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Advancing critical and enhancing technologies is considered essential to enabling sustainable and affordable human
space exploration. Critical technologies are those that enable a certain class of mission, such as technologies neces-
sary for safe landing on the Martian surface, advanced propulsion, and closed loop life support. Others enhance the
mission by leading to a greater satisfaction of mission objectives or increased probability of mission success. Ad-
vanced technologies are needed to reduce mass and cost. Many space agencies have studied exploration mission
architectures and scenarios with the resulting lists of critical and enhancing technologies being very similar. With
this in mind, and with the recognition that human space exploration will only be enabled by agencies working to-
gether to address these challenges, interested agencies participating in the International Space Exploration Coordina-
tion Group (ISECG) have agreed to perform a technology assessment as an important step in exploring cooperation
opportunities for future exploration mission scenarios.

The International Space Exploration Coordination Group (ISECG) was established in response to “The Global
Exploration Strategy: The Framework for Coordination” developed by fourteen space agencies” and released in
May 2007. Since the fall of 2008, several International Space Exploration Coordination Group (ISECG) participat-
ing space agencies have been studying concepts for human exploration of the moon. They have identified technolo-
gies considered critical and enhancing of sustainable space exploration. Technologies such as in-situ resource utili-
zation, advanced power generation/energy storage systems, reliable dust resistant mobility systems, and closed loop
life support systems are important examples. Similarly, agencies such as NASA, ESA, and Roscosmos have studied
Mars exploration missions and identified critical technologies. They recognize that human and robotic precursor
missions to destinations such as LEO, Moon, and near Earth objects provide opportunities to demonstrate the tech-
nologies needed for a human Mars mission.

Within ISECG, agencies see the importance of assessing gaps and overlaps in their plans to advance technologies in
order to leverage their investments and enable exciting missions as soon as practical. They see the importance of
respecting the ability of any agency to invest in any technologies considered of interest or strategic. This paper will
describe the importance of developing an appropriate international framework for technology assessment and devel-
opment. This work will both inform and be informed by the development of an ISECG Global Exploration Road-
map and serve as a concrete step forward in advancing the Global Exploration Strategy.

“ In alphabetical order: ASI (ltaly), BNSC — now UKSA (United Kingdom), CNES (France), CNSA (China),
CSA (Canada), CSIRO (Australia), DLR (Germany), ESA (European Space Agency), ISRO (India), JAXA (Japan),
KARI (Republic of Korea), NASA (United States of America), NSAU (Ukraine), Roscosmos (Russia). “Space
Agencies” refers to government organizations responsible for space activities.
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For more information on the ISECG please visit www.globalspaceexploration.org or contact the ISECG Secretariat

at: isecg@esa.int.

INTRODUCTION

Space exploration has always heavily relied on highly
advanced and complex technologies. In order to
achieve the ambitious goals set out in the GES, many
existing technologies need to be advanced and several
novel technologies need to be made usable for space
applications. The importance of a coordinated multilat-
eral dialog on the technologies needed to enable com-
plex human space exploration missions was introduced
in the paper From LEO, to the Moon and then Mars:
Developing a Global Strategy for Exploration Risk
Reduction, IAC-09-B3.1.1.7 (Ref 1).

To increase the understanding of those future tech-
nology needs, many agencies have performed design
reference missions to destinations of interest to the
GES, e.g., ISECG Lunar Architecture Study and other
lunar studies; Mars mission studies by NASA, ESA,
Roscosmos, ASI; and Asteroid mission studies by
NASA, JAXA. In each of these studies, commonalities
of key capabilities and technology needs could be iden-
tified and they could be classified in ways considered
useful for discussion, e.g., transportation, propulsion,
power/energy, habitation, servicing, ISRU, EVA, com-
munication and navigation. Among those, propulsion,
power generation, precision landing, advanced life sup-
port, and autonomous rovers are examples of capabili-
ties that require significant technology development.

A sustainable exploration vision relies on realistic
resource planning. As shown in Figure 1, inadequate
investment and knowledge about key technologies and
design issues results in significant project cost impacts.
Hence, risk and, in turn, cost reductions for missions
can be achieved through specific and innovative mission
classes, technology demonstration, precursor mission,
and analogue deployments.

T
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of Key Technologhes was
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Figure 1: Tech. development vs. cost overrun’.

