

Spacecraft or rocket bodies not specifically designed to 
survive the reentry, which is generally the norm in case 
of uncontrolled orbital decay, cannot avoid a catastrophic 
breakup below the altitude of 80 km. For intact objects 
with an initial dry mass of 800 kg or more, a mass frac-
tion comprised between 60% and 95% is usually com-
pletely melted at high altitude [3] [4] [5]. The surviving 
fragments, accounting for the remaining 5% to 40% of 
the total mass, will instead reach the ground, distributing 
them in a “footprint” which can be as long as 2000 km, 
aligned with the sub-satellite trajectory [6]. The cross-
track dispersion, due to the fragmentation processes, lift 
forces and winds (during the fall through the stratosphere 
and troposphere) is typically less than 50 km with respect 
to the sub-satellite ground track [6] [7]. It should also be 
emphasized that in the last 15 km the heaviest and fastest 
surviving debris falls nearly vertically, i.e. with a flight 
path angle close to –90° [4] [5].

The trajectories of the surviving fragments depend on 
their release time, melting history and physical charac-
teristics. Those with a lower area-to-mass ratio tend to 
impact the ground earlier towards the tip of the footprint, 
while those with a higher area-to-mass ratio tend to fall 
later towards the heel [6]. Most of the macroscopic frag-
ments impact the ground between 5 and 25 minutes after 
reentry at 80 km, but in certain cases debris may hit the 
Earth’s surface after 45 minutes [4] [8] [9].

Concerning the reentries belonging to the third category, 
aerodynamic fragmentations are possible, before atmo-
spheric capture of the main object, at each perigee pass 
below 110–120 km. At the atmospheric interface (120 
km) the relative velocity is around 10 km/s and the flight 
path angle may be lower than –5°. Moreover, the main 
object can survive several perigee passes at 80-90 km 
without further breakup. When the atmospheric capture 
occurs, the surviving debris is scattered over a signifi-
cantly shorter footprint and the dispersion of the impact 
times is quite smaller. However, the details depend on the 
specific characteristics and final evolution of the parent 
object trajectory.

In the case of high eccentricity orbits dominated by luni-
solar third body perturbations and intersecting the Earth’s 
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surface (the fourth category of the previous section), the 
possible impact geometries may be extremely varied, as 
well as the relative velocities and flight path angles at the 
atmospheric interface. In general the reentries are faster 
and steeper, the surviving mass lesser, due to consider-
ably higher heat peak loads and cumulative absorption, 
and the ground dispersion of the fragments smaller, both 
in space and in time. As an example, for WT1190F the 
relative impact velocity, at the atmospheric interface, was 
around 11 km/s and the flight path angle was approxi-
mately –20°.

3. ORBIT DETERMINATION DATABASES

The most complete catalog of artificial objects in orbit 
around the Earth is maintained by the US Strategic Com-
mand (USSTRATCOM). Currently it includes more than 
17,600 objects, of which more than 6200 are intact pay-
loads and upper stages, mostly abandoned, while the rest 
is just debris. The catalog is officially available to regis-
tered users through the Space-Track Organization (www.
space-track.org). However, orbits are available only for 
unclassified objects, making approximately 88% of the 
total. Sensitive military and intelligence spacecraft, to-
gether with the related upper stages, mission released ob-
jects and, often, debris, are listed, but their orbits are not 
provided. Moreover, in certain cases, it could take even 
three or four days (sometimes more) to include in the cat-
alog reliable orbits and identifications of newly launched 
space objects. This means that for new space objects, 
with orbital lifetimes of less than a couple of days, reli-
able reentry predictions are often impossible.

Even with these important limitations, nothing else cur-
rently available may be compared to the USSTRATCOM 
catalog in terms of completeness, rate of updating and 
quality of the information provided. Orbits, when avail-
able, are supplied, for historical reasons, in the so-called 
Two-Line Elements (TLE) format [10] [11].

Over the years, a global network of very motivated and 
competent amateur astronomers, specialized in satellite 
observations, has proved itself very effective in iden-
tifying and tracking classified spacecraft with optical 
telescopes. The orbits obtained are generally quite ac-
curate [12] and can be found in specialized websites, as 
Heavens-Above (www.heavens-above .com), developed 
and maintained by Chris Peat and hosted by DLR at the 
German Space Operation Centre (GSOC).

Additional tracking information obtained on request by 
European sensors can be very useful, as demonstrated by 
the reentry test campaigns promoted yearly by the Inter-
Agency Space Debris Coordination Committee (IADC, 
www.iadc-online.org), but can only be supplementary and 

not substitutive of US space surveillance data. Only those 
collected by Russian sensors may offer, in certain reentry 
campaigns, as those promoted by the IADC, a practicable 
and effective alternative to USSTRATCOM orbits. 

4. REENTRY PREDICTION UNCERTAINTY

Most of the uncontrolled reentries, including those with 
the highest casualty expectancy, are caused by thermo-
spheric drag, so the accurate modeling of such perturba-
tion is of paramount importance for reentry predictions 
as accurate as possible. To a large extent, a large fraction 
of the underlying uncertainties can be condensed into 
a single coefficient, the so-called ballistic parameter B,  
defined as follows: 

                                   
(1)

where CD is the drag coefficient, M the mass and A the 
average cross-section. In many cases the mass, the shape, 
the size and the attitude of the reentering object are not 
known, or approximately known, so the area-to-mass ra-
tio may be affected by a significant uncertainty. The drag 
coefficient is uncertain as well, being a complex function 
of the atmosphere composition, density and temperature, 
and of the shape, size, surface composition and temper-
ature of the object. Moreover, for a given atmospheric 
density, CD also incorporates the errors of the model itself 
[13] [14] [15] [16] [17] [18].

Therefore, for the reentering objects belonging to the first 
two categories of Section 1, by far the most frequent, the 
prediction uncertainty is dominated by the modeling of 
thermospheric drag, which is characterized by inherent 
inaccuracies and biases related to the satellite physical 
properties and attitude, to the thermospheric density 
model itself, and to the prediction of solar and geomag-
netic activity affecting the atmospheric temperature, and 
then the density, as a consequence. This means that even 
when the best practices are adopted and the best data 
available are used, the a priory uncertainty of the reentry 
predictions can be quite significant. 

Focusing the attention on the last USSTRATCOM reen-
try predictions (www.space-track.org), they are currently 
based on orbits with a mean epoch of 5.0 ± 4.3 hours 
(1σ) before decay, with a cumulative non-Gaussian dis-
tribution detailed in Tab. 1. Comparing the last reentry 
predictions with actual observations in the 28 cases in 
which eyewitnesses on the ground were able to observe 
the reentry, from June 2010 to March 2016 [19], the re-
sults presented in Tab. 2 were found for the statistical 
distribution of the prediction uncertainty. 
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As an example, a reentry time uncertainty of ± 30%, able 
to include 90% of the events in the uncertainty window, 
applied to a trajectory propagation starting five hours be-
fore reentry, i.e. at the mean epoch of the last typically 
available orbit, corresponds to ± 1.5 hours, i.e. to a cou-
ple of orbit tracks around the Earth. Consequently, for 
uncontrolled reentries driven by thermospheric drag, it is 
not possible to predict a reentry location, which remains 
quite undetermined until the end, but it is only possible to 
identify the areas of the planet where the reentry may no 
longer occur within a given confidence level [20]. 

Table 1. Epoch of last USSTRATCOM orbit 
determinations before reentry, from  

December 22, 2014, to January 30, 2016. The mean 
value was 5.0 ± 4.3 hours (1σ) before decay. 

Cumulative probability Reentry time since last 
orbit epoch (hours)

2.0% < 1
19.6% < 2
33.3% < 3
50.0% < 4
72.5% < 5
90.2% < 10
96.1% < 15
98.0% < 20

Table 2. Observed uncertainty of last reentry  
predictions at 80 km obtained by comparing 

USSTRATCOM data with eyewitnesses sightings  
(from June 19, 2010, to March 10, 2016). 

Cumulative probability
Percentage reentry time 
absolute error (±) of last 

prediction at 80 km
25.0% < 5%
57.1% < 10%
64.3% < 15%
71.4% < 20%
89.3% < 30%
92.9% < 50%
96.4% < 60%
100.0% < 70%

5. UPDATED REENTRY STATISTICS 

Since 1957, on average, reentered in the atmosphere 54 
payloads, 64 upper stages and 289 debris per year, i.e. 
2-3 intact objects per week, either controlled or uncon-
trolled. During the last decade, reentered on average 42 
payloads, 40 rocket bodies and 361 debris per year, i.e. 
1-2 intact objects per week [5]. Considering the uncon-
trolled reentries of intact objects occurred in 2015, 62% 
(64) were payloads and 38% (40) were upper stages,  

but 79% of the mass (i.e. 82 metric tons) was concen-
trated in the latter and the remaining 21% (i.e. 22 metric 
tons) in the former ones, consisting of small satellites 
with a mass lower than 50 kg in 83% of the cases.

Analyzing the uncontrolled reentries of intact objects oc-
curred from 2004 to 2015 and for which a USSTRAT-
COM post-reentry time assessment with a claimed error 
of ± 1 minute was available (for 287 rocket bodies and 
59 payloads/platforms), it was found a slight prevalence, 
53.5% vs. 46.5%, of reentries occurring in the southern 
hemisphere. This bias was probably a real effect, reflect-
ing the pattern of launches, mission orbits and residual 
lifetimes during the considered time interval. In fact, 
the probability that it was just the product of chance 
was 1.9%. The southern hemisphere bias was smaller 
for upper stages (51.6% vs. 48.4%), with a probability 
of chance occurrence of 4.1%, and higher for payloads 
(62.7% vs. 37.3%), with a probability of chance occur-
rence of 1.6%. 

Analyzing 331 uncontrolled reentries occurred from 
September 1992 to December 1996, Nicholas Johnson 
had instead found a prevalence of decays in the northern 
hemisphere (56.5% vs. 43.5%), much more marked for 
the objects staying in orbit less than 1 month (62% vs. 
38%) [21]. This supported the conclusion that the launch 
pattern, the mission profile and the residual lifetime of 
the objects placed in orbit was a driver of the varying 
north-south asymmetry. 

Figure 1. Distribution over 10° latitude bands of 
uncontrolled reentries occurred from 2004 to 2015 
and for which a USSTRATCOM post-reentry time 

assessment with an error of ± 1 minute was available 
(payloads in red, rocket bodies in blue) 

The reentry distribution over 10° latitude bands is pre-
sented in Fig. 1. 50.0% of the reentries occurred around 
the equator ± 30°, 42.5% at intermediate latitudes, be-
tween 30° and 60°, north and south, and 7.5% in the po-
lar regions, above 60° of latitude north and south. The 
uncontrolled reentry flux for surface unit, compared with 
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the average value over the total Earth surface, is detailed 
in Tab. 3. 

Table 3. Uncontrolled reentry flux for surface unit, 
compared with the average value over the  

total Earth surface (2004-2015). 

Latitude band Reentry flux compared 
with the average

from 60° to 90° 38.8%
from 30° to 60° 99.5%
from 0° to 30° 102.9%
from –30° to 0° 98.3%

from –60° to –30° 132.7%
from –90° to –60 69.0%

It was lower than average, approximately one half, in the 
polar regions, relatively uniform and close to the average 
from 30° south to 60° north, and maximum, about 30% 
higher than average, from –60° to –30°. Considering all 
the uncontrolled reentries of intact objects occurred from 
2004 to 2015 (722, of which 447 were rocket bodies and 
275 payloads/platforms), the mean flux of decaying in-
tact objects over the Earth was 1.05 × 10–7 km–2 per year. 
This implies, on average, an uncontrolled reentry over 
Italy every 28 years and over Europe every 10 months. 

