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_ PREFACE

In the wake of Federal budget reductions, both the civil and military space pro-
grams have turned to small spacecraft to meet mission requirements at lower
costs. A RAND study for the Ofice of Science and Technology Policy (OSTP)
and the Office of Management and Budget (OMB) has investigated smaller pro-
grams and the role they play in meeting important national objectives in space.
This report reviews the factors leading (o the growth in small-spacecraft pro-
grams and the effects of associated cost-reduction approaches. Although the
report includes references to some Department of Defense (DoD) missions, it
focuses on National Acronautics and Space Administration’s (NASA’s) science
missions, and the conclusion and recommendations presented reflect this con-
centration. '

As sinall spacecraft take on a more central role, it is critical that decisionmakers
appreciate the dynamics of smaller programs and maintain realistic expecta-
tions of their potentials, As part of this study, 12 small spacecraft programs
were analvzed. The purpose ol this analysis was to cxamine spacecraft devel-
opment trends to highlight areas in which new strategics have proven effecrive
in reducing cost and increasing performance. At the request of OSTP and OMB,
special attention was focused on the role that technology plays in small space-
craft missions and the processes used 10 evaluate the performance of these
missions.

The insights presented in this report are related to many elements of current
civil and military space policy and should be of interest to QSTP and OMB offi-
cials in oversight and policy positions. Additionally, it is hoped thal the report
will serve as a useflul reference for DoD and NASA program olficials charged
with streamlining future missions. Some aspects of the discussion related to
technology programs might also be of interest to NASA managers responsible
for the new systems needed to meet future seientific requirements. Finally, it is
hoped that the analysis could assist officials challenged with creating metrics
for Federal research and development programs.
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Small spacecralt have evolved 1o hecome 4 key element of the civil space pro-
gram. In the wake ol Federal budget reductions, civil and military space pro-
grams have had to downsize. Small spacecrall are an important means of
maintaining scientifically viable programs within these righter budgets. Within
NASA, small programs also substantiate the “lasler, better, cheaper” manage-
ment and design strategies created in response to the National Performance
Review.

The need to reduce mission cost is certainly a prime driver in the shift to small,
scientific spacecraft, but there are other factors:

* lLarge missions were often taking too long te complete and were often con-
sidered unresponsive to the needs of the carth and space-science commu-
nities,!

¢ New miniature technologies have enabled smaller, more capable spacecrafl
to be constructed.

» The loss of large, expensive spacecraft, such as the Mars Observer,
prompled a desire to spread mission risks.

It is also important to note that NASA’s shift to small spacecraft is, more cor-
rectly, a return to a design philosophy {argely abandoned as spacccralt size and
complexity grew in proportion (o expanding science requirements and the lift
capacity of new, larger boosters. NASA's new small spacecraft rely on advanced
technology more than their predecessors did, allowing them, in many cases, to
return a surprising amount of scientific data. Typically, these missions lake un-
der three years to develop and cost, on average, $145 million.”

T8imall spacecraft began to plav a renewed role in NASA's mission portfulio before the agency's
space-seience budget began to decline in Fiscal Year 1992 (FY4921. Their re-emergence was largely
based on demands from the science communiry for NASA to build spacecraft mare quickly.

?Based on data compiled during this study.



xiv The Cesmns an a Shoestring

As the recent Mars Pathlinder mission apily demonstrates, small spacecralt are
capable explorers, able to pursue important scientific objectives while still
capturing the imagination of the American public.

OBJECTIVLS OF THE STUDY

Small spacecrafi will likely play an increasingly important role in both the mili-
tary, civil, and commercial space programs. One-quarter of NASA's current in-
vestment in space and carth science is spent on small programs, an amount
certain Lo increase as larger programs, now under development, conclude.
Within Dol), the Air Force, the Navy, and the National Reconnaissance Office
arce exploring ways to shift assets to smaller platforms thal can be deployed
more rapidly al lower cost.

As small spacecraft play a more central role in national space policy, it is impor-
tant that decisionmakers undersiand the dynamics of smaller programs and
maintain realistic expectarions of their potentials. Developments related to
small programs also offer new options in terms of policy formulation and im-
plementation. With these thoughts in mind, OSTP and OMB asked RAND 10
undertake a study of small programs with three objectives:

1. Te inform policvmakers regarding the shift to small spacecraft within the
civil space program, Specilically, QSTP and OMB requested that RAND ad-
dress [our questions:

» What roles are small spacecraft currently plaving in the civil space pro-
gramé

s Whal strategies have proven especially effective in reducing cost and in-
creasing performance of small spacecraft?

«  What role does advanced technology play in the process of building small

spacecraft?

s Tlow should government evaluate civil small spacecraft programs 1o en-
sure that objecrives are mel cost effectively?

2, To identify issues related to NASA’s increased reliance on siall spacecraft.

3. To provide policy and program-level recommendations based on the re-
search conducted during the study.

Ixamining small spacecraft programs required a muliidisciplinary approach
and the study of many dimensions of NASA's programs. RANID's muethodology
was to rely heavily on closce interactions with the NASA offices responsible for
conducting space research and the many supporling offices that develop tech-
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nology and assist in the process of building and testing spacecraft. There were
many visits 1o contractor facilities (o review development practices. To help
gauge NASA's currently methods, a set of representative small spacecraft mis-
sions was sclected. Technical data were secured directly from the program of-
lice responsible for each of the missions studied. NASA Headquarters” Office of
the Chief I'inancial Gfficer suppiied the cost data. Phone survevs helped o an-
swer specific technical and cost gquestions. At the midpoint of the study, a
workshop was conducted at the RAND offices in Washington, to which engi-
neers and managers from NASA, DoD, industry, and academia were invited.
Because the study’s scope was extensive, a large portion of the analysis and
many ol the conclusions and recommendations are relevant to NASA's pro-
grams in the broadest sense.

STUDY FINDINGS—UNDERSTANDING THE SHIFT TO SMALLER
SPACECRAFT

Based on the initial questions from OSTP and OMB, the study undertook a
comprehensive review of practices refated to the management and engineering
of small spacecraft. While these findings are drawn from a review of small civil
spacecralt, they may provide useful insights into similar programs being devel-
oped in the military and commercial space sectors.

The Role of Small Spacecraft

NASA's current generation of small spaceeraft is capable of impressive levels of
performance. Small spacecraft fulfill imporrant roles in earth science, astro-
physics, space physics, and planetary science. Yet, despite performance im-
pravemernts, they cannot, and were not intended to, produce a science program
equal in conlent to past programs, Ratber than replace their larger counter-
parls, small spacecrafi currently exploit opportunities that have been identificd
hy previous missions, perform focused invesligations, and serve in a precursor
Tole.

There is no single class of small spacecraft. They range from relatively simple
spacecraft, represented by those built by university students and the amateur
radio satellite community, (o spacecrafl that rival the complexity of their larger
counterparts. Clearly, these smaller spacecralt can be builr in less time than it
takes to build a large one. Less material and engineering time are required,
launch systems are srmaller and less costly, and they cost less to operate. [nan
absolute sense, smail spacecraft are “cheaper.” In a relative sense, however,
they are gencrally more expensive for three reasons:
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* To meel the objectives of science, they remain complex, often costing ap-
preciably more per kilogram than larger spacecraft.?

* There is an economy of scale in the launch market
gram to launch smaller spacecraft.

it costs more per kilo-

* A greater degree of risk has been telerated in the development and upera-
tion of small spacecrafl, so invested [unds are exposed to a higher potential
for failure,

Small spacecraft are, therefore, currently premium items in the inventory of
space science missions. The small spacecraft cconomy could change substan-
tially, however, il performance continues to increase while development costs
drop. This underscores the importance of continuous refinement in spacecraft
design and development practices and advanced, high-performance technel-
ogy. Both developments allow spacecraft to be built less expensively while
achieving higher levels of performance, Tt is indeed possible that the capabili-
ties of small spacecraft could improve to the point where they support the bulk
of future mission requirements, making them highly cost-effective instruments
of exploration.

Cost and Performance of Small Spacecraft

NASA has been challenged with crafting a program that continues to produce
meaningful science within the constraints ol the available budget. To accom-
plish this goal, the agency has signilicantly reordered internal priorities, focus-
ing on mission performance and cost. This change in focus can be viewed as a
shift from scientific excellence alone to a broader objective: mission excellence.
Previously, the requirements of science had been the overwhelming driver in
mission design. Today, science, cost, and technical requirements carry more or
less equal weight. This shift was necessitated by the fact that simply limiting
the size of missions, in response to tighter budgets, would not ensurc a scientif-
ically viable program. NASA has been driven to build highly capable, smaller
spacecrafl and, in the process of doing so, to improve its own cfliciency. ‘This
broader appreach 1o mission excellence has reduced the cost of spacecralt
missions, of any size, by approximately 20 percent.

To achieve lower cost and beller performance, NASA has relied more heavily on
a maturing commercial sector for the building ol spacecrafl and on the science
community for the management of missions. Over the past 39 vears, NASA;

35mall planetary spacecrall are an important exception- recent missions are costing less pee kila-
gram than their predecessars, NASA also sponsors a limited number of simple, inexpensive space-
cralt bulft by university researchers.



Summary  xvii

DaoD; the private sector; and a host of [ureign, university, and amateur builders
have built an extraordinary variety of spacecraft. As & result, the skills and re-
sources required to build a spacecraft have proliferated widely. What was an
experimental activity has matured into a market economy for space systems.
Today, for cxample, a commodity market in high-performance systems and
components, such as Global Positioning System (GPS)-based guidance pack-
ages and mass-memory devices, provides engineers with many more oppor-
tunilies to procure equipment instread of building custom components. Signifi-
cant, Lo, is the proliferation of small communication satellites, which expands
the available inventory of components and subsystems, many of which meet
the requirements ol science spacecraft. The markeiplace includes entire space-
craft buses {the portion of the spacecrafl that provides power, communications,
and other operating resources) to which instruments can be added to complete
a mission at considerably lower cost than a custom design. Not all of NASA's
missions can pursue such an oplion, and commercial systems are not always
the most cost-effective solution, but an expanding supply of commercial
equipment is a clear trend in the development of space systems. The growing
commercial marketptace also brings with it mass-production product reliabil-
ity.

NASA's management roles are also changing. The agency has revitalized and
streamlined its Announcement of Opportunity (AQ} process, which caps mis-
sion costs and invites development of spacecraft under fixed-price or perfor-
mance-based contracts. Management of NASA’s science missions is increas-
ingly handled by a competitive selection of a Principal Investigator (P1). Under
Pl-mode management, the investigator is responsible for planning and imple-
menting the mission and for delivering scientific results,

The Role of Advanced Technology

While size does nol imply a demand [or new systems, there is a close relation-
ship between small spacecrafl and technology programs. Shorter development
timelines allow small spacecraft Lo approach the state of the arl more closcly
than was possible on larger missions that took years to develop. Spacecraft
builders have also perceived a higher tolerance of risk on small missions
{which, in [act, may he discordant with national policy interests) and have ap-
proached nontraditionally the use of new designs. Most importantly, however,
new technology is necessary to meet science requirements that continue to be
ambirious,

The need to integrate new, high-performance technology presents the program
managers with a dilemma. New technologies often carry with them significant
cost and schedule risks, making them difficult to manage within the framework
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ol small programs operating with very little reserve. The need to mature tech-
nology more rapidly and more thoroughly has led NASA 1o (1) amplily efforts to
plan and coordinate lechnology programs and (2) rely more heavily on mis-
sions dedicated to demonstrating new technologies in arbit.