" NASA Internal Presentation; Werner Gruehl (1988)
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Given the substantial amount of required technology
developments and the acknowledged need for an afford-
able and sustainable human exploration beyond LEO,
many agencies realize that internationally leveraging
our technology investments is the only way to ensure
success. To be successful, this requires a common
framework to facilitate the exchange of information and
create opportunities for coordination and cooperation on
technology developments and demonstration.  This
paper describes an evolving concept for accomplishing
these goals within the ISECG.

CAPABILITY AND TECHNOLOGY NEEDS

Through the various studies done for different GES
destinations, capability and technology development
needs have been identified. In the context of this work,
“capabilities” refer to the main elements required to
enable a space exploration mission such as launcher, in
space transportation, orbiter, lander, habitat, rover, etc.
Technologies that are required to develop these capa-
bilities have also been identified. Technologies can
have application in several different capabilities. For
example, rovers may benefit from vision for navigation
and manipulators for sample acquisitions. These vision
systems and manipulators are technologies which are
also required for orbiters providing on-orbit servicing.

A key element to start the discussion on capability
and technology development is to agree on a classifica-
tion method both for the capabilities and the technolo-
gies. The level of granularity, i.e. how deep we need to
go especially for technology should be agreed in the
beginning. Since this exercise of developing a frame-
work or classification method is done as a basis for an
international assessment and potential collaborations,
there is no need to go very deep into the technology
decomposition. In practice, two levels, one for the ca-
pability and one for the technology should be sufficient.
A first step will be to survey the classification used by
NASA, ESA, CSA, JAXA and other space agencies. It
is recognized that these classifications normally use
many levels and will be too complex for our application,
but they will inform in international classification
scheme and lexicon.

Once a framework, or classification system, has
been established, participating agencies will focus on
identification of capabilities and technologies consid-
ered critical and enhancing. By using capabilities as a
main organizing principle, agencies believe that this
framework will inform the assessment of any future
human mission scenario. Basic capabilities, i.e. launch-
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ers, in space stages, etc are required in most human
exploration scenarios.

Based on studies done by ISECG or by some of the
participating agencies, a first list of destination specific
challenges has been produced:

e ISS:
e Reliable Closed-loop life support
e Supportability & maintenance concepts

e Near-Earth Space: Lunar fly-by, lunar orbit, Libra-
tion Points
e Heavy lift launch
o Crew support for 14-30 days
o Deep-space propulsion
» Radiation protection

e Lunar Missions:

o Landing systems

e Surface systems
= Mobility in dusty environment
= Advanced EVA operations concepts
» Human/robotic interaction
= In-situ resource utilization
= Autonomous/ tele-operated
systems
= Advanced energy/ power systems

robotic

o Deep Space:
o Crew support for long duration (habitat)
= Radiation protection (habitat)
= Closed-loop life support (habitat)
o Deep space propulsion
= Cryogenic fluid management
= Nuclear propulsion
¢ Automatic Rendezvous & Docking
o Supportability & maintenance

e Mars Missions:
o Mars entry & landing systems
¢ Advanced propulsion
= Cryogenic fluid management
= Nuclear propulsion
¢ Radiation countermeasures
¢ Advanced avionics
e Crew support/habitation
e Surface systems (similar to Lunar missions)

The Importance of Maximizing Use of ISS

A key element discussed among the ISECG mem-
bers is how to maximize use of the ISS as a demonstra-
tion platform for technologies developed for explora-
tion. This is a key objective for the ISS participating
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agencies. While discussions are on-going on this sub-
ject, an initial list of potential demonstrations has been
established, as shown in Table 1.

Technology, Research, or
Demonstration

Specific Need

Zero-g countermeasures Protocols and techniques

Closed-Loop Life Support Water and gas closure. Low

sparing. Low maintenance.

Radiation Protection Protection, Biological coun-

termeasures

Crew Support & Accommo-
dations

Advanced systems inte-
grated into core station or
dedicated module

Small scale zero-G condi-
tioning and transfer

Cryogenic Fluid Manage-
ment

Advanced human scale robot
with ground supervised or
autonomous support

Robotics, Operations &
Supportability

Atmospheric Revitalization

Table 1: Opportunities for Using ISS to advance
Exploration Technologies

CREATING AN ORGANIZING FRAMEWORK

An organizing framework for the advancement of
critical and enhancing space exploration technologies is
considered important if agencies are to realize the com-
mon goals embraced in the Global Exploration Strategy.
However, given significant differences in the organiza-
tion, function and priorities of agencies, an international
technology assessment framework needs to be properly
scoped, structured and kept at a high enough level to
avoid getting unmanageable and ineffective. Several
areas considered worthy of discussion are listed below.