6. THE FAILURE OF PROGRESS-M 27M

Progress-M 27M (Fig. 2), launched from the Baikonur 
Cosmodrome aboard a Soyuz 2-1A rocket at 7:09 UTC 
on April 28, 2015, was the 150th Progress mission to fly 
since 1978 and the 2nd Progress craft to use the modern 
2-1A version of the Soyuz launcher. After nearly nine 
minutes of powered flight, the cargo ship was separated 
in orbit, but it was quickly evident that communications 
with the ground were deteriorating.

Figure 2. A Progress-M cargo vessel, with a length of 
7.23 m, a maximum diameter of 2.72 m and a maximum 

solar panels span of 10.6 m (courtesy of NASA) 

The loss of telemetry from the Soyuz Block I third stage 
and the Progress spacecraft in the crucial seconds around 
the shutdown of the upper stage and the separation of the 
spacecraft was a first sign of malfunction, indicating that 
a significant event had taken place at, or around, separa-
tion. In an attempt to gain time, the mission profile was 
changed from the rapid 4-orbit rendezvous to a 34-orbit 
flight plan, with docking with the International Space 
Station expected two days after launch. 

Progress-M 27M (2015-024A) was later tracked in an 
orbit with an apogee 40 km higher than planned, while 
the third stage ended up into a lower orbit with a 20 km 
deviation against the planned apogee. At least 44 pieces 
of debris were detected close to the spacecraft by the US 
Space Surveillance Network and later on the cargo ship 
was found to be in a rapid tumble around its long axis, 
with body rates in excess of 60° per second, confirming 
a loss of control. After repeated vain attempts to regain 
control of the vehicle, the mission was officially declared 
lost by the Russian Space Agency on April 29, 2015. 
That same day, at 7:32 UTC, the Soyuz third stage (2015-
024B), with a mass of 2300 kg, reentered the atmosphere 
after 17 orbits.

With no ability to command Progress-M 27M for a safe 
return, the out of control supply vessel was irremediably 
doomed to an uncontrolled reentry. Starting from an or-
bit of around 189 × 269 km, inclined by nearly 52°, the 
reentry was expected within two weeks from the failure. 
Considering the launch mass of 7289 kg, a dry mass in 
excess of 5 metric tons and the presence on board of 1373 
kg of highly toxic propellants (UDMH and N2O4), the 
uncontrolled reentry was expected to violate the world-
wide alert casualty expectancy threshold of 1:10,000 [22] 
[23] [24] [25], even though a detailed fragmentation and 
demise analysis was not available.

A number of parts were presumed to survive reentry. The 
components with the highest probability of reaching the 
ground were the docking mechanism and the spherical 
pressurant tanks, compact in size and consisting of tita-
nium alloy. An additional unknown were the tanks hold-
ing the very toxic UDMH and N2O4 propellants. How-
ever, due to the very short permanence in orbit of the 
vehicle, it was unlikely that the propellants had time to 
completely freeze. Consequently, their dispersion at high 
altitude during the reentry was considered the most prob-
able scenario.

7. REENTRY PREDICTIONS

Taking into account the orbit inclination of Progress-M 
27M, a reentering debris impact was a priori possible in 
the latitude belt between 53° south and north, therefore 
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including Italy and a large fraction of Europe. Assuming 
a debris footprint of 800 km and the actual distribution of 
seas and land, the a priori probability of no impact on the 
ground was approximately 62%, reduced below 50% in 
case of a debris footprint 2000 km long [26] [27].

As in previous similar occurrences since 1979, the Space 
Flight Dynamics Laboratory of ISTI/CNR, in Pisa, was 
in charge of the reentry predictions for the Italian civil 
protection authorities and space agency. Fig. 3 shows the 
time evolution of the mean observed semi-major axis 
from the TLEs issued by USSTRATCOM. In the final de-
cay phase, orbital data was only sparsely available, with 
the final data set epoch at 19:30 UTC, when Progress-M 
27M was still more than six hours away from reentry. 
Also, the data sets issued in between the last propagated 
by ISTI/CNR, with epoch at 12:12 UTC, and the last 
available, with epoch at 19:30 UTC, showed irregular 
slowing or rushing in the spacecraft decay rate, leading 
to questions on the quality and reliability of the data. 

The ballistic parameter estimates and the reentry predic-
tions were carried out, respectively, with the CDFIT and 
SATRAP software tools [17] [28]. The thermospheric 
density model adopted thorough the campaign was NL-
RMSISE-00 [29], with the appropriate observed and pre-
dicted solar flux and geomagnetic activity indices. Con-
cerning the estimation of the ballistic parameter B, the 
results are summarized in Fig. 4. After remaining sub-
stantially stable during the first 5 days of the campaign  
(B ≈ 5.3 × 10–3 m2/kg), from 2.91 to 0.82 days before 
reentry B increased steadily by nearly 27%, then decreas-
ing by 10% during the last day. Such kind of variations 
is not unusual for uncontrolled objects in extremely low 
orbits. Moreover, the time interval of interest was charac-
terized by a sharp increase of solar activity, with the flux 
at 10.7 cm passing from 100 standard flux units at the 
beginning to 155 standard flux units at the end, and by a 
small geomagnetic storm on May 6.

Figure 3. Time evolution of the mean observed semi-
major axis of Progress-M 27M from the  

USSTRATCOM TLEs 

Figure 4. Evolution of the ballistic parameter of 
Progress-M 27M estimated during the reentry campaign

Figure 5. Evolution of Progress-M 27M reentry 
predictions and uncertainty windows (UTC)  

In total, 7 reentry predictions at 80 km were issued to 
the Italian authorities (Fig. 5 and Tab. 4). The first un-
certainty window was computed by varying by ± 20% 
the estimated ballistic parameter, while the following five 
windows were obtained with a ballistic parameter varia-
tion of ± 30%. For the last one, the start of the window 
was computed by increasing by 30% the last B estimated, 
while the end of the window was obtained by increasing 
by 30% the final nominal residual lifetime.

Table 4. Progress-M 27M reentry predictions and 
uncertainty windows issued by ISTI/CNR (UTC).

Propagation 
start epoch

Start of 
reentry 

uncertainty 
window

Nominal 
reentry 

prediction at 
80 km

End of 
reentry 

uncertainty 
window

20150429 20:00 20150507 09:07 20150508 22:18 20150511 05:51 

20150503 23:01 20150507 18:10 20150508 21:16 20150511 01:16 

20150505 04:49 20150507 21:39 20150508 17:11 20150510 06:21 

20150505 20:39 20150507 20:12 20150508 10:22 20150509 13:04 

20150506 21:35 20150507 20:59 20150508 04:02 20150508 17:10 

20150507 06:39 20150507 20:58 20150508 01:12 20150508 09:06 

20150507 12:12 20150507 22:05 20150508 00:58 20150508 03:48 
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8. REENTRY GROUND TRACKS

With an orbit determination corresponding to an epoch 
1.2 days before reentry, the reentry ground track still in-
cluded in the uncertainty window is shown in Fig. 6. For 
the way in which the figure was obtained, not for inher-
ent computational inaccuracies, the plotted sub-reentry 
ground track was reasonably accurate around the “nomi-
nal” reentry epoch, but, due to the size of the uncertainty 
window, was affected by a westward cross-track error of 
210 km at the window start and by an eastward cross-
track error of 300 km at the window end. 

Figure 6. Progress-M 27M sub-reentry (at 80 km) 
ground track included in the uncertainty window 

corresponding to the 5th ISTI/CNR reentry prediction

The following prediction, the 6th issued by ISTI/CNR, 
was based on an orbit determination corresponding to an 
epoch 0.82 days before reentry. The reentry ground track 
still included in the uncertainty window was consider-
ably reduced, as shown in Fig. 7, and comprised only one 
potential reentry opportunity at 80 km over Italy, around 
5:53 UTC of May 8. Concerning Europe, the reentry op-
portunities still included in the uncertainty window are 
detailed in Fig. 8. 

Finally, at 14:00 UTC of May 7, i.e. 12 hours and 20 min-
utes before the actual reentry, ISTI/CNR issued the 7th 

reentry prediction, based on an orbit with an epoch cor-
responding to 12:12 UTC. The new, reduced, uncertainty 
window finally allowed the exclusion of Europe from the 
reentry risk, as shown in Fig. 9, but no further prediction 
was issued later on because the new orbit determination 
data available until reentry was not considered reliable 
enough. 

Figure 7. Progress-M 27M sub-reentry (at 80 km) 
ground track included in the uncertainty window 

corresponding to the 6th ISTI/CNR reentry prediction

Figure 8. Progress-M 27M sub-reentry (at 80 km) 
ground track over Europe, and corresponding reentry 

times in each geographic area, included in the 
uncertainty window of the 6th ISTI/CNR  

reentry prediction

Figure 9. Progress-M 27M sub-reentry (at 80 km) 
ground track included in the uncertainty window 

corresponding to the 7th ISTI/CNR reentry prediction

The reentry at 80 km of Progress-M 27M at last occurred 
on May 8, 2015, at 2:20 UTC ± 1 minute, over the South-
ern Pacific Ocean, based on the post-reentry assessment 
carried out by the Joint Space Operations Center (JSpOC) 
of USSTRATCOM with classified satellite infrared ob-
servations (Fig. 10). This estimate placed the orbital de-
cay of the unlucky cargo ship anywhere from 1300 to 
350 km off the southern Chilean coast. Nevertheless, no 
sighting was reported and no debris was recovered. 
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Figure 10. Progress-M 27M JSpOC reentry assessment 
at 80 km with ± 1 minute uncertainty

9. REENTRY PREDICTIONS ACCURACY

The Progress-M 27M reentry predictions campaign was 
set up in a few hours for an object having less than 10 
days of residual lifetime. Moreover, the rotational dy-
namics was completely unusual, quite complex and rap-
idly evolving, and both solar and geomagnetic activity 
were on the rise. However, the results obtained where 
consistent and satisfactory, allowing the timely issuing 
of useful data and products for civil protection applica-
tions [20].

 Figure 11. Percentage error of each reentry prediction 
issued by ISTI/CNR 

The errors affecting the reentry predictions issued by 
ISTI/CNR are summarized in Figs. 11 and 12. The worse 
prediction was the third one, around three days before 
reentry, characterized by an over-estimation of the re-
sidual lifetime of little more than 20%. This was prob-
ably due to the occurrence, the following day, of a small 
geomagnetic storm, whose main effect was an increase of 
thermospheric density and a consequent acceleration of 
the decay. Nevertheless, a progressive acceleration of the 
Progress-M 27M decay was a constant of the campaign 
(see Fig. 5), due to a significant growth of solar activity 
and extreme ultraviolet emissions, leading to higher ther-
mospheric density as well.

Figure 12. Running mean error of the reentry 
predictions issued by ISTI/CNR

The mean error of the predictions was approximately 
12%, the residual lifetime was over-estimated in the first 
five and under-estimated in the last two, the most accu-
rate estimates (with an error around 5%) were obtained 
around one day before reentry and the last prediction was 
affected by an error of approximately 10%. Therefore, the 
uncertainty windows adopted resulted fully appropriate, 
consistent and conservative through all the campaign.