NASA spends approximaltely 2 percent of its annual budget on spacecraft tech-
nology programs. The need (o maximize rerurns from this modest investment
underscores the importance of NASA's lechnology planning process. Past re-
views of NASA's technology plans have criticized agency practices. Inresponse,
the agency produced the 1992 Integrated Technology Plan (ITP). While the I'TP
attempted to coordinate technology projects centrally, many elements of a plan
were missing: a clear methodology lor managing technology development, a
clear tie hetween technology projects and fulure mission requirements, and a
means of evaluating success and failure. To clevate the importance of technol-
ogy planning, NASA disbanded the Office of $pace and Advanced 1Technology
(OSAL} in 1996, placing responsibility for the planning of all spacecraft technol-
ogy programs under a new Office of Technology {017 within the Olfice of the
Administrator. A central objective of this realignment was to refine and reissue
the [TR.

Many factors complicate the task of preparing an integrared plan. Perhaps the
most impartant challenge NASA faces is the fact that the agency has tradition-
ally had a dual mandate: to conduct science and develop technology, This
duality has spawned sceparate cultures within the agency.  Mission-oriented
groups are closcly aligned with, and responsive to, in-house spacecralt builders,
These groups supply important incremenrtal advances. Research-oriented
groups have not been associated directly with flight programs unless a specific
technology was being tested. Yet their basic research orientation has supplied
some of the more revolutionary advances in spacecraft sysiemns,

Bevond the planning ol new technology is the need to reduce the cost, sched-
ule, and echnical risks of using a new design.  The performance ol a new de-
sign can usually be adeguately evaluared using low-cost, ground-based ap-
proaches. Occasionally, however, a new technology must be tesied in space,
and scveral low-cost test methods are available. These methods have proven
successlul, and nrew technology has traditionally not been the source of mission
failure. NASA does exploit low-cost options. Today, however, the agency relies
heavily on dedicaled technology-demonstrator spacecralt. The cost of these
demonstrators, such as the New Millennium series, can exceed the cost of small
science missions. In FYY6, nearly one-third of NASA's annual $1 billion invest-
ment in small missions was used to construct lechnology demonstlrator space-
craft. This level of investment reflects a helief within the agency that revelu-
tinnary technology is urgently needed to cstablish smail spacecraft as mainline
research platforms.
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Performance Measurement

The key issuc in terms of evaluating small spacecraft programs is formulating a
response to the requirements of the 1993 Government Performance and Results
Act (GPRA). Agencies must prepare both strategic and performance plans Lo
comply with GPRA. NASA’s Mission to Planet Farth and Space Science enter-
prises both maintain detailed strategic plans; performance plans are, however,
more challenging. Spacecrafl programs have components that are basic re-
scarch, applied research, technology development, and production engineer-
ing, cach with clements thal are quantifiable and nonguantifiable. This sug-
gests @ hybrid performance plan in response to GPRA requirements.

NASA has taken significant steps toward improved accountability and perfor-
mance measurement. The various small spacecrafl programs evaluated in this
study were, for example, readily able to provide mission cost data with a high
degree of confidence, New full-cost accounting methods will likely further in-
crease the aceuracy of budget reporting. In terms of technicat performance, (he
study found thatr NASA has an assortment of useful measures with which to re-
port programmatic and scientific perlormance. Assessment of risk, however, is
missing from the field of performance measurement.

Program evaluations are most valid when they include measurements of per-
formance, cost, and risk. Commercial firms assess progress by measuring pro-
duction cost, performance outputs, and product quality or reliability, The
symmetric measurement of these parameters is very important, since cost or
performance improvements could be offset by decreased reliability. While
NASA has the means to measure cost and performance with accuracy, an
equivalent melric for risk is needed.

The shift Lo small spaccceraft within NASA brings with it a change in how risk is
treated. Past missions practiced risk avoidance and expended a significant por-
tion ol mission funds eliminating potential sources of failure. Today’s smaller
missions cannot afford elaborate risk avoidance practices and have instead
shifled to a managed risk approach.® While minimized to the greatest exlent
practical, the risks associated with the current generation of small spacecraft
are generally acknowledged to be higher. A significant source of this increased
risk is associated with launch, since small launchers have yel to demonstrate
levels of reliability achieved by larger, mature systems.

*Managed risk means treating failure probabilities simply as znother engineering variable in the
pracess of building spacecraft. It marks a departure from earlier risk avoidance strateyies, in which
spending and level of visk reduction were often not correlated.
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Risk is not usually regarded as a performance measurement variable and is not
easy {o calculate, Shifting to a managed risk approach, however, requires that
NASA place a greater emphasis on risk measurement. The Office of Salety and
Mission Assurance {OSMA) has been refining quantitative methods of measur-
ing risk that are easier 10 use, Although geared to supparting the engineering
function, these measurement techniques could have broader application.

An improved ability to calculate risk supports effurts to measure performance,
while also providing a mechanism for communicating risk. It is, therefore,
possible for policymakers to contemplate using risk reduction as a goal for the
civil space program,

The refinement of risk measurement techniques would likely take some time.
In the interim, NASA's measurement of spacecraft reliability could serve as an
important measure of technical capability. The reliability of scientific space-
craft has improved steadily, Failures, when they do cccur, are generally less se-
vere, and spacecraft are living well beyond initial design points. This is an
achievement for which NASA does not now receive recognition. Several long-
term technical trends indicate that the reliability of spacecraft could increase
considerably further;

* Knowledge of failure mechanisms is expanding rapidly.

s Procedures used to test space systems are more aceurate.

s Component and subsysiem reliabitivy is rapidly improving.
-

Design processes are more robust.

The polentiat for signilicant improvements in the reliability of space systems
reinforces the notion that it could be uscful as a performance indicator.

KEY ISSUES

The research conducted during this study identified several issuces that are rele-
vant not only ta the continued development ol small spacecraft bul also to im-
proving the performance of NASA’s missions. Some of these issues relate di-
rectly to marters of national policy. Most of these issues, however, related to
how missions are managed and evaluated within NASA. The discussion that
follows summarizes these issues, then provides recommendations (hat could

help deal with these issues.
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National Policy

Profound change has swepl through NASA programs in recent years. While the
changes were designed (o improve the ability of the agency to conduct cost-
effective science investigations, the study noted several emerging issues.

[n rerms ol budget, there are some indications that NASA's small spacecraft are
operating at a limit in terms of supporting the requirements of the science
community. NASA’s scienlilic advisory boards have expressed concern that
further crosion of investments in science missions would threaten the ability of
programs Lo retain world-class researchers.  Of particular concern are the
planctary sciences, in which funding constraints have significantly reduced
mission capabilities. Future Mars missions, for example, may not be suffi-
ciently funded to carry adequate instrumentation. RAND workshop partici-
pants underscored the importance ol allowing the science communnity to spec-
ity appropriately sized programs, optimized to return the grealest amount of
darta that can be generated within the available budget.

Anather issue of importance to national space policy, related to the shift to
smaller spacecrall, is the agency's changing role as a builder ol space sysiems,
Following the directives of the National Space Policy, NASA is mandaled to de-
velop spacecraft only when the unique technical capabilities of a field center
are required. As the space markelplace has matured, NASA has enjoved more-
frequent vpportunities to turn to the private and university scctors to build
spacecrafl. Under PI-mode management, NASA 1s also outsourcing the man-
agement function, Increasingly, NASA is no longer a huilder or manager of
spacecraft programs.

NASA scientists and spacecraft-development reams must compete in this envi-
ronment. It could prove difficult for government spacecraft teams to compete,
however, as full-cost accounting procedures take effect. The shift to full-cost
accounting could raise the historical cost of huilding a spacecraft in house by as
much as 40 percent,

Streamilined AQs and the reliance on Pl-mode management have helped NASA
respond Lo Federal budgel reductions, bur the agency's core competencies
could crode as a result. NASA operates extensive spacecraft design and test fa-
cilitics and is an important source of training for young engineers and man-
agers. Staff reductions reflect the reduced requirements of smaller missions,
but the magnitude of change suggests that functional realignments within the
agency might be needed. The desire of policymakers to reduce costs and en-
surc program effectiveness should be halanced against a need to redetfine, pro-
Llect, and strengthen NASA's core competencies and the pursuit of mission
excellence.
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Arelated issue is preserving program integrity in small spacecraft programs that
are managed al the lean limit. Efforts to reduce spending and improve the
performance of small spacecraft programs have proven effective. There are,
however, indications that program integrity is being threatened by lean operat-
ing margins. Some small spacecraft builders feel they must overstress devel-
opment teams to meet aggressive cost and schedule targets. In some cases, this
has resulted in the loss of key personnel, a significant factor for smaller teams.
The risk ol tosing valuahte managers and enginceers for the limired profits asso-
clated with building a small spacecraft could also cause private firms to forgo
cumpeting on furure development contracts. Tight schedules and lean aperat-
ing budgets can also increase risk, although increased lailure potentials are
rarcly calculated. Tn many cases, resources are also insufficient to document
lessons learned, 1o train new personnel adequately, or to invest in new capital
equipmeni. Options o further streamline programs should not overlook the
long-term value of maintaining a strong and capable supporting infrastructure.

Technology Planning and Implementation

NASA has placed a great deal of attention on accelerating the development of
the advanced systems necded to improve the performance of small spacecrafl.
Mowever, two important issuces related 1o NASA's space technology program
remain: (1) the effectiveness of the I'TP and (2) the cost-benelit ratio of the in-
vestmenl being made in technology demonstrator missions.

Creating the [TP requires NASA to conjoin several other technology planning
ctforts. The authority of the ITP over these various programs is not clear,
Technology planning oceurs within several program olfices and at various field
center locations. T'o be fully integrated, the I'TP must assimilate or coordinate
these efforts, in turn implying a high degree of trust between those building
spacecraft and those developing technology. NASA has created an internal con-
tract structure 1o ensure that technology, planned within the framework of the
ITP, will be ready when needed. For such a contract to work, however, an as-
surance is needed that the technigues and 1erminology used 1o measure and
describe the readiness of a new design are common to hoth technologists and
the spacecraft builder. ITere, the I'TP could potentially rely on the expericence of
05MA to provide this assurance.

The level of NASA's investment in technology demonstratar missions may be
excessive in terms of polential rerurns and the agency’s mission. Both NASA
and DoD utilize demonstrator spacecraft, bul they have different objectives
regarding their use and different implementation strategies. NASA secks to
prepare technology tor use on future single-purpose science missions, Military
demonstrator missions are imporrant precursors to operational nelworks, such
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as GPS and Milstar. These networks represent multivear, multl -billion-dallar
investments that support critical national security requirements. In general,
military flight demonstrators are low-cost endeavors, atlempting to test the
capabilities and operation of a single echnology. On the other hand, NASA’s
dedicated demonstrator spacecrafl are copsiderably more ambitious
undertakings. Signilicant cost and schedule risk is associated with these
missions, since several new echnologies are usually incorporated into the
spacecralt.

NASA’s demonstrator missions also seek to test new technology in actual mis-
sion environments, thus overcoming potential resistance [rom scientists con-
cerning future use. Yet the space environment is being characterized with
grealer accuracy so that performance of a technology in a given environment
can be predicted with higher confidence. It is also difficult o extrapolate expe-
riences with a new technology from one environment (for example, the envi-
ranment in near-Earth orbit) 1o another (the environment encountered by a
deep-space mission).

Investments in dedicated rechnology-demonstrator missions should be bal-
anced against both verified scientific need and gains thal could acerue from ex-
panding the base of fundamental research and technology programs. In estab-
lishing this balance, it is important that the risks these missions are designed to
retire are real and not simply perceived. Requirements for these missions
should be generated [rom within NASA’s TP, which, in turn, should apply risk
assessments based upon actual flight failure and performance data.