Technology Readiness and Risk Assessment

Technology Readiness and Risk Assessment
(TRRA) is recognized as a key to enable the definition
of technology development programs, linking technol-
ogy needs to mission scenarios, helping to streamline
investment decisions while balancing the acceptable
risks. On the national scale, a thorough TRRA facili-
tates better focused technology development programs
and enables early risk retirement, therefore reducing
mission costs and minimizing schedule delays. On the
international scale, when agencies anticipate undertak-
ing complex human missions together, a common
TRRA can be invaluable to enabling a shared emphasis
on technology demonstration and risk reduction.

TRRA closely linked to mission roadmaps allows
leveraging technology developments across multiple
missions as well as tailoring mission profiles along
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specific technology solutions. Good examples are so
called “Flagship Technologies” at NASA and “Signa-
ture Technologies” at the CSA. In case of the latter,
CSA Signature Technologies dovetail with CSA Mis-
sion Roadmaps that include missions to which the CSA
could potential contribute or lead. While the CSA Sig-
nature Technologies influence which missions are part
of CSA Mission Roadmaps, the roadmaps, in turn, di-
rect the evolution of CSA Signature Technologies.

On the international level, it is anticipated that
TRRA will be supporting the long-term effort of ISECG
to develop a Global Exploration Roadmap (GER).
While the complexity of coordination is much higher,
the importance of a common understanding of risks and
the opportunity to leverage resources is much higher as
well. The key is sharing of appropriate information,
leveraging opportunities for coordination and coopera-
tion, and establishing national long-term roles on the
international exploration scene, while stimulating com-
petition for innovation.

The key mechanism enabling this international co-
ordination of technology development is a common
framework for TRRA. This framework should allow a
common methodology, identification, and classification
of technology requirements, typically derived from
high-level user and system requirements.

While a mission dedicated TRRA calls for a detailed
analysis at the sub-component level, the TRRA in sup-
port of national or international mission roadmaps will
be typically limited to a high-level assessment, e.g., at
the instrument level or higher. With the TRRA being an
integral part of the mission roadmap development cycle,
for given science and human space flight objectives, the
number and scheduling of analogue deployments,
DTOs, and precursor missions can be facilitated. It is
needless to say that the greatest benefits are obtained
when coordinating with the larger, international space
exploration community, e.g., allowing testing of differ-
ent or complementary technologies on joint missions.

The proposed ISECG mechanism to capture capa-
bilities and missions, including analogue deployments,
DTOs, and precursor missions, is the INTERnational
Space Exploration Coordination Tool (INTERSECT),
which is introduced later in this paper.

Assessing Technology Readiness

The basis of technology assessment is the Technol-
ogy Readiness Levels (TRLs). TRLs are a set of man-
agement metrics that enable discipline-independent
assessments of the maturity of a particular technology
and the consistent comparison of maturity between
different types of technology — all in the context of a
specific system, application and operational environ-
ment. NASA initiated the use of TRLs in the late
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1970s. The U.S. Department of Defense, ESA and the
CSA have also been using TRLs for some years, with
varying degrees of emphasis, and often informally.
Recently, seven space agencies developed a new docu-
ment titled “Technology Readiness Levels Handbook
for Space Applications”. Since this document is being
recognized by seven of the world’s major space agen-
cies, it will become de facto the international reference
in TRLs.

J. Mankins® also introduced the Technology Need
Value (TNV) and the research and development (R&D)
degree of difficulty (R&D3). The TNV is a more gen-
eral figure of merit for use in expressing the degree to
which a particular technological solution is needed to
achieve the minimum requirements of a given system or
mission. It correlates with the idea of a technology
being “enabling”. The use of TNVs enables clearer
distinctions between technological alternatives that exist
in many cases. The R&D3 is a discipline-independent
metric that correlates to the probability that a given
technology R&D effort will succeed or fail — i.e., R&D3
reflects how hard a given R&D effort is expected to be
to accomplish. Although TRLs provide a very useful
measure of the current level of maturity of a technology
(i.e., the “readiness” of the technology to be used in a
new system development or applications, the TRL scale
does not provide any insight into how difficult progress-
ing from one level to the next may actually be to ac-
complish. It may be very easy in one case to progress
from TRL 3 (a preliminary experiment) to TRL 4 in one
case and extremely difficult in another case. R&D3
gives the technology development manager a means of
summarizing and comparing the “hardness” of various
prospective R&D objectives.