The only significant problem encountered was the lack 
of reliable and consistent orbit determination data during 
the last 12 hours. Fortunately, a reentry over Europe and 
Italy had already been excluded at that time, but it was 
impossible to further reduce the uncertainty window on 
Africa, Asia and South America before the actual plunge 
of the spacecraft in the atmosphere.
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ABSTRACT

This paper reviews the development of a new probabilis-
tic risk methodology that has been developed to address 
concerns raised by long-duration fatality level exposures 
to aircraft and ground-level receptors from long/ultra-
long duration balloon (U/LDB) flights. The methodol-
ogy addresses risks during the launch and ascent to float 
phase, and for any float manoeuvres and planned descent 
and recovery operations. It is computationally feasible in 
that it allows for T-1 day or even day-of-launch risk as-
sessments to be generated within a few hours so as to ac-
commodate the most favourable launch conditions. This 
capability minimizes risks to people and infrastructure 
while simultaneously expediting the launch go/no-go de-
cision process because deterministic limit line exclusion 
areas are replaced with risk-informed information. The 
methodology has been successfully applied to NASA’s 
LDSD 2015 Campaign, notional elements of which are 
used as a demonstration.

1. INTRODUCTION

Range safety methodologies for scientific and military 
testing are typically designed for rocket-borne missions 
that complete within minutes, if not sooner. One result of 
high velocity flight on a linear trajectory is that incidental 
exposure to planned debris can be readily identified and 
mitigated. Moreover, the potential exposure of aircraft 
and ground receptors to unplanned debris can be quanti-
fied by accounting for debris aerodynamic properties and 
atmospheric uncertainties and propagating ensembles 
of representative break-up fragments to receptors such 
as aircraft, ships, and people. For both planned and un-
planned debris, the dispersions arising from vehicle path 
and falling fragment uncertainties can be simulated using 
well developed aerodynamic modelling techniques. The 
process is often very computationally expensive, but the 
calculations can be done well in advance while still ac-
counting for much of the launch-day uncertainties.
A category of lift vehicles with a long history that is gain-
ing popularity for deployment of large payloads to the 
stratosphere and lower mesosphere is the long/ultra-long 
duration balloon (U/LDB), an example being NASA’s 

zero pressure difference helium balloons. This class of 
balloons has several advantages for both scientific and 
military testing as well as commercial applications [2, 13, 
14–16, 19].

For example, balloons are typically less expensive than 
rockets and enjoy the flexibility of being deployed from 
mobile launch facilities. Because control and FTS sys-
tems are simpler, flight readiness is simpler to verify, 
and because helium is inert and the balloon lift assem-
bly does not contain propellants, balloons permit quick 
turn-around schedules. The absence of propellants also 
limits ground and near-ground catastrophic hazards that 
are possible from explosive motor failures. Balloons can 
be designed to lift sensitive payloads of over 3500 (kg). 
Because balloons can ascend and loiter into the lower 
mesosphere, they can serve as stable platforms for long-
duration high-altitude missions lasting several hours or 
days. LDB balloon flights customarily last up to 3 weeks. 
With sufficient gas reserve and ballast (typically 6–8% 
of system mass) so that this neutrally-stable vehicle can 
response to diurnal changes, projected loitering times 
are expected to become hundreds of days in the case of 
ULDB’s [5, 8].

Although launches are routinely conducted without inci-
dent, the un-powered nature of U/LBD’s and their large 
hazard area for planned debris coupled with the ascent 
dispersion and their large payload capacity means that 
large populations can be placed at risk. Moreover, un-
planned incidents have a high probability of being cata-
strophic and resulting in fatalities. Stated in other words, 
the risks from balloons derive from a small inventory 
of large, high ballistic coefficient fragments. In contrast 
to balloons, for rockets much of traditional flight safety 
methodology as drawn from RCC 321-10 and other stan-
dards revolves around quantifying the descent hazards 
from low ballistic coefficient wind-dispersed fragments 
which intrude into aircraft corridors and onto ground  
receptors.

For balloon launches the converse is true. Much of the 
uncertainty is dictated by wind-driven dispersion during 
ascent, while the footprints from planned and unplanned 
debris (such as large recovery parachutes and gondolas) 
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during descent are moderated by the simpler vehicle and 
the lack of significant forward velocity and ∆V’s [11]. Be-
cause much of the wind uncertainty for the ascent phase 
cannot be resolved until day-of-launch for U/LDB’s, 
there is a much greater need for real-time risk assessment 
methodologies for both planned and unplanned debris in 
order to minimize any catastrophic risks to people and 
infrastructure. With these distinctions between the two 
risk management problems in mind, this paper illustrates 
the development of a new probabilistic risk methodol-
ogy that has been developed to address the differences by 
quantifying the long-duration fatality-likely exposures to 
aircraft and ground-level receptors to U/LDB flights.

The methodology addresses risks during to launch op-
erations during the ascent to float phase, and for any 
float manoeuvres and planned descent and recovery. It 
is computationally feasible, allowing for day-of-launch 
risk assessments to be generated within a few hours so as 
to accommodate the most favourable launch conditions. 
Since break-up state vectors and associated debris are 
physically propagated to ground receptors, the method-
ology avoids the undesirable smoothing which can oc-
cur with kernel density estimator methods [7] and expe-
dites launch decisions by avoiding the need for “hard” 
exclusion corridors for ground risk. The methodology 
has been successfully applied to NASA’s LDSD 2015 
Campaign, notional elements of which will be used as a 
demonstration.

2. DESCRIPTION OF PROBLEM

References [1] and [2] provide background on histori-
cal and recent developments in U/LDB’s. These balloons 
have continued to increase in size and lift capacity such 
that payloads on the order of 3000 (kg) can be lofted to 
40–45 (km), and above 50 (km) with smaller payloads.

These altitudes can be viewed in the context of the physi-
cal atmosphere depicted in Figure 1. The ability to in-
expensively lift tons of payload above 99.7% to 99.9% 
of the atmosphere and permitting its safe recovery while 
minimizing launch debris is significant. 

Figure 2 shows a typical altitude flight profile for these 
missions — in this case from the NASA-sponsored “Big 
60” mission launched on August 25, 2002, Lynn Lake, 
Manitoba, Canada. Not atypically, the actual launch oc-
curred after several weeks of weather delays. The balloon 
— designed to have an ultimate lift capacity of 750 kg — 
carried instrumentation weighing 690 (kg) for the study 
of cosmic rays. As Figure 2 shows, the balloon climbed to 
a peak altitude of 49.4 (km). The mission was terminated 
normally after approximately 23 hours of flight time.

Figure 1. Atmosphere profile relevant to U/LDB 
operations. Earth balloons regularly ascend to densities 
of ≤ 0.033 (kg/m3). LDSD tests are conducted between 

30 and 50 (km).

Figure 2. Balloon Flight Profile, 1.7 (Mm³) balloon, 
carrying 690 (kg) of instrumentation [2]. Horizontal 

axis is in hours.

A more interesting payload was provided by the LDSD 
mission, which is the focus of this paper. This is a NASA 
effort to develop inflatable pressure vessels called Super-
sonic Inflatable Aerodynamic Decelerators (SIADs) for 
delivering future payload and manned missions to the 
Martian surface. These drag devices are attached to the 
outer rim of an atmospheric re-entry vehicle and inflate 
at Mach 3.5 or greater, in order to decelerate the vehicle 
to Mach 2 where it becomes safe to deploy a supersonic 
parachute. An overview of the scientific program devel-
oped by NASA to test this concept in the earth’s upper 
atmosphere, where conditions mirror those on Mars, is 
given in Refs. [2–3, 6].
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Stratospheric tests of the LDSD were conducted in 2014 
and 2015 at the Pacific Missile Range Facility operated 
by the U.S. Navy on Kauai, Hawaii, as shown in Figure 3  
[3, 4].

The mission revolves around a U/LDB provided by 
NASA Wallops Flight Facility and the Columbia Scien-
tific Balloon Facility. This zero-pressure balloon is used 
to lift a solid-rocket powered test vehicle (TV) to an alti-
tude of about 120,000 (ft) [37 (km)]. Once within earth’s 
stratosphere and having transited over a suitable location 
and with the TV correctly oriented, the LDSD payload is 
dropped and then boosted by the solid rocket to super-
sonic speeds as discussed above. 

 
Figure 3. Overview of PMRF and the Western Shore of 

Kauai [17]. Launch site in blue box.

Once boosted to “Martian” re-entry velocities, the tests 
of the deployment and functioning of the SIAD’s com-
mences, followed by recovery of the balloon and test 
vehicle in the Pacific Ocean. The mission sequence is 
shown in Figure 4. This paper is only concerned with 
the risk assessment from balloon launch to stratospheric 
float, conditioned on malfunctions during this phase.

Risk assessment considerations differ from standard 
rocket launches, as briefly discussed in the introduction 
[9]. Risk assessment for rockets generally proceeds from 
the standpoint of a nominal trajectory and planned debris, 
with guidance and performance uncertainties well char-
acterized and constrained over the entire flight through 
an ensemble of trajectories. Malfunction trajectories and 
debris are incorporated on top of this basic methodology.
 

Figure 4. Flight profile for the high-altitude LDSD tests 
in Earth’s stratosphere [4].

In the LDSD mission, the only analogue to planned de-
bris occurs during the ascent phase, with carefully timed 
ballast releases which are intended to “boost” ascent 
wherever local temperature and pressure act to retard up-
ward acceleration. Apart from the ballast releases, which 
are engineered to produce no risk to people or aircraft, 
the only other source of risk arises from unplanned de-
bris, should a balloon malfunction occur, an inadvertent 
release of the TV occur, or the need to remedy other ab-
normal conditions with a flight termination action. These 
scenarios are characterized by the production of at most a 
handful of extremely heavy and/or large debris. Because 
of the large ballistic coefficients associated with the de-
bris, the descent footprint is associated with much less 
uncertainty than that present during ascent.

More severely, the balloon equivalent of a nominal tra-
jectory does not exist. Balloon ascent trajectories depend 
critically on the current weather and atmospheric pro-
files, solar conditions, and shading from clouds. During 
a typical launch window period the ensemble of possible 
ascent trajectories can meander and “sprawl” to essen-
tially carpet a vast ground area. In contrast to constrained 
ensembles of nominal and off-nominal trajectories for 
rockets, the character of an ensemble of ascent trajec-
tories appears much more like a random walk, with the 
variance growing the longer the mission, and the longer 
the mission window. In order to respond to mission-ter-
minate needs, whether due to balloon or equipment mal-
functions, ballast exhaustion or weather anomalies, flight 
termination systems must be active constantly to protect 
civilian airspace and limit ground exposure and exhibit 
high reliability.

In the case of the LDSD, under ideal launch conditions 
the expected ascent track will carry it directly off-shore, 
or off-shore immediately after in-shore surface winds 
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are breached [4]. Figure 5 provides examples of ground 
tracks when such ideal conditions are present. Under 
these “ideal” ascent conditions it is evident that the as-
cent ground track is over land for a limited period of 
time. With the general north-easterly ascent paths shown 
in Figure 5 the only exposure to population and popula-
tion centers occurs in the beach areas. 

The ground tracks shown in Figure 5 can be considered 
“ideal.” The movement of weather fronts and anomalies 
in seasonal wind patterns, among many other factors, 
combine to produce ascent trajectories which are likely 
to over-fly population centers. Because over-flight of this 
character can affect many population centers, and the 
over-flight tracks can be disparate over a launch window, 
the strict use of hazard containment boundaries can lead 
to mission delays even when actual risks are tolerable.

Figure 5. LDSD balloon ground tracks.

Experience at this location has indicated that under nor-
mal weather conditions the uncertainty associated with 
ascent trajectories is not significantly increased once 
weather forecasts are within a T-1 day window. As a gen-
eral rule, therefore, launch go/no-go decisions are made 
on the basis of T-1 day forecasts. One the other hand, this 
interval constrains the amount of time available for risk 
assessment calculations.

3. PROBABILISTIC RISK ANALYSIS USING 
 META-RRAT

The time “parameterization” requirement identified in 
the previous section was implemented using a tool called 
Meta-RRAT, a risk analysis program for complex mis-
sion scenarios developed by ACTA Inc. Meta-RRAT is 
designed to allow the organization and execution of one 
or more sets of risk analyses which have been parameter-
ized by a number of possible mission parameters, such as 
failure and break-up modes.