Perhaps the best way (o assess the effectiveness of both NASA’s ITP and the role
of demonstrator spacecrafl would be a mare tharough review process. Past re-
views of NASA's space technology programs could be regarded as insular. Proj-
ects were reviewed, bul the review process itself was largely internalized. The
1990 Augustine Committee recommended that technology funds be allocated
based on a review by experts outside of NASA. RAND workshop participants
were unanimous in their agreement with this recommendation, To support
such a review, the [TP must contain cost, schedule, and perlormance data for
the myriad of technology projects that NASA sponsors, Demonstrator missions
would have to be closely Ued to the requirements contained within the TTP, and
data would need 1o be provided to support the necessary cost-benelit analyses.

Measuring and Reducing Risk

Since the inception ol the space program, success in space has bolstered na-
tional prestige and international perceptions ol U.S, rechnological prowess.
Space missions, even small ones, also represent a significant investment of Fed-
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eral resources. 1he risks associaled with space mission are, therefure, a matter
of national importance.

At issue is maintaining the paltern of success associated with NASA’s space-sci-
ence program. While the study lound that, historically, science spacecralt have
demonstrated increasing reliability, this trend might not continue with the cur-
rent generation of small spacecraft.> A consequence of the shift to managed
risk is a greater potential for failure. lLess money is generally available Lo
smaller programs to test spacecraft functions and operalional procedures prior
to launch. Small spacecraft are also generally less robust, Consequently,
policymakers should anticipate that lailures will occur more [requently than in
the past.

This observation highlights the importance of NASA's research in the area of
high-reliability systems. Efforts 1o reduce the potential for failure by applying
more-reliable components, better testing, and advanced design techniques
should receive greater attention,

Measuring Performance

As noled above, the risks associated with NASA's space-science missions are a
maltier ol national importance. Yet the communication of risk between NASA
and policymakers occurs only on rare occasion.®

The policymaker can no fonger assure that risks are being minimized and
should be aware of the jevel ol risk reduction thar is being achieved with avail-
able funds. NASA’s new managed-risk strategy carries with it both a need and
an opportunity 1o communicate risk inlormarion more effectively. The com-
munication of risk between NASA and the policymaker could take a form similar
to an investnent portfolio. This would require benchmarking current pro-
grams and cvalualing future progress.

RECOMMENDATIONS

Small spacecraft will remain an important clement of the space program for the
foresceahle future. The potential exists for a renaissance in our understanding
of the carth and space within the confines of a limited budget. Based on the

SOne notable exception in the trend toward higher reliability is the performance of mechanical
systems, Mochanical devices are a source of significant failures and warrant special attention in the
effort to improve performance.

BThe health-and-sufety aspects of launching a spaceeralt carrying a radioactive power source, lor
example, reqguire formal communication uf risk, since launch approval is required from the Office of
the President of the Unired States.
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questions that framed the study, the recommendartions can be divided into four
categories: civil space-policy objectlives, performance improvement, improving
technology planning and implementation, and measuring performance.

Civil Space Policy Objectives

s  Establish a goal within the National Space Policy calling [or NASA to pursue
mission excellence in the design and development of science spacecraft,
This goal would formally recognize the important role that the agency plavs
in improving the performance of space systems, which, in turn, strengthens
our leadership in both the military and commercial space sectors.

=« Conduct a review of NASA roles and missions in relation to a malure com-
mercial space secior, This review should seck to identify NASA's unique
strengths and capabilities in the arcas of technology development and
spacecraft design, development, and operations. Tt should also clearly
identify the functions that must be retained and reinforced in regard to
agency core competencies.

Improving Technology Planning and Implementation

» Firmly establish the ITP as NASA's focal point fer the coordination of all in-
strument, spacecraft, and ground-system technelogy initiatives. Merge
current spacecraft technology-development programs under the umbrella
of the I'TP. Within the TP, create guidelines that establish a balance be-
tween basic research and nearer-term development projects.

* Asasupplement Lo the I'TP, prepare an annual report for instrument and
spacecraft research and development projects. this report should include
budgets (past, current, and projected spending), milestone schedules, and
performance benchmarks.

+ [nitiate requirements lor fulure technology flight-demonstrator missions
from within the framework of NASA’s [TP. The definition of these missions
should emerge from a process that validates that flight in space is the only
method of adequately reliring the risk of using a new technology. Addi-
tionally, this process should validate that technology demonstration is be-
ing pursued by the most cost-effective meuns.

o Evaluate the use of incentive awards to spacecraft development teams for
advanced technologies that can be matured, documented, and prepared for
transfer to ather spacecraft developments and/or terrestrial applications.

* T[xamine the potential for integrating the product assurance fanction into
the technology planning and implementation process. The goal of this ex-
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amination would be (o evaluate whether product assurance engineers can
assist technologists to prepare their products in a form most readily inte-
grated by the end uscer, the instrumeni or spacecraft designer.

Forge more cooperative alliances within the spacecralt-development com-
munity. {onsider broader application of the partnership model the New
Millennium Program created between science leams and developers of ad-
vanced technologies,

Risk Measurement and Reduction

Increase funding for efforts to mature quantitative measurement of risk and
reliability. New risk measurement technigues should be designed to sup-
port not only the technical management of missions but also the need for
NASA program offices to comumunicate risks to the policymakers.

Direct additional funds (o research in high-reliability space systems and to
the study of lailure analysis, new test practices, and advanced design pro-
cesses. Additionally, augment funding for test and evaluation of high-reli-
ahility mechanical systems for small spaceeralt,

Measuring Performance

Apply relative measurementis of reliability within the earth- and space-sci-
ence portfolios 1o monitor process improvement. Alsa, apply these mea-
sures (a) to communicate overall program risk between NASA and policy
offices and (b) to distribute reserves within the programs.

Lormalize NASA's process improvement by benchmarking current space-
cralt programs in terms of spacecraft cost, performance, and reliability and
relate progress in terms of the change of these paramelers within the carth-
and space-science portlolios.

Create a tormal review process [or the FI'P. The review should involve se-
nior technologists as peers. It should also include individuats who usc
spacce technology—mission scientists, who rely on rechnology to meet fu-
lure requirements, and spacecraft designers, who must integrale new sys-
tems. The resulting user-peer review process should also involve exlernal,
unbiased agents, who can dispassionately assess the merits of the agency's
progress on these programs. Peer review results should be reported annu-
ally in the [TP report supplement.
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Chapter One
INTRODUCTION

In an era of limited resources, government is depending more heavily on small
spaccecraft to attain important civil and military space goals. Each of the
National Acronautics and Space Administration’s (NASA's) science disciplines
has at least once program dedicated to small spacecraft development. The agen-
cy’s technology programs are also shifting to initiatives to develop systems and
subsystems gearcd to smaller spacecraft. The Air Force, Navy, and the National
Reconnaissance Office are all exploring ways to shift assets to smaller platforms
that can be deployed more rapidly at lower cost.

A DBepartment of Defense (DoD) decision ta meet operational needs with
smaller spacecraft will be based on the military’s 30-year reliance on small
spacecrafl for advanced lechnology demonstration. NASA’s shift (o small
spacecradt, on the other hand, is actually a return o a design philosophy largely
abandoned as spacecraft size and complexity grew in proportion to an expand-
ing sel of science requiremenrs.

The small spacecrafl phenomenon is attributed (o shrinking Federal budgets
and broad-based efforts to streamline government programs. Within NASA,
small pregrams are considered hallimarks of a “laster, belier, cheaper” philoso-
phy, substantiation that more can indeed be done with less. In the course of
this research, however, it became clear that other factors have also driven the
shift to smaller platforms. New miniature technologies have, for example, en-
abled construction of smaller spacecraft. 1arge missions were often taking too
long to complete and proving unresponsive to the needs of the space-science
community. Major losses, such as the Mars Ohserver spacecraft, have also
caused program managers Lo recvaluate risk and the wisdom of relying on sin-
gle, large spacecraft. These and other factors are important contributors to the
emergence of small spacecrafl.

This report provides a review of current trends in small spacecraft development
and analvzes the effects of new strategies aimed at reducing cost and increasing
spacecraft perlormance. This report also examines the role of technology and
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the process by which advanced systems arc matured for use in small spacecraft.
It sugges(s same reasonable expectations for future small spacecraft missions
and provides thoughts for improving the way spacecraft development and
technology programs can be better linked.

SMALL SPACECRAFT DEFINED

There is no official definition of a small satellite. Various studies have set differ-
ent mass definitions. A recent textbook (Werty and Larson, 1996) delines a
small satellite as having a dry mass under 400 kg. The Center for Satellite Engi-
neering Research at the University of Surrey, England defines a “mini” satcllite
as heing belween 100 and 500 kg, Other terms have been used to describe small
spacecralt, such as Lighisat and Cheapsat. The term of choice depends largely
upon the perspective of the developer. The Radio Amateur Satellite Corpora-
tion {AMSAT} might, {or example, consider a 500-kg spacecraft huge.

For the purpoesc ol this study, small spacecraft have been deflined as those with
a dry mass ol less than approximately 500 kg, Using mass as a descriptor is
somewhat misleading in that it fails to distinguish spacecraft. Tt is possible, for
example, to conceive of a program with a small budget thal produces a heavy
spacecralt. Conversely, one could imagine a relatively lightweight spacecraft
with a high development cost.! In practice, however, the 500-kg definition does
a goud job of focusing the study on programs that have pursued low-cost
opticns, in terms of spacecraft development, management, and operations. In
the body ol this report, therefore the term small spacecrafl is sometimes used
interchangeably with small programs.

BACKGROUND

The first spacecraft launched into space were small. The Pioneer and early
Explorer satellites were simple, inexpensive designs built to answer basic ques-
tions about the earth and near space. As knowledge and booster capahility
expanded, so o did the size and complexity of spacecralt. In the 705 and 80s,
major rescarch spacecraft grew to cost more than $1 billion and take nearly a
decade to develop.?

ENASA's Gravity Probe B [GP-B s an example of & spacrerafr with a development cost dispropor-
tanate Lo its welght, GP-B s pressing boyond the state of the art in such arcas as precision gyre-
seapes and cryogenic systems. Projected to cost in excess of 32.6 billiun, the GI*.13 spacecraft is
three times as expensive, o terins of dollars per kilograr, thao the small spacecralt reviewed in this
study.

250me examples arc the Compton Gamma Hay Observatory (CGROG, which took 8 years and cost
$0.8 billion, Viking 7 vears and $1.2 billiorg, and the Hubble Space Telescope (1IST) (13 years and
$1.53 billion}, aceording ro NASA budge data.
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Today, a confluence of technical, political, and economic factors urges smaller,
more [ocused spacecraft programs. The new small spacecraft are, however, a
far cry from the pathfinder missions of the late 50s and early 60s, These new
missions rely on advanced technology (higher performance syslems and com-
poncnts that have not previously flown in space) far more than their predeces-
s0rs. In some cases, advanced systems are allowing small spacecraft to return a
surprising amount ol scienlific data. The time required o develop science
spacecrafl has also dropped to approximately three vears, with an average mis-
sion cost of $145 million.* On the horizon, armadas of small spacecraft could
create a virtual human presence in the solar system.*

Commercial firms are also proliferating small communication satellites in low
earth orbit {LEQ} to provide unprecedented global network services.® Gov-
ernment spacecraft programs are expected o benefit from the large private-
sector investment in new systems, components, and production techniques.