With the help of those three figures of merit, tech-
nologists, systems developers and senior managers can
define a common ground to discuss important technol-
ogy investment decision, namely

*  What is the current level of technology maturity
(TRL);

» How hard is it advancing from the current TRL
to the targeted one (R&D3); and

* How important is each specify technology for
the success of the mission (TNV).

Moreover, a thorough technology readiness and risk
assessment covering in particular the enabling technolo-
gies promotes a better risk evaluation and leads to
timely technology development.

i Technology readiness and risk assessments: A new ap-
proach. Acta Astronautica. 65(2009) 1208-1215
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The collective effort of developing a common
framework is may also serve to create partnership op-
portunities in the demonstration of technologies and,
hence, facilitate making informed decisions on their
roles and contributions in the implementation of the
GES vision

INTERSECT

While the TRRA plays a critical role in the devel-
opment process of the GER, the capability and mission
database INTERSECT is another important element for
the coordination of the international space exploration
effort. The INTERnational Space Exploration Coordina-
tion Tool (INTERSECT) is one of the products under
development within the activities carried out by the
ISECG. It is a database gathering information on mis-
sions, payloads and capabilities available or under study
or development within the ISECG participating agen-
cies.

The purpose of this tool is to enhance the agencies'
ability to identify areas for cooperation, and help inform
their own national space exploration architectures to
ensure the sum of the whole is greater than the individ-
ual parts. The INTERSECT aims to facilitate communi-
cation among agencies to identify more collaborative
and integrated exploration efforts. Such tool has also
been thought to identify gaps and overlaps with respect
to the different architecture elements and as such to
support decisions for new developments and collabora-
tions.

The value of this system resides in the analysis of
the data to:

»  Standardise terminology for facilitating identifi-
cation of common/shared interests;

e Support the assessment synergies/gaps/overlaps
of space agency’s interests for facilitating the
identification of opportunities for cooperation;

e Support the harmonisation of space agency’s ar-
chitectures by ensuring interoperability for en-
hancing feasibility, cost-effectiveness, safety
and redundancy;

e Facilitate the identification of needs for com-
mon architecture elements and capabilities; and,

e Support the comparison of capability develop-
ment and mission roadmaps for harmonisation
and identification of opportunities for coopera-
tion.

The INTERSECT is a strategic planning tool to sup-
port the international coordination process as imple-
mented by the ISECG. It serves as a repository of vali-
dated information on space agency’s space exploration
interests and plans. INTERSECT is a multi-layered
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product including catalogues of (a) exploration missions
under discussion and (b) exploration capabilities under
development or available.

For missions and capabilities, the database structure
features classification by type and destination, a high-
level summary, schedules, stakeholders (including lead
agency and cooperation opportunities), and the status in
the database, see also Figure 2.

INTERSECT | Legend
Structure |
T Input
Data Structure for Data Strugture for  Wandatory
Exploration Missions { Expleration e
Capabilities " | [ ® Optional
4 pg
| Classification \_® Datahase
Classification |_output
& '™ pestination -
- @ " & Destination | 11 Public
—‘ & ' piission Type |_™ Restricted
- @ ™ o Capabiity Type | 11
— Summary —_—
— & ™ notes |1
n
R e 1 @ ™ Last Modfication Date | (!
am
{ Description e ”
- {J - Pl:luve‘
1@ ™ Name |1
- {J ® Links for Information !
1 @ ™ pescription | 1
{ aw Keywnrds‘
1@ ™ picturs | 11
~— Schedule
i 1 @ W Links for Information | 1
n
4{ & ™ Launch Date e
4‘ & ™ Mission Duration
— @ ™ Decision Point | 11
Stakehokders | —_—
| — @ ™ availabiity Date | 11
Lead Space A
& ™ agency — @ ™ End of availabilty |18
| [gm "
| ‘Accapting @ '™ commeni It
@ ™ parents —
Stakeholders
Acsapting
1@ ™ hildren
e ‘l.#d Space |
jenc
{ L ™ paint of Conlact d
| Availability for
{ @ '™ Mission Collaboration @ '* wizaton
1@ ™ opent 1 |
1@ ™ Partners o e
1 @ ™ Relationship IJ ® Partners | 1
{ @ ™ staus | |J ® Staws | B
1 @ ' ission Name |J * Gomment/Role | 1]
— @ ™ CommentRole 1 @ ' paint of Contact | 11
~— @ ™ Link to Mission Form — Status
=ED ~—— @ ™ Siate in Database | 1]
{ ¥ ™ sia10 in Database 1 @ "™ Capability Development Phase |
{J ® Mission Phase — @ ™ comments | 1
{ @ '™ Phase progress
{ @ ™ comments

Figure 2: INTERSECT structure.