Meta-RRAT essentially functions as a high-level script-
ing language in which an arbitrary number of single risk 
analyses can be performed, and the risks combined in 
various ways such as weighting by individual analysis or 
union-combining to ascertain the maximum risk. 

Meta-RRAT analyses include the following three types of 
mission scenarios. First, it may be used when there ex-
ist very limited data to describe the vehicle performance 
and malfunction behaviours. The “simplification” is that 
the vehicle malfunction probabilities and associated re-
sponse are not realistically modelled. The input break-up 
state vectors represent only very general trajectory mis-
behaviour and the probabilities of each type of malfunc-
tion are significantly over-estimated (perhaps 100% for 
each). In this type of situation it is often desirable to con-
sider the maximum risk from any type of malfunction. 
This can be particularly useful early in mission planning 
to provide indications of potential risk issues.

The second situation is when a wide range of trajectories 
is possible during mission planning. An example is the 
launch of an interceptor toward a target. During planning 
there is typically a large engagement volume where the 
intercept can occur. When the mission actually occurs, 
between the times of target and interceptor launch, the 
intercept location is determined with uncertainty much 
smaller than the whole intercept region. During mission 
planning it is therefore appropriate to study the range of 
trajectories that reach the volume. By performing a Meta-
RRAT analysis to examine the risks of all these trajec-
tories a range safety office can approve launch for any 
engagements within the planned intercept box. 

A third situation is to perform basic sensitivity analyses in 
order to compute uncertainty on Ec and for risk profiles. 
Here, several of the internal computations and results of 
each baseline analysis are randomly adjusted to account 
for uncertainty in the risk models. With a standard input 
set for a given vehicle, the risk engine will produce a 
single mission casualty expectation, Ec, or risk profile. 
This value is a point estimate of Ec or a risk profile. In 
order to obtain the uncertainty about this best estimate 
value requires a set of results where each corresponds to 
a randomly perturbed input data set.

The LDSD mission constitutes a fourth application, one 
which seems undocumented in the literature. One can 
think of the balloon state vectors at failure as defining a 
rising and expanding “tube” which envelopes the ascent 
space. The state vectors are based on the balloon ascent 
dynamics and the T-1 day wind forecasts. Break-up times 
are randomly sampled over the duration of the ascent 
phase. The resulting “termination points” are mapped 
to debris which is then propagated to the ground, using 
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the same forecasted wind field, and used for hazard as-
sessment. Both the break-up list parameters and the wind 
field incorporate uncertainties.

This new methodology yields time-dependent estimates 
of the individual and collective risks, and the “evolution” 
of the debris footprints on the ground. This information 
has proven itself invaluable in order to unambiguously 
establish the periods during the mission which contribute 
the most to the risk, and whether, for example, the rela-
tive risks during those times in comparison to the total 
mission risk is excessively concentrated. The next sec-
tion will illustrate this fourth methodology.

4. EXAMPLE ANALYSIS

The first step in the risk assessment commingles the fore-
casted wind profile obtained from the Global Forecast 
System (GFS) with the JPL wind uncertainty model in 
a form usable by Meta-RRAT [4, 11]. GFS is a weather 
forecast model produced by the National Centers for En-
vironmental Prediction (NCEP). It is run four times per 
day, with forecasts up to sixteen days ahead. As already 
indicated, JPL has empirically found that (in the absence 
of weather systems or local anomalies) that ascent uncer-
tainty is not greatly improved once inside a twenty four 
hour window to launch. An example of a standard GFS 
forecast obtained for T-1 day is shown in Figure 6.

Figure 6. Example of an “as-received” GFS forecast.

As can be inferred from Figure 6, GFS only provides a 
mean forecast. An algorithm was developed to incorpo-
rate the JPL 3-σ uncertainty model for the PMRF location 
in order to generate the appropriate covariance matrices 
to model local wind ensembles, with typical results for 
each step of this process shown in Figure 7 and Figure 8.

Figure 7. Processed GFS T-1 day forecast, including 3-σ 
uncertainty, used for wind covariance matrices.

The analogue to the standard ensemble of nominal tra-
jectories — namely an ensemble of ascent trajectories 
— was simulated by JPL, using models for the balloon, 
environment, wind forecasts, along with uncertainty 
models for each aspect of the physics. The simulations 
were performed with SINBAD (Scientific Balloon Anal-
ysis Model), as discussed in Refs. [3, 4, 18].

Figure 8. Final processed GFS forecast with 3-σ 
uncertainty in RRAT (only the W–E component is shown 

here).

The resulting model was used to simulate ascent tra-
jectories to failure, resulting in a file consisting of sev-
eral thousand randomly spaced (in time) points called  
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termination points, defined by the time since launch and 
the predicted altitude at failure. Each termination point 
represents a balloon state vector at conditional balloon 
failure, defined by the geodetic position, altitude, and the 
three components of the mean “free stream” velocity.

The reliability of the balloon was considered constant 
over the ascent (launch-to-float phase), with a value of 
about 6%, a value recommended by CSBF and consis-
tent with historical data for these types of balloons [10, 
12]. Failure rates are of course conditional, since launch 
go/no-go decisions incorporate gates which preclude 
launching into adverse atmospheric conditions that 
would elevate risk. Communications failures (“FTS”) 
were assessed as part of the launch-to-float analysis. For 
the most part, flight systems are performing passive func-
tions during this phase. There is no restriction, of course, 
in applying non-constant failure rate models as part of 
the overall methodology when justified. 

Figure 9. Basic risk modelling parameters for the 
recovery parachute and test vehicle, and the balloon 

carcass.

The resulting ensemble of termination points was segre-
gated into a set of contiguous windows, five minute each 
in length. Depending on final termination time, these 
parameters resulted in between 30 and 40 separate risk 
analyses, using the parameters summarized in Figure 9. A 
program was developed to aggregate, process, and parti-
tion these data into the appropriate input format.

Figure 10 shows probability of impact contours when all 
the termination states are considered for the entire ascent, 
in this case thirty five minutes. One can infer from this 
depiction that the launch initially proceeds off-shore and 
then drifts south and, at some time, turns eastward along 
the southern coast. While individual population centers 

can be interrogated for total mission risk, neither such 
point information nor the aggregate summary in Figure 
10 gives any indication regarding how much time the 
balloon spends over any location nor when in time the 
risk is concentrated. Situations can and do occur when 
the balloon loiters as it ascends, “building up over-flight 
risk”, or conversely when it sweeps rapidly over large 
populations and/or critical infrastructure.

A reason why such information may be of great value 
for go/no-go decisions can be ascertained by examining 
the total mission risks for this particular case, as shown 
below.

MISSION EC = 1.73E-04 = (173 / 1 million)
MISSION EF = 1.57E-04 = (157 / 1 million)

These aggregated risks are typically the chief concern for 
rocket missions, given a rocket’s short flight time. Note 
that as mentioned earlier there is little distinction between 
the fatality risk and casualty risk for balloons, since most 
of the debris is very massive or, in the case of the balloon 
carcass, has great hazard area (see also Figure 9).

Figure 10. Probability of impact contours for all 
SINBAD Monte Carlo termination states during ascent, 

calculated by Meta-RRAT.

Mission decisions from a risk management perspective 
normally are considered relative to mandatory criteria 
published in RCC 321-10 [20], and for these risks the 
acceptance criteria for the general public are as follows:

 RCC Criteria: Ec = 0.000100 (100 / 1 million)
 RCC Criteria: Ef = 0.000030 (30 / 1 million)

Since Ef and Ec are essentially the same, the acceptance 
is driven by fatality risk, which in this case is clearly ex-
cessive (157 versus 30). For this example, the exposure 
of the population centers along the southern coast and 
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the populated southeast intuitively contribute to the ac-
cumulated risk. However Figure 10 provides no informa-
tion at all regarding when during the ascent the risk is 
concentrated.

This type of crucial information is provided by the new 
methodology based on time-parameterization of the mis-
sion using Meta-RRAT. The actual time-dependent risks 
from which the mission Ef and Ec were obtained are 
shown in Figure 11. Figure 11 indicates that risk does 
not begin accumulating until well after five minutes into 
the launch.

Figure 11. Time-dependent casualty and fatality risks 
obtained using a five minute window.

The methodology also enables quantitative compari-
sons between ascent situations under different weather 
patterns to be made, by examining temporal trends, as 
shown in Figure 12. Here, two different days (green and 
magenta) exhibit maximum risk during the initial launch 
phase, while the third (in blue) has a similar maximum 
risk but a much slower decay rate.

Fatality information at this level of time/spatial fidelity is 
particularly important in identifying potential situations 
which could “fly under the radar” on a total-mission ba-
sis but which could pose a catastrophic hazard, if only 
for a relatively short amount of time. Such situations 
could and have been observed to occur when the time-
dependent footprints sweep across large crowds, such 
as invited observers and popular beach areas, or critical 
government and public infrastructure.
 

Figure 12. Comparison of risk evolution across ascent 
time for three different mission scenarios.

It is also important to realise the potential for balloon 
failures (leaks, for example) to occur at any time, neces-
sitating flight termination decisions to be instigated im-
mediately. Knowledge of the time-evolution of the risk 
footprint provides additional information for screening 
the best time or times for bringing down the balloon.

5. COMMENTS AND CONCLUSIONS

Risk analysis for long duration balloon missions is seen 
to be characterized by mission times that can exceed sev-
eral hours or days, a feature that is coupled with ascent 
uncertainties which manifest themselves as trajectories 
which exhibit features of a “random walk”, namely spa-
tial variance increasing as some function of time. These 
two features stand in marked contrast to more typical 
rocket-based missions, whose durations are limited to 
hundreds of seconds (and usually much less), and which 
have impact distributions dominated by descent uncer-
tainty, especially for the smaller unplanned debris. And, 
unlike the same for rockets, balloon risk analysis must 
be conducted within a T-1 day window, in order to ef-
fectively use accurate wind and environmental forecasts, 
since these dominate ascent uncertainty.

The methodology described in the paper builds on tradi-
tional and accepted practices refined for shorter missions. 
What it accomplishes is a time-parameterization of the 
risk over a lengthy mission, so that launch phase and sub-
sequent FTS decisions can be based on detailed popula-
tion and critical infrastructure exposures throughout the 
mission. This methodology moves the framework from 
a hazard containment approach to a risk-informed one, 
and has helped avoid excessive conservatism associated 
with the former.
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The methodology uses an ensemble of termination points 
which are binned into discrete time windows. The failure 
modes associated with the termination points are mapped 
to break-up state vectors, and these are propagated to the 
ground through the correlated wind field in order to pro-
duce probability of impact and casualty/fatality probabil-
ity distributions.

Apart from the generic risk modeling questions which 
arise in any mission, the primary question which the new 
analysis raises is the choice of window width. For an 
LDSD-type mission, with a maximum mission time ex-
pected not to exceed four hours, a window width of five 
minutes was found to yield excellent characterization of 
time-risk profiles consistent with distribution of popula-
tion centers. This recommendation is based on analysis 
of several different day-of-launch weather profiles. It 
should be noted that this recommendation is conditioned 
on the ensemble wind and overall weather conditions for 
this mission locale, namely Kauai, and for well-behaved 
weather patterns. Application to other locales will need 
to verify the best choice of window time.