STUDY PURPOSE

As small spacecralt play 1 more central role in national space policy, itis impor-
tant that decisionmakers understand the dynamics of smaller programs and
maintain realistic expectations of their potentials. Developments related to
small programs also offer new options in terms of policy formulation and
implementation. With these thoughts in mind, the Office of Science and Tech-
nology Policy (OSTP) and the Olfice of Management and Budget (OMB) asked
RAND o undertake a study of small programs with three objectives:

1. Te inform policymakers regarding (he shilt to small spacecraft within the
civil space program, Specifically, OSTP and OMDB requested that RAND
address four questions;

«  What roles are small spacecrafl currently plaving in the civil space pro-
grame

e Whal straiegics have proven especially effective in reducing cost and
increasing performance of small spacecraf(?

These avergges are based on an analysis of 12 NASA space-science spacecralt in the New Mil-
lennium, Discovery, Surveyor, and Lxplorer serles. Data were provided to TANTY by the respective
NASA program offices. See Appendix A,

TRemarks of the resident’s Seience Advisor, Dr, Juohn H, (GGibbons, ar the Wernher von Braun
Lecture, Natiomal Air and Space Museum, Washington, 00, March 22, 19495,

TThe Motorols Iridium system alone will deploy aver 80 satellites in less than two vears, The
Iridium spacecraft, hased on the Lockheed Martin E3 700 bus, is an example of a coanmercial small
spacecraft that can be built in less than 22 days, An estimated 200 cowmmercial small spacecraft will
b i orbit by the year 2000.
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e  Whal role does advanced technology play in the process of building small
spacecrafr?

*» How should government evaluate civil small spacecrafl programs o
ensure that objectives are mel cost effectively?

2. Toidentify issues related to NASA’s increased reliance on small spacecrafl.

3. To provide pelicy and program-level recommendations hased on the
research conducted during the study,

I'xamining small spacecrafl programs required a multidisciplinary approach
and the study of many dimensions of NASA's programs. RANTY's methodology
was to rely heavily on close interactions with the NASA offices responsible Tor
conducting space rescarch and the many supporting offices that develop tech-
nology and assist in the process of building and testing spacecralt. There were
many visits to contractor facilities 1o review development practices. To help
gauge NASA's currently methods, a set of representative small spacecraft mis-
sions was selected. Technical data were secured directly from the program of-
lice responsible for cach of the missions studied. NASA Headquarters’ Office of
the Chief Financial Officer supplicd the cost data. Phone surveys helped 1o
answer specilic technical and cost questions. At the midpoint of the study, a
workshop was conducted at the RAND offices in Washington, to which engi-
neers and managers fram NASA, DoD), industry, and academia were invited.
Because the study’s scope was extensive, a large portion of the analysis and
many of the conclusions and recommendations are relevant to NASA’s pro-
grarus in the broadest sense.

The study identifies major issues regarding the cost and performance of small
spacecraft missions, reviews the status of technology planning related 1o these
missions, analyzes spacecraft risk and reliability, and suggests strategies [or
measuring mission performance. Future development trends are also
reviewed. Assessing the faclors that affect small civil spacecrafl may provide
usclul insights into similar programs being developed in the military space
sector.

APPROACH AND METHODOLOGY

To provide a basis for analysis, the study set out to acquire detailed cost and
technical data for a variety of small spacecralt. The missions included in this
sct were

s Discovery: NEAR and Mars Pathfinder

= Explorer: SMEX SWAS and TRACE, and MIDEX MAP
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«  New Millennium: [DS1 and EQ
»  S5TE Tewis and Clark
*  Survevor: MGS, Mars 98 (Lander and Qrhiter)

+  Clementine.

These missions represent a cross section of NASA's scientific disciplines and a
diverse sct of design approaches. Some ol these spacecraft have already been
built and flown; others are still in development. This allowed evolving methods
of building and managing programs to be evaluated. Since the mission set
included spacecraft built by large and small companies, as well as by NASA's
Goddard Space Flight Center (GSFC) and Jet Propulsion Laboratory (JPL), or-
ganizational factors could be studied, With the exception of Clementine, the
mission set contained only NASA spacecraft. Clemenltine, a Dol) mission de-
signed to test military technologies, was included because ol its sirong scientific
content and objective to test Jow-cost design and production techniques. The
SAMPEX mission, an carly example of NASA's return to small spacecraft, was
studied but notincluded in the cost analysis. This was due (o the heavy invest-
ment that NASA made in SAMPEX as a precursor to follow-on small spacecraft,
a factor that would have skewed the cost analysis.

The average dry mass of spacecrafl in this mission sel was slightly less than 500
kg, To complement the cost data set, a review was conducled of approaches
cach spacecralt developer took, along with an analysis of the requirements es-
tablished for cach mission.

Although the study locused on civil space missions, several unclassified military
programs were reviewed for comparative purposes and (o ifluminate key
aspects of the rescarch.b Some larger NASA missions were also reviewed to gain
an understanding of the similarities and differences of smaller programs.

The study plan called for an interim workshop. This workshop, entitled “Trends
in Development of Small Satellites,” was conducted on August 23 and 24, 1996,
al RANDY's Washington Oflice. Participants came from OSTP, OMB, NASA, the
Alr Forcee, industry, and academia (o discuss some ol the maost recent develop-
ments in small spacecrafl programs openly. Throughout this report, workshop
results are introduced whenever a consensus of the parlicipants was reached.
Since the workshop was conducted withoul atrribution, organizational per-
spectives are not provided.

BT hese missions included the Miniawee Sensar Technology Integration (MSTI) serir’.s,_the Space
Test Experiment Program (STEF) series, the Radiation Experiment (REX]), and the Radar Calibration
TRADCALY mission.
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ORGANIZATION OF THE REPORT

This report is structured to answer each of the four study questions in turn. Tt
contains five lechnical chapters and a final chapter containing conclusions and
recommendations.

Chapter Two provides an overview of the cost of small spacecralt missions and
their ability to meet challenging scientific requirements. A summary of the cost
and technical data gathered and prepared during the course of this study is pre-
sentfed in Appendix A.

Chapter Three investligates the many efforts that have been devoted to building
less expensive, more capahle spacecralt,

Chapter Four takes a detailed look at the role of advanced technology, as well as
NASA efforts to speed the process of maturing and integrating new systems and
components.

Process improvement and risk were found to be important aspects of improving
perforniance and reducing the cost of space missions. Chapter Five focuses on
process improvement and cxamines the important role it might play in reduc-
ing mission risk, Chapter Five also briefly describes four key technical trends
thal are especially relevant in terms of the next generation of small spacecraft,
A detailed discussion of each of these trends can be found in Appendixes B
through F,

Chapier Six addresses the complex issue of measuring mission perfurmance.
Finaily, study conclusions and recommendations are provided in Chapter
Seven. Spacecraft programs are making extensive usc ol the [nternet lor infor-
mation dissemination and coordination. Appendix F provides a World Wide
Web (WWW) listing of the sites providing useful information related 1o small
spacecraft.



Chapter Two

Small spacecraft have become critically important elements of the civil, mili-
tary, and commercial space programs. [n the space and earth sciences, small
spacecraft are performing vital roles in every discipline, as shown in Table 2.1.
‘The importance of small spacecraft warrants a careful examination of their
development, suitability, and future capability in terms of meeting our national
science objectives in space.

This chapter reviews the role that small spacecraft play in the civil space pro-
gram and their associated cost and risk. The lirst section explains the reemer-
gence of small spacecraft within NASA, while the second evaluates the invest-
menlt the agency has made in this class of spacecraft. The third section reviews
the tasks small spacecraft are performing in NASA's science portfolio. The final
section estimates the cost effectiveness of these programs. The discussion in
this chapter will frame the following chapters ol this report.

FACTQORS CONTRIBUTING TO THE EMERGENCE OF SMALL
SPACECRATI'T

The number of small spacecraft in both the military and civilian space pro-
grams is growing. The portfolio has changed primarily because the U.5. gov-
ernment has decided to reduce spending in space. Budger reductions translate
into a movement away from large, expensive programs and a simultanecus
demand lor better cost performance. Reducing lotal mission cost (TMC) is a
prevalent theme today within DoD and NASA. Budget pressure is not, however,
a complete explanation for the increasing number of small spacecraft. An
appreciation of the other factors, such as mission responsiveness and risk mit-
gation, is needed to place cost reduction in the proper context.

Since the late 80s, NASA has experienced an evolutionary movement back to
smaller missions. The Explorer program, NASA's oldest spacecraft series,
evolved 1o Delta-Class missions and is now returning to smaller spacecraft,

=~
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Table 2.1
Small Spacecraft Missions

Agency Office Prograin Representative Missions

NASA Larth Scienges Boew Millenninm Larthy Cilserver (FO) series
Barth Sesterm Science Pathfinders (ESSP: - Pathfinder Series
Space Physics/

Astrophvsics Explorer Program
Mid-Sired Explorers (MIDEX) ML, TMAGT
Small Ixplorers (SMEX] SAMPEX, SWASR, TAST,
WIRE, TRAC
Studesnit Fxplorers S TEDL SMOFE, TERRIERS
University Explovers | UNEX] CATSAT
Planetary Now Millenmium [Teep Space (D8] scrics
Priscovery Program Mars Pathfinder, NFAR,
Lunar Praspector, Stardust
Surveyor Mars Global Surveyor,
Mars Surveyor "4H
Mol BMIDOISAE Miniature Sensor Technology [ntepration MSTL1 3
USAE Space lest Program STLP, REX
BMDOGULS Navy  Deep Space Experiment Clernentine

such as the Small Explorers (SMEX].! In fact, the SAMPEX mission, launched in
1992, marked the beginning of the furn away from large, expensive spacecraft.
A separate evolutionary path, containing the Discovery, New Millennium, and
Harth Science Pathfinder series and a set of smaller planetary Survevors, has
emerged recently. from this perspective, NASA's mission portfolio will be
dominaled, in terms of number of missions, by small spacecraft. This natural
evelution of small spacecraft missions will be examined in greater detail in the
next section,

Small spacecraft have always been a vital ingredient of the military space pro-
gram. The primary role of military small spacecrafl has been (o serve as tech-
nology test beds to validale fulure operational capabilities. In a sccondary role,
small spacecrafl have been used to support basic science objectives. ALNASA,
the roles of small spacecralt are reversed: The principal application is scientific
with a secondary role to test advanced technology, for both the spacecraft bus
and the instrument.

It is important o note that NASA has been guided ro build “smaller more capa-
ble spaceeraft to improve the performance and lower the cost of fulure space
missions.” (The White House, National Space Policy, 1996, Section 3[d..) This

'The Delta launch vehicle series has been a papular choice for science spacecrait, commercial
communication satellites, and military navigation satellites. NASA statistics show that Deltas have
placed more spacecraft in orbit than any other 118, launch syster.
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guideline assumes that smaller spacecraft offer clear advantages in terms of
technical capabilities and cost-effectiveness, when compared to alternatives.
Subsequent sections of this chapter will provide data that do not support this
gssumption.

The Imperative to Reduce Total Mission Cost

Budgel pressure has led to ao imperative to cul TMC, which has been driven
down into programs to the extent that a new paradigm has emerged within
NASA: thar "it is enough Lo return aceceptable science; it's not desirable (o
maximize science by spending more.” (NASA Astrophysics Subcommittee,
1994, p. 12) Science is no longer the overwhelming driver in mission design,
Managers have always had to consider science, cost, and technical require-
ments when designing a mission, but these parameters now carry more or less
equal weighl,

New NASA Announcements of Opportunity (AOs) are being evaluated on the
basis of scientific and technical merit and the total proposed cost. Each pro-
posal must establish a “Baseline Mission,” the mission that returns the full sct
of science objectives, along with a “Minimum Science Mission,” bencath which
the investnent would no longer be justified. “Descope options” must be pre-
pared that outline & staged reduction to the minimum science mission.” The
descope feature is a reflection of “design-to-cost” engineering. A prescribed
descope path allows the spacecraft developer to respond quickly o problems in
design and labrication.