INTERSECT is developed and maintained through
ISECG and is considered a critical support element to
build a well informed global exploration roadmap and to
be able to keep the latter up to date. ISECG will evalu-
ate the role of INTERSECT in accomplishing its tech-
nology assessment goals.

THE IMPORTANCE OF RETAINING
AGENCY AUTONOMY

Recognizing that individual space agencies have
many reasons for investing in the technologies consid-
ered essential for space exploration, the technology
assessment framework under the ISECG will be based
upon the following tenets:

e Each agency retains autonomy to invest in any
technology considered important, strategic or
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interesting. There is no intend to dictate or agree
on who should develop a given technology.
However, to get useful results, it will best if
agencies are sharing their key technology areas.
This will help others to focus their activities and
make sure that there is no gap in the technology
and capabilities;

e Some technology advancements benefit from
competition. This is the case for most advanced
technologies and a key driver for innovation;

e Some technology areas benefit from agencies
making long term investment to enable dissimi-
lar redundancy & multiple sources. This will
help to ensure a robust and sustainable program.
For example, having two different approaches
for human launcher will reduce the risk;

« Each agency can develop key technologies at
appropriate and affordable level. The technol-
ogy assessment should not stop at main capa-
bilities but should provide enough details so all
agencies can find a role.

The GES document put a strong emphasis on the
fact that no nation can do human exploration missions
in isolation. The investment and the risks are too high.
Since a mission is built on capabilities, and capabilities
require technologies, some appropriate level of collabo-
ration will be required between agencies. The ISECG
technology assessment should find the balance and
create a win-win situation so each agency can tailor a
role adapted to its ambition and capacities.

RECOMMENDATIONS FOR FORWARD
WORK

The ISECG will, in the near future, focus on facili-
tating interagency discussion to identify technologies
considered critical to advance the GES, by

e Encouraging an international dialog on tech-
nologies that contribute to a more sustainable
and affordable human exploration as key to our
success. Participating agencies will be encour-
aged to share, at a level they feel appropriate,
their capability and technology development
plans. A potential approach is that agencies es-
tablish lists of key capabilities and technologies
that they want to develop;

e Establishing a hierarchy of capabilities and
technologies that is evolvable and aligned with
international roadmap & architecture. This hi-
erarchy or classification system should be estab-
lished early in the process since it will be a key
element in organizing the work;
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e Performing an initial assessment focusing on
missions identified to be part of the Global Ex-
ploration Roadmap and captured in INTER-
SECT. A key element at this point, is to do the
assessment at the right level. Based on agency
experience in this area, a detailed analysis will
required too much resource to be justifiable;

» ldentifying technology gaps. Such identifica-
tion will require that agency share some of their
development plan or niche area; and

e Fostering collaboration on technology demon-
stration in terrestrial analogues, on ISS or ro-
botic missions. Such demonstrations are an ex-
cellent approach to explore collaboration for the
development and deployment of capabilities and
technologies. For example, NASA and CSA
have been collaborating since 2005 on ISRU
technologies and each agency was able to estab-
lish its role.

The proposed action plan was reviewed by the sen-
ior agency management (SAM) of the ISECG partici-
pating agencies during a meeting in June 2010. They
asked ISECG to further advance the concepts intro-
duced in this paper and recommend a way forward. The
detailed approach and work plan should be finalized by
mid-October.

The targeted timeline calls for an initial assessment
to be completed by next SAM meeting planned for mid-
2011 and regular revisits of the resulting product to
ensure alignment with architectures, roadmaps and
technology evolution.

ACRONYM LIST

e ISECG: International Space Exploration Coor-
dination Group

» TRRA: Technology Readiness and Risk As-
sessment

*  SAM: Senior Agency Management
*  GER: Global Exploration Roadmap
e DTO: Detailed Test Objective

»  GES: Global Exploration Strategy
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