The methodology was implemented in Meta-RRAT and 
optimized to enable throughput of day-of-launch winds 
into time and location dependent go/no-go decision cri-
teria within an hour.
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ABSTRACT

The agencies participating in the International space 
Exploration Coordination Group (ISECG) demonstrate 
a natural synergy for defining and implementing mean-
ingful steps towards advanced human spaceflight. Within 
the exploration mission themes of the Global Explora-
tion Roadmap (GER) [1], crew transportation and opera-
tion capabilities are driven by key requirements based on 
human and robotic mission partnership. They require an 
acceptable level of safety associated with the risks in-
herent to live, travel and work in space. This paper pur-
sues the goal to investigate the safety orientations to be 
targeted by the space agencies, and addresses the main 
decision factors for implementing global safety rules re-
garding the space transportation vehicles. 

1. INTRODUCTION

Human space exploration will proceed in a step-wise 
manner, extending proven capabilities to achieve more 
complex goals while enabling new discoveries with each 
step. The widespread recognition of the updated Global 
Exploration Roadmap (GER) released in August 2013 
[2], provides a common reference, which is then useful 
for the work of individual space agencies to advance mis-
sion concepts and to study associated capabilities. 
The GER emphasizes the near-term initiatives in imple-
menting the common international strategy:

1) Full utilisation of the International Space Station 
(ISS) to prepare for exploration,

2) Continuing efforts to expand on synergies between 
human and robotics missions,

3) “Proving ground” missions in the lunar vicinity in 
order to develop capabilities and techniques leading 
to a sustainable human exploration on the surface  
of Mars.

ISECG focuses on a continuing definition and elabora-
tion of a common long-term strategy making  clear that 
there is a role for any nation willing to contribute. ISECG 
also evaluates concepts and opportunities as humans pre-
pare the next steps in a sustainable long-term program 
of exploration. Human-assisted robotic mission concepts 

are receiving increased attention by participating agen-
cies within ISECG because they appear to provide oppor-
tunities for leveraging the unique capabilities of human 
exploration to achieve multiple objectives. Work remains 
to fully quantify and assess this benefit, but several on-
going studies seek to provide data to complete such an 
assessment. Recent studies in particular, one led by ESA 
and one led by NASA/JPL [3] are ongoing and shared 
within ISECG. Results from their analysis will be used 
in the next iteration of the Global Exploration Road-
map. They provide descriptions of architecture elements 
through mission campaigns and operational concepts. 
These studies cover the main categories: 

• Prepare human exploration of the lunar surface
• Enable scientific and exploration knowledge gain
• Provide opportunities to advance science mission 

bringing back benefit on Earth (e.g. Mars sample 
return scenarios).

Whatever are the different exploration scenarios, the key 
capabilities related to multi-destination space transporta-
tion are [2]:

• Launch vehicle that has the capability to deliver 
cargo or crew beyond low-Earth orbit. Initial ca-
pability evolves with advanced boosters and an up-
per stage to enable increasingly complex missions 
with further evolution to support crewed Mars mis-
sions (e.g. various launch scenarios including a split 
launch on Soyuz / Ariane (assembly at the cislunar 
habitat) or co-manifested launch on Space Launch 
Vehicle (SLS) Block IB, or Next Generation Space 
Launch Vehicle (NGSLV))

• Crew (transportation) vehicle capable of delivering 
a crew to exploration destination and back to Earth 
(e.g. Multi-purpose Crew Vehicle (MPCV), Orion)

• Cargo logistics vehicles capable of resupplying or-
bital infrastructures in lunar vicinity with pressur-
ized and unpressurized payloads

• Small Cargo Lander capable of delivering robotics 
and cargo on the lunar surface to meet lunar explora-
tion objectives (e.g. automated (potentially tele-oper-
ated), total wet mass of 10 Tons, multiple missions)

• Crewed Lunar Lander capable of delivering crew 
and cargo to the lunar surface (may be reusable, and 
is composed of two or more stages)
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• Mars Ascent Vehicle (MAV) capable of transporting 
crews from the surface to Mars orbit

• Mars Lander (Liquid Oxygen/ Methane Cryogenic 
Propulsion System) such as a re-usable lander

• Mars orbiter
• Evolvable deep Space Habitat, in-space habitat with 

relevant subsystems for the purpose of advancing 
capabilities and systems requiring access to a deep 
space environment.

These major transportation capabilities for future explo-
ration architectures have different functions to ensure: 

• Transport the crew/ cargo (main phases are launch, 
approach around Mars and landing)

• Propulsion
• Navigation
• Power
• Environmental control and life support
• Communication

These functions are triggered by safety objectives that 
are developed hereafter.

How does the safety principles apply to the functions re-
lated to spaceflight capabilities of the future exploration 
architectures?

The following chapters present:
▪ The safety methodology, i.e. objectives and assess-

ment process for mitigation of unacceptable failure 
conditions (based on Recommended Practices and 
Lessons Learnt)

▪ Illustrations of the implementation of the safety as-
sessment on the future exploration transportation 
capabilities (based on a screening of their main 
functions) 

▪ The synergies resulting from these Recommended 
Practices and their use for the elaboration of a global 
safety standard for space exploration. 

2. SAFETY OBJECTIVES

Safety is a major argument on which the agencies com-
mit to secure to crew a safe return to Earth. The objec-
tive of Safety is to bring failure probability down to an 
acceptable level, especially regarding critical functions, 
which have catastrophic failure conditions. Nevertheless, 
Safety is confronted to other criteria such as acceptabil-
ity of budget, schedule and completeness of operational 
objectives. Safety optimisation is often compared to ele-
ments that have different order of magnitude. How com-
bine the residual probability of accident with the overall 
programme development cost? Several approaches can 
be addressed in parallel, e.g. with regards to other issues, 

the use the lessons learnt from previous space flights her-
itage (e.g. Apollo, ISS, space shuttle), or other hazardous 
endeavours (e.g. explorations, sporting feat).

The main disadvantaging factors regarding to mission 
safety when experimenting space exploration to Mars 
are [6]:

• Mission duration that has an impact on the failure 
probability of equipment, as well as on crew health 
(physical and mental)

• Distance associated to confinement during the jour-
ney leading to impossibility of receiving help from 
Earth 

• Complexity of the mission, e.g. the number of criti-
cal phases/ operations, and number of vehicles to 
consecutively operate at each mission phase

• Extreme environments (in space and on surface).

The elaboration of safety rules is based on the fundamen-
tal principles:

• Redundancy at each level of the mission architec-
ture with regards to degraded cases, with at least one 
backup lane or unit

• Spare policy, e.g. by splitting the launch dates of 
cargo and crew vehicles in order to provide addi-
tional spare equipment to crew in place to mitigate 
potential hardware failure cases

• High level of maintainability of systems (e.g. in 
terms of modularity, ability to repair) 

• Simplicity of the mission architecture by limiting the 
number of modules, phases or critical maneuvers

• Deployment of a maximum of infrastructures on 
ground (via cargo missions) before sending the crew

• Foreseeing sufficient quantity of supplies in order to 
wait for the next crew assistance, if required.

This decision-making process for the implementation of 
the most appropriate safety barriers is based on hazard 
analysis to be performed in order to propose the best mit-
igation actions, associated to trade-off and compromise 
(mainly programmatic such as development uncertainties 
and cost). Indeed this trade-off makes sense to define the 
realistic safety needs. Otherwise, results of “safety at all 
prices” would potentially lead to:
• Redound any element on-board that could lead to 

such a heavy launch system that the mission would 
be technically compromised

• Launch dozens of cargo vehicles before sending any 
crew, such as the mission becomes economically un-
realistic.
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3. SAFETY ASSESSMENT PROCESS AND  
 UNACCEPTABLE SAFETY-RELATED  
 LOSSES

3.1 Functional mission failure conditions

The functional hazard analysis identifies and classifies 
the failure conditions associated with the mission level 
functions. The classification of these failure conditions 
establishes the safety requirements that any transporta-
tion vehicle must validate and verify. The goal is to iden-
tify each failure condition along with the rationale for its 
severity classification. In this frame, any failure condi-
tion leading to the loss of life or serious injury is an unac-
ceptable risk, and its severity is classified as catastrophic. 
The consequence in the mission architecture design is 
that all failure conditions shall be mitigated down to an 
acceptable level in order to ensure continued safe launch, 
journey, landing and return. This analysis will consider 
single and multiple failures in normal and degraded en-
vironments. 

3.2 Failure hazard analysis

• Once identified and described, requirements are as-
signed to these feared event conditions associated 
with mission level functions. Then, these require-
ments are cascaded down to the lower level classifica-
tion, i.e. at spacecraft level, then at system, sub-sys-
tem, and equipment level. At each level is associated 
the identification of the method used to verify com-
pliance with the failure condition requirements. The 
outcome of this analysis is traced down into prelimi-
nary design, via fault trees and other analyses used to 
provide quantitative results.

• Safety requirements intend to limit the effects of the 
identified function failures. These derived require-
ments may lead to add design constraints, identify 
new failure conditions, or recommend crew or sys-
tems maintenance actions. By definition [4], derived 
requirements are additional requirements resulting 
from design or implementation decisions during the 
development process. The process is continued and 
iterative, until the design process is complete.

• The failure hazard analysis is used to complete the list 
of failure conditions and the corresponding safety re-
quirements. Probabilistic analysis is performed at the 
sub-system(s) level(s) to show that the failure proba-
bility meets the requirement cascaded top-down from 
the mission level analysis.

• A Common Mode Analysis (CMA) is also conducted 
in order to substantiate claims of dissymmetry and 
dissimilarity made in the functional hazard analysis. 
Item with identical hardware and/or software could 

be susceptible to generic faults, which could cause 
malfunctions in multiple items. This analysis aims to 
consider redundancy via different technologies down 
to components in order to ensure that same causes 
cannot lead to the loss of the function. CMA is usu-
ally associated to a Zonal Safety Analysis (ZSA). The 
objective of this analysis is to ensure that the equip-
ment installation meets the safety requirements: the 
effects of failures of one equipment are analyzed in 
terms of propagation on the systems and structure 
of the redounded equipment falling within the same 
physical sphere of influence. This way, the redounded 
lanes/ units are located at different places.

• Throughout these steps, additional requirements may 
need to be identified in order to achieve the mission 
level budgeted probability, leading to a redesign at 
some level of the hierarchy. This safety assessment 
process guarantees the consolidation of the final set 
of mission requirements.

• This set of mission requirements is ensuring the re-
quested level of mission safety, and is considered as 
the mission safety baseline for any programmatic 
trade-off throughout the development.

4. SAFETY ASSESSMENT OF FUTURE  
 EXPLORATION LAUNCH CAPABILITIES

The methodology related to safety assessment provides 
guidance in implementing fail-safe design, with an em-
phasis on redundancy and monitoring, including elimi-
nating common mode failures and hazards (causes of 
unsafe control) completely.

How does the safety process apply for the functions re-
lated to spaceflight capabilities of future exploration ar-
chitectures? This chapter provides several illustrations 
on the main critical functions that have potential cata-
strophic failure conditions.

4.1 Transportation

Launch System
The first obstacle is to launch a total mass between 300 
and 500 Tons before starting the journey to Mars. The 
idea is to perform several launches (between 3 and 5) 
followed by operations of rendez-vous around the Earth, 
around Mars or on the ground on Mars. 

Several options are under study between the Space agen-
cies and their industry. The development of a heavy 
100-tons class launcher (same class than Saturn 5) with 
a reusable deep space transportation system is the one de-
tailed in the GER. NASA is developing the Space Launch 
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System (SLS) and the Orion crewed spacecraft [5], with 
the objective to demonstrate logistics reduction in opera-
tion, and prepare for human missions into cislunar space. 
In terms of proving ground, a series of Exploration Mis-
sions (EMs), including integrated test of SLS and Orion, 
are anticipated in 2018. The development is incremental: 
initial capability evolves with advanced boosters and an 
upper stage to enable increasingly complex missions with 
further evolution to support crewed Mars missions. It in-
cludes also the development of a Cryogenic Propulsion 
Stage (CPS): an in-space propulsion capability utilizing 
cryogenic hydrogen and oxygen as propellants. It aims to 
provide additional performance for missions to the lunar 
vicinity, lunar surface or Mars. Mission durations will re-
quire long-duration storage of cryogenic propellants.