The need to reduce the TMO of space-science missions is accelerating the shift
o small spacecraft. Yet building smaller, less expensive spacecrall is only one
way ol responding to tightening budgets: Why not simply stretch programs?
Are there other pressures on NASA's science programs?

Responding to the Needs of Science

A vigorous debate over the relative merits ol Jarge versus small spacecraft has
existed within NASA and the space-science community since the inception of
the space program. (Newell, 1980, p. 124,) By the mid-80s, support was build-
ing for a greater number of smaller missions. Well before the current climalte of
hudget constraint, the need for change within the space-science program was
documented in several landmark advisory reports. Ina 1986 report entitled The
Crisis in Space and Farth Science, the Space and Earth Science Advisory Comni-

2l-fx;1mples are the Mid-Sized Explarer (MITYEX) Program AQ, December 1444, and, more recently,
the Earth System Science Pathfinder [ESSP) AQ), Tuly 1996.
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millee (SESAC) determined that *NASA should reexamine its approach toward
implementation of flight projects with the intent of reducing overall mission
cost.” The report further noted that “rapid, clegant response is imperative,”
suggesting that “science is not hest served by exclusive emphasis on major
missions.” (STESAC, 1986, p. 28.)

During this period, the tong lead-iimes and cost and schedule growth of many
major missions, such as HS! and CGRO, had choked new starts. Many senior
officials, looking downstream al the changing political climate, felt "that NASA
was in danger of pricing itself right out of husiness.” (ITamaker, 1991, p. 7.)

That program-developmenl( timelines had become unresponsive to the needs
of the science community was further underscored in a 1993 National Research
Council (NRC) report:

Efficient conduct of scienee and applications missions cannot be based solely

upon intermittent, very large missions that require 10-20 vears (o complete.
Mission Ume constants must be commensiurate with the tme constants of sci-
entific understanding, competitive rechnological advances, and inherent
changes in the systems under study. ... NASA's new initative for smaller, icss
expensive, and maore frequent missions is not simply & response to budget pres-
sures; it is a scientific and technical imperative. (NRC, 1993, p. 3.)

It was clear that, in this environment, smaller, fast-turnaround missions were
needed. Further, these missions had to step beyond the rraditional pathfinder
role they were relegated o during the 70s and 80s. Synergism with larger mis-
sions emerged as the new NASA strategy.

Responsiveness to science was a role well suited to smaller scientific platforms.
The responsiveness of small spacecraft to mission requirements depended,
however, upon the space-science discipline being examined. Fortunately,
many aspects ol space physics and astronomy, such as sun-earth dynamics and
background-radiation experiments, could make ready use of small spacecraft
because ol instrument availability.

Under heavy pressure from the space-science communily to refocus the pro-
gram, NASA's Office of Space Science and Applications (O88A)—Lhe predeces-
sar of the current Office of Space Science (088)--credted a detailed Strategic
Plan in 1888, This plan contained a long-range vision to balance the space-sci-
ence program, including clear criteria for prioritizing, funding, and conltrolling
the cost of missions. Beginning with space physics, the plan outlined a strategy
to reintroduce small spacecraft into the NASA portiolio, noting that they could

be

built and launched within three years, yel they are sufficiently capable o
accomplish firsi-class scientific objectives in astrononmy, space physics, and
upper atinospheric physics. [(O85A, 1988, p. 16.)
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The decision to utilize small platforms as maintine spacecraft in the mission
portlolio was made after carelul review ol technological capabilities and Do)
experience with the use of low-cost, low-mass platforms.® An addirional benefit
of smaller missions was that they “stimulate the research community, par-
ticularly ar universities, with exciting new opportunities, which will atrract new
scientists and engineers (o space science.” (QSSA, 1988, p. 16.]

In presenting a long-range vision for space and carth science, the 1988 Q55A
Strategic Plan was a pathfinding document, but it did not loresee impending
budget reductions. 11 did, however, establish a long-range planning culture
within the science community. In so doing, the plan set the stage for a signifi-
cant small spacecrafl contribution, helping to prepare the community flor the
current budget environment.

Today there is a strong synergism between small and large spacecraft. The
WIRLE spacecraft’s instrument, for example, uses mid-infrared (TR} sensors
being developed as part ol the SIRTI Advanced Technology Development
(AT program. (NASA Astrophysics Subcommittiee, 1994.) Small spacecraft
have also evolved to exploit opportunities identified by larger missions. The
evolutionary development of small spacecraft can be scen in the recenily
announced MIDEX Microwave Anisotropy Probe (MAP). The residual
microwave background, first discovered by Wilson and Penzias at the Bell Labo-
ratories in 1965, was explored extensively using the Cosmic Background
fixplorer (COBE) 2,140 kg). One ol the principal discoveries of that mission was
anisotropy in what was previously thought (o be a unilorm microwave profile.
The MAP (553 kg} mission will complete a survey of the cosmos with a sensitiv-
ity lwo orders of magnitude greater than COBE.

in the planetary sciences small spacecrall are expected to revitalize rescarch
programs that had become stalled by infrequent flight opportunities. (Lawler,
1997, p. 1596.) A recent COMPLEX repuort concluded that

we have [inished the preliminary reconnaissance of the major bodies in the
solar system and have entered an era of intensive study of the physical phe-
nomena thal shape our planetary neighbors ... [Tihe initiation of a series of
small missions presents the planetary scicnce community with the opportunity
to expand the scope of its activities and ro develop the potental and inventive-
ness of its members in ways not possible within the confines of large, traditional
programs. (INRC SSE, 1995,

FThe 1988 08SA Strategic Plan did not address small planerary spacecraft, mainly because the
needed miniatoriced instrunentation was unavailable. Technology has matured rapidly in rhis
area, enabling small missions to the planets. Small, lightwelight power sources, such as scaled-
down nuclear and ultraefficient solar puwer systerns, are net vel available, a factor currently limit-
ing small spaceerall much beyond the arbit of Mars.
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The initial set of smail spacecralt for planetary missions has had fairly modest
measurement objectives. Txamples of such missions are ToD's Clementine
technology demonstrator spacecraft (a lunar mission with a planned Ovby of
the Geographos asteroid} and NASA’s Discovery Near Harth Asteroid
Rendezvous (NEAR), Mars Pathfinder (MP), Stardust, and Lunar Prospector (LP)
spacecrafl and the Surveyor Mars "898 Orbiter and Lander.

Taking Advantage of New Technology

Advanced lechnologies do not automatically lead to small spacecraft. Con-
versely, spacecraft can be made smaller without advanced techoology, Tlow-
ever, a spacecraft designer asked to deliver high perlormance in a smaller, less-
expensive package is driven to incorporate advanced systems. Delivering more
performance from small spacecraft is foremost in the minds of mission man-
agers. Despite budget pressures, NASA must produce “world-class” results to
maintain a viable program endorsed by the sclence community.

Budget reductions have led o a substantive reduction in the content ol NASA's
science programs. Advanced technology, however, provides & means to recap-
ture scicnice content through increased performance, while also offering the
potential for lower costs. The current generalion of NASA missions approaches
the state of the art more closely than carlier ones, Tlere, small spacecraft offer a
distinct advantage in that their shorter development rimelines allow incorpora-
tion of the latest systems and components. Features of advanced technology
programs and the importance of adequalely planning them will be addressed at
length in Chapter Four.

NASA’S INVESTMENT IN SMALL SPACECRATT

Missions much larger than the class examined in this study are unlikely to
reappear in the near future. Ligure 2.1 presents a projected budget for NASA
through the yvear 2002 {not reflecting full-cost accounting}, showing an essen-
tially flat allocation for space- and earth-science programs. Larlier budget pro-
jections called for deeper reductions in the agency’s science budgets, crealing
urgency in the shift (o smaller programs. In 1995, for example, 0SS faced a 25-
percent decrease {from $2 hillion in FYY5 1o $1.541 hillion in FY00) over five years
{IHuntress, 1995aj. The flat budget profile for science programs is, of course, an
effcclive decrease of approximately 15 percent in purchasing power by 2002.
Discretionary programs must compele among themselves within the flat I'ed-
eral budget. NASA's hard commiuncnis—to the Tnlernational Space Station
Program, the Space Shutile, and to the iechnology for eventual reptacement of
the Orbiter fleet—will likely prevent much growth in [unding [or science mis-
sions,
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Figure 2.1 —NASA Budget Projection Through 2000 (real-year dollars)

Satellite-based research and application programs represent a significant per-
centage of civil space funding, Figure 2.2 examines NASA spending in FYY6 for
(1) all spacccraft research programs and (2) for small spacecraft programs
within the scope of this study.* Cost hreakdowns are provided in five areas:
hardware (flight systems development}, launch systems, operations, R&A, and
personnel. Approximately S4 billion are spent on spacecraft rescarch programs
within NASA, with 81 billion devoted to small spacecraft missions.

Small spacecrafi, therelore, represent a significant Federal investment, a per-
centage that will grow as larger spacecraft, still under development, arc com-
pleted. As shown in Figure 2.3, the mass of research spacecraft has dropped
dramarically in recent years. The large missions remaining on the chart are, for
the most part, legacy programs (hat were initiated prior to sharp budget reduc-
tions.

TIhis is 2 erosscut of the NASA budget prepared using RANTYs Research and Development in the
United States {Ral3ills) dutabase, which contains detailed information on the Federal budget.
Spacecraft costs are a summation of development costs for the flight segiments of the respoctive cost
cuts. Launch costs include vehicle procurement and spacecraft-to-vehicle infegration costs. Oper-
ational costs represent an aggregate of facility cosrs, individual mission operations and data analy -
sis IMO&DA! costs, construction ot tacilitios {CoF}, and ground-segment line items, Research and
analysis (R&A is a simple acarmulation of these identified fine items. Personnel costs are esti-
mated as a fixed pereentage of overall research and program imanagement (R&PM} aceounts.
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THE ROLE OF SMALL SCIENTIFIC SPACECRAFT

The amount of science lost due to budget reductions and a shift to smaller
spacecraft is difiicult to estimate. ITowever, a careful examinalion of advisory
committee reports, discussions with mission scientists and engineers, and
other relevant factors vield several important observations.

The growing complexity and cost of large spacecraft programs, along with fear
of budget reduction, led NASA to a substantial restructuring of some programs
and the cancellation or postponement of many others.> The gradual shift to
smaller, leaner programs accelerated when budgers began to shrink in FYs 94
and 95. As the portfolio changed to include more small spacecraft, the scientific
content of the portfolio also changed. That the content of NASA’s space- and
earth-science portfolio has diminished is reflected in Figure 2.4, taken from
(88’ Strategic Plan, Advanced technology is seen as the mechanism for allow-
ing smaller, less-expensive spacecraft to reestablish program content. Funding
for advanced technelogy, however, must be [ound within an essentially flat
budget.

‘The small spacecraft that have been built up to this point have clearly demon-
strated an ahility to deliver first-class science, but they cannot yet, and were not
expected to, deliver the same science for less money. Additionally, there is
some concern that shortfalls in the out-year budgets for NASA’s science pro-
gram could prodiice missions that cannot return uscful science.® Of particular
concern is the phasing of missions. Many science missions contain highly
interactive components. The utility of chservational spacecraft, for example, is
heightened if particular instruments are on-orbit 4t the same time for coordi-
nated viewing. (NRC, 1996, p.3.)