In all the scenarios under study today, safety aspects 
are included at each step of the design by developing 
the Launch System by increments, performing several 
unmanned launches to test and qualify reliable systems 
(propulsion, power, communication, life support, entry/ 
descent & landing systems). Moreover, the Launch Abort 
System, positioned on a tower atop the crew module Ori-
on, shall be able to activate within milliseconds to propel 
the crew module to safety away from the launcher in the 
event of an emergency during launch or climb to orbit. 

In-Space Propulsion Technologies
In-space propulsion performs the functions of primary 
propulsion, reaction control, station keeping, precision 
pointing, and orbital maneuvering. The main engines 
used in space provide the primary propulsive force for 
orbit transfer, planetary trajectories and extra planetary 
landing and ascent. The reaction control and orbital ma-
neuvering systems provide the propulsive force for or-
bit maintenance, position control, station keeping, and 
spacecraft attitude control [13]. So the propulsion system 
onboard is vital to the safe operation of the spacecraft.
Failure conditions of a propulsion system are manifold 
(e.g. thrust generation system, turbo-pump, ignition, pro-
pellant system storage, line rupture) [14].  Many of these 
failures will have adverse consequences on safety, cost, 
life and/or schedule. That’s why their failure prevention 
is necessary, up to the point where the effort of failure 
prevention no longer weighs up against the consequences 
of failure. So what could be the reliability rate to be tar-
geted? A single engine constitutes the Apollo lunar mod-
ule. The failure of this engine would have led to lose the 
crew and the mission. Nevertheless, only extensive test-
ing has been used as proving ground aiming to reach the 
targeted reliability level. What could be the transcription 
of the safety Recommended Practices into space explora-
tion today: redounded propulsion system/ engine?
Several technological developments are under going.  
Solutions exist or are under development such as: 

• Liquid Oxygen/ Methane Cryogenic Propulsion 
System (Mars Lander)

• Advanced In-Space Cryogenic Propellant Storage 
& Liquid Acquisition

• Electric Propulsion & Power Processing
• Nuclear Thermal Propulsion (NTP) Engine

There are many space propulsion systems that are being 
developed. The principles of operation vary considerably 
between systems. Each system has its own particular 
types of failure modes. 

Guidance, Navigation, and Control (GNC)
Navigation refers to the determination, at a given time, 
of the vehicle's location, velocity and attitude. The GNC 
function requires for fundamental sensing, prediction, 
and controls capabilities. This function is even more crit-
ical to enable reconfigurable shapes and multifunctional 
capabilities such as real-time trajectory tailoring, energy 
management and propulsion [12]. 
GNC technologies offer the capabilities to determine 
anytime the exact position of the space vehicle. They are 
obviously critical in the way that their functioning offers 
the possibility to have a safe journey in space and return. 
The loss of this function may have catastrophic conse-
quences and is considered unacceptable. Due to such 
complexity, dedicated safety design rules apply such as 
Failure Detection, Isolation and Recovery (FDIR) using 
redundancy at each level of the system architecture, re-
liability computations (i.e. compute probability of suc-
cess over the required lifetime, based on hardware units 
MTBF (Mean Time Between Failure)) [15].

Power
The function power is a common mode of failure con-
ditions. It supplies all the other functions, and without 
energy, an acceptable of safety of the overall space 
transportation vehicle cannot be guaranteed. It is even 
worse in degraded case as the recovery procedure can-
not be launched as requiring additional energy. The fail-
ure modes of the power function can be associated to the 
power source, the energy storage, the power distribution 
or the power regulation and control.
Power systems play an integral role in all in-space pro-
pulsion systems for both human and robotic missions. In 
some cases, power is only required for basic functions 
of instrumentation and controls for which technology 
advances are not required. But in other cases, the pro-
pulsion energy of the technology is derived from electri-
cal power generation, management and distribution; in 
this case, power system technology advances are critical 
for the advancement of the propulsion system (e.g., high 
power solar or nuclear electric propulsion) [13].
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Arrival in Mars orbit
The approach of Mars is the step corresponding to in-
ject the spacecraft to orbit. The major hazard during this 
phase is related to the required accuracy of the spacecraft 
trajectory. In case of failure of propulsion or navigation 
systems, two catastrophic consequences can occur:

• It can only touch the high layers of the martian atmo-
sphere: the spacecraft is not low enough and bounce 
away from the atmosphere following an hyperbolic 
trajectory that takes it away from Mars. Without any 
additional propellant on-board for managing this 
event, the crew is lost.

• It can enter too quickly in the low layers of the at-
mosphere: the spacecraft is too low; it enters too 
strongly into the atmosphere. The insufficient atmo-
spheric braking may lead to possible depletion, or 
even complete burn of the thermal shield, G-force 
in excess for the crew and/ or eventually high-speed 
crash on the ground.

Several options may be possible to reach the safety ob-
jectives such as aero-capture, aero-braking (such as for 
Mars Reconnaissance Orbiter in 2006) or retro-propul-
sion (using propellant) [6]. The technical choice depends 
on the mission architecture. Any evolution - for example 
in terms of mass, cost or technological maturity - leads 
to re-assess the safety constraints that are cascaded in the 
design: each mission scenario brings to consider a differ-
ent critical element of the system, so new safety criteria 
to be included in the trade-off. 

Entry, Descent & Landing (EDL)  
This last step before landing lasts seven minutes during 
which several hazards are combined at the same time 
[16]:

• The spacecraft shall resist to a huge deceleration. 
It acquires a supersonic speed and the resistance of 
the air leads to a violent braking. During this phase, 
the entry trajectory has to be adjusted as much as 
possible.

• The spacecraft shall resist to a particular thermal 
warming that can exceed the resistance of certain 
materials. During this phase, the corridor of entry 
is key.

• The spacecraft shall resist the sequential of entry at 
very low altitude (around 10 Km) that starts with a 
speed around Mach 2, then continue with opening of 
parachutes, eject the thermal shield, perform engine 
ignition for braking until a quasi null speed before 
landing.

• The spacecraft shall resist to the gas ejected from 
the nozzles while landing. They may dig a crater be-
low the spacecraft leading to its fall.

Any failure during this sequence may lead to catastrophic 
event and required to develop EDL systems that are toler-
ant to double failure modes. An additional constraint is 
that, in case of problem during the descent, it is almost 
impossible to abort and reacquire altitude to come back 
into orbit (such a manoeuver would add more complexity 
and propellant). For this reason, the EDL phase is one of 
the rare phases where any failure shall be found unac-
ceptable.
The manned mission is associated to a heavy spacecraft 
to land. And because of the mass, the braking is less ef-
ficient. That’s why the technologies and procedures used 
successfully for landing a small robot, is not transposable 
as is to a spacecraft. 

Solutions are under study [6] such as inflatable thermal 
shield that can reach high diameters (20-30 meters), air-
brake in form of petals. Depending on the residual risk, 
landing two smaller spacecrafts instead of a single one 
can be an alternative solution.
Regarding the risk of damage and fall-out of the space-
craft while landing, solutions seem implementable, such 
as a cable that helps the module landing progressively 
(such as for Curiosity), an inclination of jets outwards.   
The EDL system is identified as a critical technology for 
the Mars exploration mission: precision of landing and 
hazard avoidance are crucial regarding this phase.  

4.2 Environmental Control and Life Support

For manned mission, a life support system is constitut-
ed by all technical means ensuring the crew survival in 
space, i.e. a controlled/ recycled environment and sup-
plies (food, water, fresh air); management of waste recy-
cling. So the reliability of this system is crucial for any 
launch and space transportation vehicle, as well as for the 
space habitat.  
In particular, human presence in deeper space implies the 
elaboration of life support systems for food, water, air 
and waste management in “closed loop” in order to limit 
and eventually remove any re-supply need. 

For the three mission phases - journey to mars, mission 
on Mars then return back to Earth - major functions aim 
to monitor the internal crew environment and to ensure 
the crew survival in the transportation vehicle or habitat. 
These main functions are [6]:

• Atmosphere monitoring: a sub-system maintains the 
atmospheric gas within the cabin (the composition 
is a mix of nitrogen and oxygen under a pressure of 
101,3 kPa coming from ISS heritage), with continu-
ous monitoring of parameters e.g. total pressure in 
the cabin, concentration in CO2, filtering and elimi-
nation of polluting substances (ammoniac, acetone, 
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methane). It includes also fire detection, as well as 
storage of gas needed for ensuring the life support 
function into pressurized tanks (e.g. made of cryo-
genic fluid with continuous thermal monitoring).

• Temperature regulation: a sub-system maintains a 
confortable temperature (typically between 18 to 27 
degC) and an adequate level of humidity.

• Water management: a sewerage system retrieves 
and recycles wastewater, in order to be used for 
consumption of drinking water, preparation of food 
and hygiene.

• Waste recycling: a dedicated sub-system retrieves 
all kind of waste, such as organic waste, food scraps 
and the salt water coming from the other sub-sys-
tems.

A crisis situation can occur anytime during the mission. 
This requires the operational maintenance of systems of 
detection, warning systems and automatic software ac-
tions to warn the crew and answer automatically to the 
incident. 

• One typical hazard due to the presence of oxygen 
of air is the fire within the cabin. The Fire Detection 
and Suppression System are constituted - in addition 
of automatic alarm systems - by detection sensors, 
extinguishers, and portable breathing equipment in 
case of contamination or smoke in the atmosphere.

• Another typical feared event to be considered is the 
untimely depressurization of the cabin. The life sup-
port systems shall be able to continuously monitor 
the pressure, taken into account influent factors such 
as resupply in gas, ambient temperature. It has to 
detect slow drifts as well as brutal leaks. Breathing 
masks shall be easily accessible and the closure of 
internal bulkhead shall be performed in a very short 
time. 

The functional analysis of the life support system and 
associated mission failure conditions lead to a set of re-
quirements for the Environmental Control and Life Sup-
port System to be satisfied [6]:

• Capable of continued operation during the whole 
mission

• Extensively self-maintainable
• Designed such that maintenance operations are 

quick and simple
• Comply with the mission payload requirements
• Use only proven technologies that have been dem-

onstrated in laboratory and qualified in a representa-
tive environment

• Implement a redundant monitoring system  - inde-
pendent of any failure cases on the main on-board 
computer

• Easily controlled by the crew and also from Earth 
(subject to communication delay).

The development of innovative technologies is under 
maturation for use on the International Space Station, 
crewed transit vehicles, and surface habitats. They will 
also evolve pending the mission phase with integration 
of specificities related to transportation vehicle, space 
habitat and space suit for Extra Vehicular Activity (EVA). 

4.3 Communication

It is essential to communicate with the crew during all the 
mission phases and be able to send orders that may have 
safety implications, such as alarm and rescue. With re-
gards to capabilities related to space transportation, two 
aspects are considered:

• Communication system between Earth and the 
space transportation vehicle (corresponding to mis-
sion phases launch, journey into space and return)

• Communication system between the crew on-
ground Mars and the space habitat (corresponding 
to mission phase is the life/ work on Mars).

The instantaneous communication between Earth and 
crew is not possible: due to the distance to Earth, and 
depending on the relative position of Earth and Mars, the 
travel time of the radio signal at the speed of light var-
ies from 4 to 24 minutes [9]. This is a huge constraint 
that contributes to the isolation of the crew when a crisis 
situation occurs. That’s why the communication function 
needs to be continuously relayed by several independent 
systems. The objective is to ensure that one communica-
tion system is always available and working (Fail-Safe 
requirement)

Three technologies exist for communication with Earth 
[6]:

• Parabolic antenna that consists in concentrating the 
emission and reception of radio waves in a specific 
direction. This system amplifies the emitted/re-
ceived signal, and enables to exchange data in high 
speed. For efficiency of the communication system, 
dedicated frequencies shall be allocated to exchang-
es with the crew. This way, even if the signal com-
ing from mars is low, there are no interferences with 
other terrestrial signals. That gives performance to 
this system. The drawback of this option is that the 
parabolic antennas have to be oriented with accu-
racy. It requires a high reliable software system ca-
pable to determine the direction of Earth in function 
of the crew localization, hour and date. These pro-
grams are developed as software critical as manda-
tory for safety. In case of failure of this high-speed 
system, or of the parabolic antenna, another option 
exists.

• Omnidirectional antenna that consists in emitting the 
signal in all directions simultaneously. This system  
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is less efficient because most of the signal energy is 
lost. It enables to exchange data only in low speed. 
Even if this system does not enable to send large 
data such as video and pictures, it still gives the 
opportunity to exchange text messages that can be 
crucial to alert or give recommendations in case of 
emergency.

• Through the communication system of a space ve-
hicle in orbit around Mars. It can come from a return 
vehicle, an in space habitat, a telecom satellite or a 
Mars orbiter dedicated to this function. There is a 
dual interest with this option: 1) the martial orbit is 
close to the habitat so the transmission of the signal 
is efficient, 2) the vehicle into orbit can pursue the 
Earth with reduced blind periods (including dur-
ing the martian night when the antennas are out of 
range). In addition, in this configuration, it is pos-
sible to choose an appropriate orbit to ensure that 
the vehicle stays visible from the crew on-ground, 
so capable to exchange data with them (even if there 
are also delays of communication to consider).

The multiplication of independent communication sys-
tems is the way to ensure that the function is always ful-
filled throughout ach step of the mission. In particular, 
we can mention the multi-purpose spacecraft in the orbit 
of Mars that continuously provide data to Earth. 

5. GLOBAL SAFETY SYNERGIES

The previous chapters provide various illustrations of the 
implementation of the safety assessment process on the 
critical functions that may have catastrophic failure con-
ditions. It is based on safety rules coming from lessons 
learnt and recommendations from the past (e.g. Apollo, 
ISS, space shuttle, exploration missions) regarding dif-
ferent aspects such as design, manufacturing, testing, in-
strumentation, review and control. Most of them are used 
commonly within the global safety community as best 
practices. They are particularly valuable for large and 
complex programs that require a certain codification of 
the lessons learnt.

These safety rules need to be standardized in order to 
structure the analysis and avoid engineers to put value 
judgments. Do we have a common global safety standard 
in the space exploration domain? 

Current International Space Safety Standards are based 
on several ISO (International Organization for Standard-
ization). They are not suitable mainly because they are 
developed under the legal authority of specialized na-
tional or international agencies (e.g. FAA, FDA, ICAO, 
IAEA, for aviation, nuclear, pharmaceuticals) and not by 

national industrial standardization bodies [8]. The need 
has been identified for the institutional stakeholders of 
space-faring countries to jointly establish safety consen-
sus standards to become recommended references for na-
tional regulations.

Regarding the civil airborne, the standardized process is 
the Aerospace Recommended Practices ARP 4761 [4]. It 
is the guideline and set of methods for conducting safety 
assessment process used worldwide. At the same time, 
it is the world's most severe civil aviation standard. It is 
enriched by decades of maturation and improvement, as 
well as millions of flight hours each year. As a rough or-
der of magnitude, the cumulated number of hours flown 
each year is 60 millions (for average flight duration of 2 
hours) [11].

This guideline ARP 4761 is used with the ARP 4754A 
[10]: this process is devoted to determine Development 
Assurance Level (DAL), which defines the rigor of com-
plex hardware and software development and verifica-
tion activities. The level of DAL is defined depending on 
the architecture and the high-level safety objectives that 
are cascaded to lower systems and sub-systems.  
Space transportation systems and earth aerospace sys-
tems have different specificities intrinsic to their respec-
tive mission architecture, for example for what concern:

• Quantitative objectives of reliability (failures rates): 
Space transportation capabilities beyond LEO are 
constituted of critical systems in operation during 
tens of thousands of hours in a space environment.

• Maintainability procedures in operation: there are 
no possibilities during the duration of the space 
travel to make a landfall in order to repair or replace 
faulty or worn-out components. 

• Flight proving qualifying the overall critical sys-
tems at the acceptable level of safety: only few 
space systems will fly often enough to historically 
validate the associated calculation models regarding 
the catastrophic failure conditions.

Nevertheless, space exploration can benefit from the civil 
airborne processes in order to reach an international con-
sensus on space safety standards. Global synergies exist 
in terms of implementation of safety rules and lessons 
learnt, and the standardization of these approaches (space 
exploration and civil airborne) seems key to reflect the 
common safety status of the knowledge and the accumu-
lated experiences. The global process is elaborated from 
the shared safety objective that no single failure will re-
sult in a catastrophic failure condition.

Such an endeavor, in the Space Exploration area, re-
quires transnational collaborations and active commit-
ments based on these identified global safety synergies. 
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The agencies participating in the International space Ex-
ploration Coordination Group (ISECG) have a leading 
role in order to promulgate the implementation of global 
safety management capabilities allowing the effective 
identification of international standards adequate for mit-
igating safety deficiencies and resolving safety concerns. 
This international group ISECG can also facilitate the 
implementation of appropriate data collection and data 
sharing initiatives. 

Moreover, the development of Space Exploration Rec-
ommended Practices enables to establish the conditions 
and circumstances under which to deal with safety devia-
tions through established enforcement procedures. This 
particular aspect brings the need for standardization in 
order to avoid the acceptation of deviance that has to be 
carefully monitored. 

This is a continuous and iterative process where safety 
indicators and findings are to be re-assessed depending 
on mission architecture evolutions throughout the overall 
development.

6. CONCLUSION

Human presence beyond LEO enables new opportuni-
ties for reaching space exploration goals. This applies 
not only to the presence of crew but also to space-based 
infrastructure such as habitation, communication and ser-
vicing systems.

The architecture of the Mars exploration mission pur-
sues two objectives: minimise the mass to send beyond 
Earth orbit, and ensure the safety during each step of the 
mission (launch, journey, approach on Mars orbit, en-
try, decent and landing, and return). The challenge is to 
bring the failure probability down to an acceptable level 
mainly for critical functions that have catastrophic failure 
conditions, but without adding complexity to the overall 
design in a way that the design is compromise. The reli-
ability of the overall systems for a two-years duration is 
also a huge challenge. Introduce the adequate redundan-
cies is crucial to avoid catastrophic failure conditions. At 
the same time, the systems have to be repairable by the 
crew. The Global Exploration Roadmap gives an over-
view of key technologies to be developed within the next 
decade [2]. 

It is interesting to see if safety considerations may bring 
new design constraints. For example: what about using 
medium class launchers in order to assemble the space-
craft by piece of 20 tons instead and constitute progres-
sively propellant storage?
Regarding the synergies for space exploration:

▪ How do we exchange between agencies about les-
sons learnt?

▪ How do e share the results of our studies? 
▪ How do we share workload and global safety stan-

dards?
▪ Do we agree on these global safety standards be-

tween agencies?

The next steps of the Space Exploration Safety standard-
ization will be based on an international interest and col-
laboration. A recommendation can me made on the fact 
that ISECG can be considered as the Space Exploration 
coordination platform for global safety synergies. 
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BECOMING JOHN GLENN
IN THE WORDS OF JOHN GLENN

FOREWORD

John H. Glenn Jr. (July 18, 1921 – December 8, 2016)   
first American astronaut to orbit Earth, was a humble 
person, a magnificent pilot, a courageous patriot. He 
flew twice in space: in 1962 on the historical flight on 
Friendship VII Mercury capsule, and in January 1998 
on Shuttle Discovery STS-95 mission, aged 77, the oldest 
person to go in space. 

In 2006, Jerry Hammack, his old friend since the early 
times of NASA, asked John Glenn to endorse the Interna-
tional Association for the Advancement of Space Safety 
(IAASS) by accepting the nomination as Honorary Mem-
ber. John Glenn promptly accepted. The fresh memory of 
the Shuttle Columbia accident was there to remind every-
body that no matter the huge progress made since the six-
ties, the future of human spaceflight very much depended 
on making it safer.

Following the death of John Glenn, much was written 
about him. Mostly of what he used to call, with some em-
barrassment, “adulation”. The IAASS wants to honour 
his memory and historical heritage by telling a little bit 
of his amazing human story in his own words. 

In August 1997 John Glen was interviewed at Johnson 
Space Center in Houston, as part of NASA Oral History 
Projects. Excerpts from those transcripts have been used 
in this commemorative article to tell the story of becom-
ing John Glenn in his own words.

1. THE PILOT

“I always had an interest in flying ever since I was a little 
kid. I remember riding along with my dad in the car and 
I'd have one of these little airplanes with a little prop that 
would run. I'd hold it out the window and watch the prop 
run. 

I never really thought in the early days that I'd be able 
to fly myself, because flying was pretty expensive. But 
when I was in college, just prior to World War II, the 
government started a program called Civilian Pilot Train-
ing (CPT), and you could take flight training in little light 
planes. I took it and learned to fly in a Taylorcraft with 
65-horsepower Lycoming engine. I still remember that. 

I had my private pilot's license and about around sixty 
hours of total flight time when World War II started. 

Few days after Pearl Harbor, I volunteered and went in 
flight training for a year and then overseas. We were fly-
ing the old Corsairs, the gull-wing airplane that is still 
pretty famous, even to this day. I had more flight time 
in that than anything I ever flew. I got over 3,000 hours 
in that old airplane. I came back from World War II and 
decided to keep on flying. I liked it, loved it, and I was 
good at it. I won't be humble about that: I was good at it. I 
decided to stay in the Marine Corps as a fighter pilot, and 
I got checked out in jets when they came along. 

I was out again in the Korean War, in which we were, 
once again, doing close-air support, this time with jets.  
I volunteered to go up with the Air Force and fly F- 86s 
air-to-air combat against the MiGs. There was a lot of 
real wild flying. If you have an airplane coming toward 
you at 550 or 600 miles an hour and you're doing the 
same thing toward him, you're closing at 1,000 miles an 
hour, and your decision-making and your maneuvering 
have to be really accelerated. We didn't have radar, it was 
all visual. You had six .50-caliber machine guns mounted 
on your airplane, and you had to maneuver in behind the 
other airplane and get in to within about 800 to 1,000 feet 
with him maneuvering, too, and draw a lead on him. It 
was that kind of flying, at jet speeds but basically with 
World War I-type tactics. I shot down three MiGs in the 
last nine days of the war. 

Before leaving Korea, I requested assignment to flight 
test training and I was accepted. My orders out of Korea 
were to go home, have leave, and then go to Patuxent 
River, Maryland, Naval Air Station. I went through test 
pilot training and I did test work for about four years. I 
was lucky to get there at that time because it was when 
the first U.S. Navy and Marine supersonic fighters and 
attack aircraft were just being tested. It was a great time 
to be there”.

2. BECOMING AN ASTRONAUT

2.1 Selection

“At the end of the four years at Patuxent, when I came off 
test duty, I was assigned to the old Bureau of Aeronautics 

OBITUARY
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in Washington as a project officer. It was just the time 
when they started looking for astronauts, and I immedi-
ately volunteered. I thought that was a natural extension 
of the test pilot work I'd been doing, and sounded like it 
would be fascinating. 
In the early days of astronauts’ selection, they wanted 
people who had test piloting background and combat ex-
perience if possible. Not everyone in the first group of 
seven selected had combat experience. Only three of us: 
"Deke" [Donald K.] Slayton had been in combat in the 
old B-25s and Wally [Walter M.] Schirra [Jr.] had been 
on a carrier off the coast of Korea. I had a good combat 
record, and I'm sure that may have been one of the rea-
sons I was picked. The fact that you'd been in danger-
ous situations was something that was of interest to those 
making the selection, at that time. 