RAND workshop participants alse felt thal smnall spacecraft show clear promisc
for the future but do not replace the need for larger missions; the Small Explorer
Wide-Field Infrared Explorer (SMEX-WIRE), is a case in point. Advanced space-
craft and instrument technologics are allowing small spacecraft 1o deliver
impressive results. WIRE will observe sources 300 to 2,000 times fainter than
could the Infrared Astronomical Satellite (IRAS), which was launched in 1983
weighing 1,100 kg.” Although demaonstrating extraordinary performance for a

Spxamples are the Advanced X-Ray Astrophysics Facility (AXAF} and rhe Far Ultraviolet Spectro-
scopic Explorer (FUSE), which were heavily restructured; the Comet Rendezvous and Flvby [CRAT,
which was canceled; and the Solar Probe (5P} and the Space Infrared Telescope Tacility (SIRTF),
which were deferred.

Bseveral NASA advisory cummittees have expressed concern that returns from the planned pro-
gram may prove inadequale o support the space-science cormmunity. Examples are the Minutes of
the Space Science Advisory Committee, May 15, 1996, and a recent NRC review. (NRUS5B, 1996a.)

T Minutes of the NASA Astrophysics Subcumumitice (1994),
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Figure 2.4—Road Map for Microspacecraft Development

spaceeraft with a development cost of approximately $50 million, WIRE will
abserve only a limited portion of the IR specirum planned o be mapped by the

larger SIRTF mission,

There are additional indications that small spacecraft are not vel the ideal solu-
tion in all applications; plans for Mars exploration are illustrative. NASA’s plan
is aggressive, calling for spacecralt to be launched al windows occurring in
1998, 2001, and 2003. But available funding may not be sufficient to send
spacecraft with adequate instrumentation. The NRC’s Commillee on Planctary
and Lunar Txploration (COMPLEX) concluded that the planned series of Mars
missions was limirted in its ability to perform the types of investigations needed
by the scientific community. (See NRC SSB, 1995; NRC 888, 1998a.) When
asked how best to oplimize Mars research, scientists al a 1996 NRC Workshop
on Reducing Mission Cost, cchoing the COMPLEX conclusion, guestioned the
assumption that a small orbiter-and-lander mission for the 2001 opportunity
was preferable to applving funds to a farger spacecraft for the 2003 launch win-
dow. (NRC, 1896, p. 15.)

Most small spacecrait builders agree that small spacecraft cannot yet meet all of
the prime space- and carth-science objectives. Rather than replace their larger
counterparts, small spacecraft currently exploit opportunities that have been
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identified by previous missions, perform focused investigations, and serve in a
precursor role. RAND workshop participants urged the development of appro-
priately sized spacecraft that represent the best balance of scientific return and
available funding.

THL COST EFFECTIVENESS OF SMALL SPACECRAFT

A considerable degree of mystique surrounds small spacecrafi. Some ol this is
due to the fact that many small spacecraft are proving that they can return a
greal deal of scientific data. On the other hand, the cost of small spacecraft has
sometimes been oversold. Since small spacecrafl can be built more quickly,
they are intrinsically less expensive. They therelore hold natural appeal in a
budget environmenr that can no longer ailord larger ones.

Bevond the naturally lower cost of small spacecraft, it is important to ascerlain
whether they offer cost efficiencies. Figure 2.5 shows spacecraft development
cost relative to dry mass. The calculation includes the cost to manage, design,
develop, and test the spacecraft and instrument and excludes any launch,
ground-support equipment, and operational costs. As shown in Figure 2.5,
there is a wide variation in the relative cost of smaller spacecraft, and they can
cost appreciably more per kilogram than larger ones. The linear regression line
shown in Figure 2.5 was drawn using missions where the spacecralt cost was
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Figure 2.5—The Relative Costs of Small Spacecraft
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less that $100,000 per kilogram. The lower-mass end of this trendline repre-
sents such missions as NASA's STEDRI and UNEX, which are built with existing
technology using siraightforward design and fabrication technigues. NASA’s
mainline science spacecraft, including the missions reviewed in this study, are,
however, best represented by the exponential trendline shown, Planctary mis-
sions were plotred separately in Figure 2.5, Although there is appreciable scat-
ler in the data, smaller planetary spacecralt do appear to cost less than larger
missions because, in some parl, of their ability to use simpler power and
propulsion systemns than their larger counterparts,

Increasing complexity was the principal factor driving the cost of larger mis-
sions to the point where they were untenable. {Hamaker, 1991, p. 7.} The
increased variation in cost-per-kilogram atl Jower masses s also due in large
part to differences in spacecraft complexily. The effect of complexity is illus-
trated in Figure 2.6. 1n this chart, the relative spacecraft development costs of
the missions evaluated in this study were normalized to account for complexity.
This was accomplished by comparing them to & simple, low-cost mission.”
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Figure 2.6—A Comparison of Normalized Small Satellite Missions

YI'he Air Force RADCAL mission was chosen for this comparison, RADCAL was designed to cali-
brate ground-hased ¢ Band radars and to test Global Positioning System (GPS) spacecraft position-
ing., 1t was a very simple design that operated without active contral systems. In Figure 2.7,
spacecrall costs per-kilogram woere constrained (o the RADCAL baseline o highlight the impact of
camplexity on cost. Details an the caleutation of complexity are presented in Appendix A
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Cost models contain exlensive parametric analyses to establish the sensitivity of
spacecraft cost to such variables as pointing accuracy and power generation.?
The complexity factor used in Figure 2.7 is a first-order calculation thar evenly
weights the many variables that determine mission cost. The accuracy of
Figure 2.7 is sufficicut o demonstrate the importance of censidering complex-
ity when comparing Lthe relative costs of missions. It also illustrates that reduc-
tion of complexity is an important stralegy for controlling costs. Many small
spacecrafl are relatively expensive because they retain the complexity required
to attain demanding science objectives.

Bul there are other factors that determine the cost of a spacecraft. The classofa
spacecraft has a strong influence on cost.'’ The size of the team and the
approach used to design and develop the spacecraft also have a strong
influence on cost.

The risk ol lailure also affects cost. To keep costs down, many small spacecrail
missions have pursued high-risk development approaches:

There is intensive pressure on the new faster, betler, cheaper programs to pro-
vide extraordinary levels of science and complexity while staving within
severely canstrained schedules and hudgets. The mission risks are increasing,
and upper management must be made tully aware of the risks involved. {Brown
etal, 1986, p. 3.}

Within available funding, every attempt is made ensure mission reliability, but
the increased potential for partial or complete lailure must be recognized. 1 a
spacecraft is lost, another is usually constructed and launched. Even a partial
failure translates into lost opportunity costs. To the extent thal a spacecraft
mission incorporates more risk, it has a higher cost of failure.!! The subject of
risk is covered in grealer detail in Chapter Five.

IMust acrospace cost inedels contain few emplirical data on the development cost of smalt space-
craft. The reader is directed to twa maodels that deal explicitly with these systems: the Small
Spacecraft Subsystem-Lavel Cost Model, developed by the Aerospace Corporztion, and SMALESAT,
a Phase A design tool relying on similar cost data, develaped by Princeton Synergerics, Inc. Also,
NASA GSFC's Resource Analysis Office (RAQ] and [PL's Engineering and Science Directorate main-
tain drtailed data nn past mission costs. Finally, the NASA Al Toree Cost Model (INAFCOMY con-
tains dara on many small missions.

e "class™ of a spacecrait refers o the standards and conrrols used In its construction, “Class A”
reters mainly to human-rated spacecratt, At the other end of the spectrum, a “Class D" spaceeraft
can be built using cammercial-grade components with relaxed inspection and test standards. The
majarity of small science spacecraft are buik to the cquivalent of a "Class €7 standard. Such
spaceeralt as the X-Ray 'Hining Ixplorer (X1'E) have been hailt to these standards without suflering
luss of reliability ar performance. The reader is referred 1o NASA Management [nstruction (NME
B0100A Appendix A (naw expired:, for a detailed definition of spacecraft classifications.

A more detailed discussion of cost of failure can be found in Hecht {1992}, pp. 700-704.
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Figure 2.7—Trends in the Specific Cost of Low-Earth Orbit Launchers

Small missions also pay proporiionaiely higher prices for launch services.
Although smaller, lighter-weight spacecraft can use less expensive jaunch vehi-
cles, this cost advantage is somewhat offset by the higher relative cost of small
launchers. As shown in Figure 2.7, there is a significant economy of scale in the
launch market. Market pressures offer few solutions, since commercial
providers can only be expected to set prices below compelitor levels, Prices for
launch service could be expected 1o drop significantly only if there were ade-
quate competition in the market. There are, however, few funded programs
that could hope 1o change the launch economy in the immediate future. The
impact of launch cost reduction on TMC is also modest for small missions. For
exarmple, for the missions reviewed in this study, launch costs accounted for 20
percent of TMC; a 25-percent cut in launch cost would reduce TMC by only 5
percent.

It can be scen that the (ypes of small spacecraft needed to fullill today's science
requirements are complex devices. Being smaller, they require less time and
effort to build and are, therefare, cheaper. On a per kilogram basis, however,
they cost more to build and launch. 'T'o the extent they incorporate higher levels
of risk, they also carry a greater cost of failure.
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SUMMARY

The movement to smaller spacecraft began in response (o the science commu-
nity's call for more [requent, fess costy missions. The shift (o smaller missions
accelerated because of the budget pressures of the early 90s, a constraint that
will likely remain for the loresecable future.

Small spacecraft have become a critical component of NASA's space- and carth-
science programs. They provide an important responsce (a) o the demands of
the science community for faster and more frequent flight opportunities, (b) to
narional budget priorities, and (¢) to the desire Lo disiribute risk. Though they
arc capable of impressive levels of performance, the current generation of small
spacecraft cannaot, and was not intended to, produce a science program equal
in content ta past programs. They are, however, ideally suited Lo mecting niche
mission requirements, often providing insights inlo a particular phenomenon
or paving the way for broader-scale investigations.

It is certainly true that small spacecraft can be buill faster and cheaper, but this
is hardly a surprising result, More relevant is the fact thar most small spacecrall
do not offer a clear cost advantage over larger systems. To meel demanding
mission requirements, small spacecraft remain complex, and complexity costs
money. Leonomies of scale in the launch market also mean that it is relatively
more expensive Lo lift smaller spacecrafl to orbit. To the extent that they repre-
senl greater lechnical risk, the overall cost of the space and earth science port-
folivg could be higher. With these considerations in mind, small spacecratl
should be carefully integrated into NASA's science programs. Their cost and
utility should be halanced against scientific requirements to create 4 programi
that optimizes returns from available funding.

The National Space Policy should be reviewed and revised to ensure that NASA
is guided to plan and implement appropriately sized missions. The focus on
the policy should be on achieving scientific objectives at the hest balance of
cost and risk,

Finally, it is important to consider that the small spacecraft cconomy could
change substantially if performance continues to increase while development
costs drop. Both conditions might be met through the adoption of advanced
technology and improved design and development processes, especialty if such
initiatives reduce spacecraft complexity. Technology efforts and process
improvement will be discussed in [uture chapters, following a discussion ol
what already has been done to reduce mission costs.






Chapter Three

 MEETING NATIONAL OBJECTIVES WITH FEWER RESOURCES

RAND was asked (o review and comment on the many strategies NASA, indus-
try, and academia use to reduce cost and increase performance. The first sec-
tion of this chapter presents a review of improvements made in the areas of
management, procurement, design, operations, and standardization. The next
section examines the effect ol a maturing commercial sector on cost and per-
formance. 'The third section examines the effect of process improvement ini-
tiatives and quality practices on improving managemenl and production effi-
cency. The fourth seclion presents a discussion of some of the important hid-
den costs associaled with the shift to smailer programs. The chapter concludes
with an estimation of the savings that have accrued from these various initia-
tives.