We were taken to Lovelace Clinic, and they made ev-
ery measurement you can possibly make on the human 
body, plus all the things that would occur in any physical 
exam, and then other things like, oh, putting cold water 
in your ear with a syringe. The fluids in your inner ear 
would start circulating because of the temperature dif-
ferential and you would get the same effect as though 
you'd been spun up on a chair until you were extremely 
dizzy, and you had nystagmus, as it's called, and your 
eyes want to drift off. You can't keep them focused on 
a spot. They would measure how long it took for us to 
recover from that. 

They would measure the body density by putting you in 
a water tank, and to get your exact body volume, they 
rubbed all over your body to get even the tiniest of air 
bubbles off. Then you submerged in the tank, and they 
measured the amount the water had raised. They could 
define from that what your lean mass and body propor-
tions were. 

We went through a heat chamber test at 135 oF, with 
thermocouples on your body, and you had heat measure-
ments being made including deep body temperatures. We 
stayed in the heat chamber as long as we could, until the 
pulse was too high and doctors thought it was becoming 
dangerous.

They ran isolation tests, where they put you in an anecho-
ic chamber, no light, no sound, no nothing, and they had 
body sensors on to see how we reacted to that, and they 
wouldn't tell you in advance how long you were going to 
be in there. They wanted to know whether under those 
unusual conditions you were still in control of yourself 
and what you were doing. They had us in there just at a 
plain desk before the lights went out, just sitting there, 
and there wasn't anything on the desk at all. I remember 
after the lights went out, I sat there for a while, and then 

I thought, "Well, I'll see what I can find in a drawer." So I 
found in a drawer what I thought was a tablet, and I tore 
off some pages to make sure I had a blank page, and I 
had a pencil, and so I sat there in the dark keeping track 
of what line I was on, and I wrote little doggerel poetry, 
which I like to do sometimes, and we still have that at 
home someplace. There was a lot of other psychological 
testing. They had a psychiatrist from the University of 
Pennsylvania, George Ruff. We had every psychological 
test, every questionnaire, every interview, every Ror-
schach that you could fold out, and they always looked 
like butterflies to me.

About 130 people started out originally to be screened, 
and then they immediately broke it down to, I think it was 
thirty-two or thirty-some that were put through the whole 
Lovelace Clinic tests. They made their final selection 
from that. The fellow that was in charge of some of the 
NASA testing program was a man who had been a Navy 
officer in charge of selecting people for special duty, like 
for hazardous work, for special submarine operations and 
special underwater operations, and for special naval vol-
unteer SEAL operations. He'd been in charge of selecting 
people. His name was Bob [Robert B.] Voas. Bob was 
the one who sort of set up some of the selection criteria 
or worked with the other NASA officials in setting that 
up. But they didn't know, no one knew for sure, exactly 
what it was we were going to be doing. We knew we were 
going to be going into orbital flight, but what was going 
to be required or what pressures would your body oper-
ate at, and what Gs could you take and things like that”. 

2.2 Training

“Once you'd been through all this and you had other guys 
around who had been through it, you did have a little bit 
of a bond. But remember that in the early days of the 
program, we didn't know how far the program was going 
to go. For a while we didn't even know if it was going 
to go. It was all pretty much up in the air. So, everybody 
was keyed in to making the first flight or an early flight 
to make sure you got to do something for all this effort. It 
was very competitive, after the selection phase.

Once selected we started the training program. Some 
pretty good things were included but it was sort of open-
ended as to what kind of things people could think up for 
us to do that might have some weird, remote relation to 
space flight. We didn't know what we'd be able to do as 
far as high Gs. We were going to be taking the G levels 
in a different direction than you normally do in a fighter 
aircraft. The Gs would be taken on a vector straight into 
your chest, because we were going to be lying down in a 
supine position. We called the two different ways the G 
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forces were going EI or EO, for "eyeballs in" or "eyeballs 
out".  They didn't know what we'd be able to do at high 
Gs, and so they took us up to the Naval Air Development 
Center at Johnsville, Pennsylvania, where there was a 
fifty-foot centrifuge. 
They had no actual replica of the spacecraft, but a couch 
like you would use in a spacecraft, mounted in a capsule 
on the end of this fifty-foot arm. As the arm started to ro-
tate, it went faster and faster and faster, the capsule, then, 
would turn so that your G vectors were the same as you'd 
take in a spacecraft on launch.  As you slowed down to-
wards the end of the test you were back to vertical.  

I don't think everybody went above ten or eleven Gs, but 
Al [Alan B.] Shepard [Jr.], "Gordo" [L. Gordon Cooper, 
Jr.] and I we went up to sixteen G. At sixteen G, even in 
that supine position with the Gs straight into your chest, 
you're straining just as hard as you possibly can strain to 
keep enough blood up in your head to keep from blacking 
out. Now, if you even just thought of relaxing a bit, your 
vision would start coming in tunnel vision and you'd start 
getting big black splotches going around. At sixteen G, 
you're on the verge of losing control no matter how much 
you strain against it. 

We wanted to define at what G level you could still reach 
up to change a switch or something on the instrument 
panel, and seven Gs was about the most you couldn't lift 
your arm out of the couch, no matter how hard you tried, 
you couldn't lift your arm out of the couch above about 
six to seven Gs. Beyond that you were just supported 
there. You could still see, and you could watch the instru-
ments. That was a level that was important, because on 
the Mercury flights we were expected to get up to around 
eight Gs, and that was what happened later on. I got up to 
7.9 on the first orbital flight, 7.9 on exit, on insertion into 
orbit, and 7.9 during reentry. 

On the centrifuge there was another exercise that Al and 
I went through. I think just the two of us are the ones that 
did this one. We were concerned that if you had to make 
an emergency reentry and you did not hit on water but 
on land, that was going to be a major impact. And if you 
landed where there was wind and the wind was over that 
meant the parachute would detach immediately, but then 
you're hitting sideways, and the capsule would probably 
tumble. So, if you took Gs out of the couch, what would 
your reaction be to that and what could you take? Those 
were real tough runs we did on the centrifuge. What we 
did was set up our restraint system to see whether it was 
adequate. The restraint system was plain, had the belts, 
the crotch strap hooked into the belt, the shoulder straps 
came down and hooked into it, too. And what we wanted 
to do was simulate Gs where you were coming out of the 
couch and hitting the restraint harness. 

Another interesting thing they didn't know in the early 
days was what you could be able to do if there was a 
runaway spacecraft, I mean a runaway of its rotational 
speed. Let's say you have a runaway thruster, and it starts 
turning in roll and you can't control it, and it's going 
faster and faster and faster. They wanted to find where 
the astronaut would phase out as being able to control 
it. So, at Lewis Lab in Cleveland, they built a rig called 
MASTIF (Multi Axis Space Training Inertial Facility). 
It had three gimbals, one built inside the other, for roll, 
pitch, and yaw. The astronaut sat in a couch placed in the 
middle in a simulated cockpit. He had rate instruments 
and a three-axis control handle operating compressed air 
that could turn up any one of the gimbals in whatever 
mode, either in roll or pitch or yaw, or two axes as a time 
or three axes all at once. They would start just in one axis 
at a time, say yaw. You would rotate and you'd learn how 
to control that to zero. Then two axes and finally all three 
axes at a time. The ‘’graduation exercise” was to control 
it while running at 30rpm on all three axes simultane-
ously. Now you figure your body motion's going around 
like this in roll, pitch, and yaw at the same time. You're 
looking at the rate instruments trying to control it, truly 
it was the original vomit machine, I'll tell you. That was 
a gut-buster”.

3. WEIGHTLESSNESS

“The main scientific purpose of my flight was to find out 
what reaction the human body had to extended weight-
lessness. Some of the doctors thought that my vision 
might change during flight because of lack of support 
by the structure under the eye. The eye might gradually 
change shape and get horribly myopic.  So, on the in-
strument panel, and you can still see this on my space-
craft, Friendship VII on display at Smithsonian, at the top 
of the instrument panel there is a miniaturized Snellen 
Chart, the eye chart doctors use to measure    visual acu-
ity. It was made small to account for the distance from 
my eyes to the panel, and I was to read it every twenty 
minutes during flight and report to ground. 

Another thing the doctors wanted to investigate was the 
effect of weightless on the fluids in the inner ear that give 
you the sense of balance. In weightlessness those fluids 
are more free to randomly move about, rather than be-
ing held down by gravity or sensing acceleration as you 
change your head position, you might get uncontrollable 
nausea and vertigo. They feared that you would not be 
able to make even an emergency reentry because you'd 
have such nystagmus [involuntary, rapid and repetitive 
movement of the eyes] that you wouldn't be able to see 
the instrument panel properly. I had to take a Tigan pill, a 
motion-sickness pill, if I started feeling the least bit woo-
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zy. They gave me in addition a stuff in a solution, I kept it 
in a pocket on my leg, in a special syringe with a spring. 
If needed, I would place it on my leg and the spring 
would drove the needle through the suit into my leg and 
inject the medicine. That was to be a get-me-down type 
of operation, if I was getting so out of control that I felt I 
had to make an emergency reentry wherever I was. 
So, eyes were one thing that I was to check. Whether 
I felt any imbalance or vertigo was another thing to be 
checked. They didn't know whether I could swallow 
properly or not. I wasn't going to be up long enough that 
I really had to have a meal or two meals or anything, but 
they wanted me to take food along to swallow, which I 
did. They wanted to know if there was any change of 
feel, fingers or anything like that, any tendency toward 
any sickness. Many of the things they were concerned 
about were put to rest on that first flight or certainly in the 
first two or three flights”. 

4. AFTER THE FLIGHT

“After my flight, there had been such an outpouring of 
national attention, that if you weren't there and went 
through it, it's sort of hard to comprehend the attention 
we had and the "adulation", is the only word that comes 
to mind.

After my flight, I wanted to get back in rotation and go 
up again. Bob Gilruth, who was running the NASA pro-
gram at that time, said that he wanted me to go into man-

agement of training, and I said I didn't want to do that.  
I wanted to get back in line again for another flight.  
But he said that headquarters wanted it that way, at least 
for a little while. I didn't know what was the reason and I 
kept going back. Every month or two I'd go back and talk 
to him again about when do I get back in rotation again, 
and he'd tell me, "Well, not now. Headquarters doesn't 
want you to do this yet”. If I'd know as much about Wash-
ington operations as I know now, I'd have gone to Wash-
ington and talked to somebody, but I didn't know that 
much then. So, I accepted that for what it was, and this 
went on for the better part of two years. I finally decided 
that I'd go on and do other things, and I wound up even-
tually in the U.S. Senate. I didn't know until some years 
later that apparently, President John F. Kennedy decided 
that I wasn't going to fly for a while. I guess that Presi-
dent Kennedy was afraid of the political fallout or what 
would have happened if I flew again. I don't know why, 
but he didn't want me to fly again right away. That's the 
reason I never got another flight. And it wasn't that I had 
not done a good job on the first flight. I had problems on 
that first flight, control system problems, and we made an 
unusual reentry. We had to leave the retro pack on, let it 
burn off. We came through all that in good shape. I got 
nothing but high marks for performance on the flight, so 
I knew it wasn't that”.

[Adapted from: NASA Johnson Space Center Oral His-
tory Project – Edited Oral History Transcript. John H. 
Glenn Jr. interviewed by Sheree Scarborough. Houston, 
Texas – 25 August, 1997] 
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