COST-REDUCTION STRATEGIES

Recently, extensive rescarch has been focused on the factors driving the cost of
building and operating spacecrafl. Noteworthy has been the willingness, on the
part of spacecrafl builders, to share information from lessons learned on past
missions, Workshops and conferences dedicated to spacecraft construction are
in abundance. The WWW is also expanding the communication parthways open
to designers and scientists alike.” Seen in this light, the pressure to reduce
mission costs has spurred innovation and the rapid expansion of formal and ad
hoc communication networks,

In regard to small spacecraft, Dol and a host of foreign, university, and ama-
teur huilders have built an extraordinary variety af small spacecraft over more
than three decades. As aresult, a great deal has been published on methods of
reducing the cost of these missions 1l is important to remember that much, if

loe Appendix F for a list of small satellite Inteenet webh addresses. Many of these sites use the
Interaet to coordinate the develupment team.

2x treatise on these methads can be found in Wertz and Larson 119867, Also useful are the Proceed-
ings of the Annnal AIAA/ULan State Undversity Conference on Smadl Sateliifes, and the 1996 Goddard
Waorkshop on Small Satellites. Information on these events is avaifable ar the Utah State University

23
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not most, of what has been learned during cost-reduction exercises is applica-
ble to spacecrafl development programs of any size. Future management and
engineering processes will benefit from the techniques thal are fundamentally
changing the spacecraft development culture.

Streamlined Procurement Practices

Management by performance measurement rather than specification is the
best way to characrerize the new approach (o Federal procurement.” NASA has
evalved from a dependence on cost-plus-fixed-fee (CPI'F) to award-fee
contracts and later to a predominance of incentive-fee contracts. Lately, the
trend has been toward fixed-price contracts.

There is also 4 growing reliance on “contractor best practices” instead of man-
dated inspection and quality standards, These decisions acknowledge the prior
investment companies have made to cerlily personnel and facilities to meet
historical spacecraft standards. As documentaiion requirements have been
reduced, so has a dependency on paper exchange. A greater percentage of doc-
uments arc exchanged electronically, taking advantage of the Internet and a
grealer degree of document format standardization,

Many of the acquisilion strategies being used to greal advanlage within small
spacecraft can be traced to streamlining of the AO process within NASA. Any
procurement vehicle can be used, hut recent AQs provide cost caps, which
invite development ol spacecraft under fixed-price or performance-based con-
tracls.

Fixed-price and performance-based contracts are not new in the context of
small spacecraft, having been used since 1965 in the Air Foree's Space Test Pro-
gram (STP). The Air Force views S1P as a testing ground lor new spacecralt
technology and for experimenting with new lorms of government-contractor
relationships. For many vears, STP has operaled under sireamlined procure-
ment rules. T'or example, STP spacecraft are typicatly built using 22 contract
documeni requirement lists (CDRILs) instead of (he hundreds required on tra-
ditional Air I'orce and NASA programs.

The Air Force has also experimented with “packaged buys,” in which the con-
tractor provides not only the spacceralt and instrument but also the launch

and GSEC WWW siles listed in Appendix F. [Data related to current smalt satellite programs can be
found in Gipson and Buenneke (1992], Finally, the development of very low-cost srmall spacecraft is
covered in Fleeter (19935,

*Simall spacecrail programs have benefited from NASA, Do) and commercial procurement
streanlining practices and paperwork reduction initiatives. NASA procurcment relorm efforts were
reviewed in g 1982 House Committer on Science, Space and Technology Hearing Report, HR-108.
Sep also Brwers and Dertourns (19947,
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vehicle and delivery-to-orbit operations. Fees and incentives are determined
by demonstration of on-orbit operation. This is essentially the path that NASA’s
Niscovery and SST1 programs have taken.

STP also explored the application of standard small buses, purchased under
“variation in quantity” contracts. An example is the Space Test Experiment
(STE} Program series ol small spacecraft built by TRW, Tne. (see Figure 3.1,
Each spacecrafl bus unit in the purchase was considered a fixed-price delivery.
The STEP experience illusirates the need 1o limit changes within the spacecraft
design and integrarion process strictlv. Increases of 18 (o 20 percent occurred
above the “core price” of the basic STEP spacecraft, mainly because of changes

SOURCE: Deparmment of the Alr Farce (SMOPAS)

Figure 3.1—The §TEDP-04 Spacecraft
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in the configuration of the payload, which required subsequent modification of
the bus.* These variations, however, still allowed the STEP series 1o demon-
strate cost efficiencies over traditional methods of procuring spacecraft.

Additional attention is being focused on use of standard commercial spacecraft
buses through the NextGen satellite initiative (being jointly pursucd by the
National Reconnaissance Olfice, NASA, the Air Force, and the Navy) and by
efforts al NASA Goddard to establish “indefinite design, indefinite quantity”
(IDIQ) conlracts with existing bus suppliers.” These efforts seek to exploit the
availability of inexpensive commercial systems, purchasing existing designs at
marginal costs. NASA is also evaluating the possibility of expanding the
planned 1DIQ procurement under I'ederal Acquisition Regulation (FAR} Part 12
rules.®

Low-Overhead Management Techniques

Cost and/or schedule growth has been a histerical part ol spacecraft develop-
ment programs. Table 3.1 depicts this trend in some past programs. This
growth can be largely attributed to the risk-avoidance practices of the past, to
premature commitment to designs that had not been adequately fleshed out,
and to hicrarchical organizational structures that provided insuflicient man-
agement visibility into the development process. Management reform, on boih
the development side and the science requircments side, has been an impor-
tant step in reducing spacecraft TMC and preventing cost and schedule growth.

New design and risk-management processes have greatly reduced the likeli-
hood of overruns, Increased reliance on fixed-price contracts (FAR Part 12
mandates the use of fixed-price contracts) and performance-based procure-
ments is also gready reducing the risk of cost and schedute slips in small space-
craft programs, as is a NASA commitment to the cost caps outlined in the AOs.
Emphasis on cost and schedule accounting is prevalent within small spacecraft
programs. Widespread use of commercial-off-the-shelf (COTS) financial man-
agement and planning software programs has allowed mission managers 1o
gain insight into progress and make decisions carly. Managers are also empha-
sizing lean development teams, relying on matrix organizational structures to a

15ite visit, TRW Last Coast Operations, February 1997,
34115, Agencies Work ta Form Next-Generation Satellites™ (19871 Brown (1997,

SThe heart of the 1994 Federal Acquisition and Streamlining Act (FASA) is reflected in FAR Part 12,
Acquisition of Commercial ltems, FAR Part 12 defines a commercial item as “any item that s of a
type customarily used by the general pablic er by non governmetal entities for uther than gov-
ernmental purposes,” The Dal) has broadly interpreted FAR Part 12 1o include aireraft, such as the
C-130), which is similar to types sold Lo commercial aiclines.
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Table 3.1

Schedule and Cost Growth for Select Space Science Spacecraft

Schedute
Launch  Delivery Crowth  Cost Growth
Mission Mass (kg date anonths)  (percenti® {pereent)?
AL-C a0 1973 ]Th a7 14
HEAD-A I, B8 1977 43}‘] Tl 21
AFN-TECOMM K] 19748 24}‘] nia nid
Magellan 1,035 1984 7R 24 84
Cralileo 2,580 1989 n/a 1595 157
CGRoO 15,71) 19491 [18# 78 200

Mars Observer 1,018 1992 n/a 32 B3
SOURCES:
Flyson [19492).

Pl iarmuon (1993),

greater extent. Groups that enjoy access to larger corporate resources, lor
example, will draw upan expert consultants from the parent organization on an
as-neecded basis. This helps to ensure that senior experience is brought into
smaller programs,

Information systems are having a significant influence on the ability of small
spacecraft o coordinate aclivilies, not only in the sense of reporting but also in
terms of exchanging design information. In some cases, cngineers arc using
information systems Lo access remote design tools and uperate testbeds.

The traditional Phase A E milestones ol spacecraft programs have also been, to
a significant degree, abandoned by small spacecraft teams in favor of ongoing
in-process reviews. Status meetings are lrequent, with teams unwilling (o wait
until a certain schedule milestone 1o discuss preblems or potential problems,
This more [uid approach provides managers with better visibility into the
progress of & project, permilling carly intervention into emerging probiems.

Management of sclence missions increasingly rests with a principal investigator
(PT). Inthe "PI Mode,” an investigator is selected who has full responsibility

for all aspects of the mission, inctuding instrument and spacecraft definition,
development, integration, and test; launch services (if acquired by mission
teant) or mission launch interfaces (if faunch service is NASA provided); ground
system; science operations; mission operations; and data processing and distri-
bution.”

YNASA Office of the Vission to Planet Earth [1996), p. 18.
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The PI need not be a NASA scientist, and the (ecam selected may or may not
consist of NASA elements, 1t is likely that the majority of NASA space- and
earth-science missions will be managed in PTmode. The Explorer program, for
example, will exclusively rely on Pl-mode management for future missions.
(NRC SSB, 1887, p. 18.)

Pl-mode management is an important development that allows NASA to
maintain leaner internal organizations. Agency spacecraft-development teams
can compete to participate In these missions, but there is reason o wonder
whether the shift to external sources for the management and bnplementation
of missions will lead to erosion ol NASA's core competencies. Further, follow-
ing the guidelines of the National Space Policy, NASA will develop spacecraft
ouly when the unique technical capabilities of a center are required.® The
ability Lo procure components, systems, and entire spacecraft buses from a
maturing private sector presumably means thal there is less for government
engineers and managers 1o do. Transfer of technical and management func-
tions to the private sector and academia could mean substantial NASA staff
reductions. (Musser, 1995.)

NASA scientists and engineers can compete for Pl-management roles, and
agency spacecraft groups are not precluded from leading, or being part of, a
winning mission proposal. NASA's shift to full cost accounting could influence
the ability of in-house elements to compete, however.” Historically, the agency
reported only direct costs (those clearly or physically linked to a specific proj-
ect] when describing a mission. The cost of civil-servant labor was not histori-
cally reported. NASA built three of the missions reviewed in (his study in house.
Labor alone increased the reporled cost of these spacecralt by an average 25
percent. Full-cost precedures add such elements as general and administrative,
service, and lacility charges.'® When summed, the costs of NASA-buill space-

8Under Part (302 of the 1996 Natianal Space Policy, NASA is guided Lo acyuire spacecrafr from the
private sector, unless the NASA Administrator judges that the expertise of a NASA Held center is
required. Under NASA's 1993 Zero Base Review [ZBI) guidelines, only GSFCand 1L are permitted
o build in-house scicnce spaceeraft. These guidelines limit in-house development w "first-of-a-
kind technnlogy . Tt is nat elear, however, whethee this definition provides sufficient precision
when chansing where & spacecraft will he huilt, since each science spucecraft is sufficlently uniguc
Lo b considered first of g kind; see W, Fhuntress (199300,

I pgislative pressure to reform Federal accounting sysiems is reflected in the 1990 Chief Financial
Officers Act, 1993 Governmeni Performance and Results Act iGPRA), and 1996 Federal Vinanelal
Management improvenent Act. The 1993 National Perforivance Review, and NASA's 1885 Zero
Base Review and Pederal Laboratory Review, cech highlighted the need for full-cost data. Under the
Integrated Financial Managemenr Plan (1FMPI, NASA plans to implement full-cost accounting in
stages, with completion scheduled for FY 2000,

Oproposed fult-cost accounting methods are provided in NASA Office of the Chief Financial Officer
(1947,
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and earth-science missions could rise 10 40 percent above those historically
reported,!

I'inally, there is some evidenee that part of the streamlining that has taken place
at NASA involves relearning how to build fast-turnaround mnissions. For exarm-
ple, during the 70s, the Atmospheric Explorer € (AE-C) and Application
Lxplorer Mission -Heat Capacity Mapping Mission (AEM-HUMM) spacecralft,
listed on Table 3.1, were built in 17 and 24 months, respectively, measured from
the initial fabrication contracts to the delivery of the spacecraft for launch. This
is roughly vquivalent to what is being achieved today. It is perhaps worth
remembering that the first Thor missile flew only 13 months after contract
award (Worden, 1994).

Design and Development Improvements

To reduce mission costs, managers must carefully monitor design activities.
High-cost engineering hours must be minimized, and the design phase must be
as brief as pracrical. This often means shifiing emphasis from design 1o inte-
gration and test of the spacecrall. The philosophy that “we’ll fix it in I&T” was
lound consistently among smmall spacecraft builders.

A small spacecraft program manager must balance pressures to control design
costs against a need 1o integrale new, high-performance technologies whenever
possible. This demands careful management in other areas. Spacecraft man-
agers seek (o obtain early comumilment to requirerments and interface specifica-
tivns, which are then closely controlled to prevent creep.

Designs are reused whenever practical 1o further control costs. For example,
approximately 85 percent of the software rom the X1TE was reused in the Tropi-
cal Rainfall Mapping Mission (TRMM). [Ryschkewitsch, 1995 Such levels of
reuse are historically unusual, but small spacecraft are evolving along a path
that supports this practice. Spacecraft series, such as the Explorer missions, are
pursuing “scalable” designs. This helps to ensure design reuse between large
and small spacecraft. Spacecraft built in a series also have the advantage of
team stability. Lessons learned from each mission can be captured quickly and
reflected in follow-on designs.

Streamlining spacecraft design and development processes too much can lead
to the loss of critical elements. Some of the lessons learned from the
Wakeshield spacecraft illustrate this. Wakeshield, shown in Figure 3.2, is a
2,000-kg Shuttle-deployed free flver designed (o produce ultra-low vacuums for

HNASA Office of the Chicf linancial Officer {1997a), poA430
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SOURCE: TPL.

Figure 3.2—Wakeshield Spacecraft in Flight

space-based malerials processing. The spacecraft was built using a strategy of
very low produclion costs, minimal documentation, and reliance on single-
string architectures. The initial two flights of Wakeshield werce less than
successful. The first flight in 1994 was terminated prior to release when com-
munication problems prevented command signals from reliably reaching the
spacecraft. A second 1995 flight was partially successful, but electrical interfer-
ence originating on the spacecraft caused altitude variations decmed unac-
ceptable to the processing objectives of the mission,

Following these initial two missions, it was decided that the basic design of
Wakeshield was sound bur that elements of the spacecrafl needed to be rein-



Meeting National Objectives with Fewer Resources 31

forced and rebuilt. Redundancy was added to the communication system;
batteries were added to provide more power margin; the thermal syslem was
augmented; and the atlitude control system was greatly improved. In perform-
ing these augmentations, the Wakeshield team found it difficult (o track and
resolve problems because documentation was often sparse and not uniformly
controlled. To save money, an independent test team had not originally been
formed, so design engincers also had to perform this function. This seriously
overloaded the engincering team, whose familiarity with the spacecraft some-
times prevenled a dispassionate overview of problems. Finally, the lack of a
formal system engineering finction led 1o problems late in the development
cycle, when they were costly to fix. These issues were overcome, and the third
flight of Wakeshield in November of 1996 was successful.'?

Lowering the Cost of Operations

Advanees in technology are allowing great strides to occur in the operation of
small spacecraft. These advances are found hoth on the spacecraft and on the
ground. Processors with greater computational power, combined with [ault
detection and health-monitoring software, permit a high degree of spacecralt
autonomy, Many of the spacecraft now in production will operate with a signil-
icant amount of autonomy. This is especially useful for deep space missions,
since the long cruise periods will then require fewer monitoring personnel.
When it is not practical to place this capability on the spacecraft, new ground
systems have been designed to reduce the operational workload.

Improvements in computer hardware and software also allow the spacecraft to
achieve higher levels of processing on board., This reduces the downlink
requirement and the burden placed on ground cperaters and equipment. lor
near-Farth missions, returning scientific data in near real time is an achievable
goal. This enables researchers to use the spacccralft as an active instrument,
instead of a passive data-gathering device.

The prolileration of high-speed communication networks, in conjunction with
advances in autonomy for both spacecralt and ground systems, is allowing
cinphasis to be placed on science operations. 1t is now possible for the mission
leam, scientists and operators, Lo be geographically distribured. Scientists can
remain at their home instirutions while participating in near-real-time opera-
tions, reducing travel costs and improving mission effectiveness.

parspectives on the history of Wakeshicld were provided by Dr. Michael Lembeck, Chief Engineer
for the project, in a personal correspondence, March 19, 1997,
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Commercial LEQ communication satellites have aceelerated the development
ol autonomous operating systems. Satellite constellations, such as Orbeomm,
must maximize satellite availability and useful tile. To accomplish this, design-
crs have concentrated on automaring repetitive tasks, such as the correction of
simple failures and routine positioning, The commercial example illustrates
that efforts to reduce operating costs should focus on automating routine
activities, rather than “full autonomy” capabilities, for which the cost of devel-
opment and implementation could outweigh the savings in reduced human
labor (Tandler, 1996, p. 9).

Autonomy on the spacecrafl can also increase mission risk. Pressure to reduce
costs can lead to @ premature conunitment (o autonomous operations and
reductions in the number of ground operations needed to monitor spacecraft
functions safely. It is important that the cost savings and performance
improvements autonomous systems offer be carefully traded against the
patential eflects of failures on the spacecraft.

Spacecraft Standards and Commonality

Although ne lormal system of standardization has been applied 1o small space-
craft, ad hoc standards have emerged within the community. Reliance on MI1T.-
ST3-15653/1773 dala bus standards has enabled many NASA programs to lower
cost through reduced design load and the purchase and/or reuse of previous
systems. Standard interfaces, such as the 15353/1773 bus, reduce integration
costs and improve reliability because they usually reduce the number ol electri-
cal connections on the spacecraft. Many spacecralt are using 28 VDO power
systems, allowing the expanded development of compalible equipment. Slan-
dards are equally important to spacecraft and ground operating systems. ‘The
continued evolution ol standards is, therefore, very important in terms of
reducing cost and increasing performance. Standards also encourage competi-
tion in the space-component marke(place.

Attendees at the RAND small spacecraft workshop recommended that the gov-
ernment not require the implementation of specific standards for small space-
craft but continue to observe voluntary standards. Voluntary standards, also
called industry, nongevernmental, or consensus standards, are widely used
within the space program. It should be noted that NASA has historically sup-
poried the development of voluntary standards, giving preference to them
whenever possible. The Office of Safery and Mission Assurance {0SMA) is the
organizational lead within the agency for preparing a coordinated respanse to
emerging commercial, domestic, or international standards. (NASATIQ, 1991.)
New standards are already evolving, and there are several iniliatives within
industry and trade vrganizations o foster additional refinement ol hardware
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and software definitions. One concepl was offered to NASA and Dol for pos-
sible consideration related to standards: creating incentives for small business
providers of spacecraft components to help delray the additional costs of
meeting an emerging standard,

THE DEVELOPMENT OQF COMMERCIAL SYSTEMS

NASA's interest in IDIQ contracts and the possibility ol procuring spacecraft
under FAR Par( 12 signals the arrival of an important commercial space mile-
stone: the emergence of small spacecraft and their related systems as com-
maodities.

Private-sector investment in the development of small spacecrafi and related
systems has been significant in the past five vears. The price lor standard
commercial spacecraft buses is expected to be well below the cost of producing
custom unilts. Commercial buses, such as the Lockheed Martin LM-700, offer
the obvious advantage of reducing much of the nonrecurring costs associated
with building spacecrafr, Many firms are prepared to offer standard buses, and
there appears to be a close match with many furure requirements lor small
spacecrafl missions, Plans for multiple spacecraft missions, such as observing
constellations and [ormation-flving interferometers, seem particularly well
suited to the purchase of commercial buses,

[n the commercial bus modcl, technology infusion oeecurs in a stepwise (ashion,
with “next moadel year” buses integrating new designs and improved compo-
nents. In addirion (o lower cost, commercial buses could offer the reliability
implied in systems approaching mass-production status. Risk mitigation
through “production quality” is an advantage, however, primarily when mission
requirements maich the performance criteria lor which the bus was originally
built. The LM-700 was huilt for Motorola’s LEQ Iridium communication satel-
lite. Tt would require careful analysis to extrapolate its performance to other
types of missions.

Commercial buses offer the greatest advantage in cases where the instrument
and bus present a distinet interface, and little modification is needed to the
basic spacecraft. As mentioned earlier in relation to the Air Force STP program,
controlling requirements and forgoing modifications (o the baseline spacecraft
have proven difficult. Frequently, the instrumenit(s) represents a new design
conlaining significant engineering uncertainty. Spacecrall and instrument
design engineers communicate constantly during design and development.
There 1s usually a good deal of give and take along the way, with a constant
awdreness that the instrument is the reason for the mission in the first place. Tt
is nor uncommon for the instrument to be “the tall pole in the rent” in terms of
both cost and schedule.
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Fxpanding private-sector offerings will likely also have a significant effect on
the development of mission unigue spacecraft, ones for which requirements are
not amenable to purchase of a commercial bus. The proliferation of small
communication satellites is expanding the available inventory of components
and subsystems, many of which meet (he requirements of science spacecraft. A
commadity market in high-performance systems and components, such as
(PS-hased guldance packages and mass-memory devices, provides engineers
with many more opportunities during the design process to “buy” as oppuosed
to “make.” Commercial systems are not always cost-cellective, however.  If
reengineering is required to meet tighter performance specifications, the full
cost of the commercial system can sometimes exceed the cost of & custom
solution. Sclection of commercial components requires carelul trade studies.

THE IMPORTANCE OF PROCESS IMPROVEMENT

As apposed to advanced techneology, which usually requires significant up-lront
investment, continuous improvement in the processes used to manage, build,
and operale spacecraft promises roughly equivalent savings. One aspect of
process improvement, initiatives to reduce the Cost of Quality, provides an
illustrative example. Cost ol Quality is the term of art for cost incurred, but
rarely measured, in the execulion of spacecraft missions; it is defined as:

Cost of Quality—the cost of all efforts expended to find nonconforming oulput,
to react to actual failures both before and afrer delivery, and to prevent failures
from accurring in the first place. (Gilman, 1993, p. 2.113

Cost of Guality is oflen equated with the cost of operating the qualily assurance
group. In practice, the concept 1s much broader, encompassing activities asso-
cialed with failure prevention, appraisal, and recovery. At a workshop con-
ducted at the University of Marvland in lale 1993, NASA engineers estimaled
that the Cost of Quality ranged between 30 and 50 percent during the phases of
a typical spacecralt development program, (Gilman, 1993.)

Not all Cost of Quality funds are recoverable. Prevention and appraisal costs
will always be a component of mission costs. Creating a system thal minimizes
these costs, while remaining sufficiently robust to identify and correct devia-
tions quickly, is the goal of Cost of Quality management.

Budget limitations will likely continue 1o be a primary well into the next cen-
lury. Process improvement, applied to each aspect of spacecraft manufacture

HNASA's Office uf Safety and Mission Assuranee (Code () has sponsored additional cost-of-quality
wnrkshops at various Held centers, the most recent of which occurred in August 1996, Infusing
guality methods and metrics into engineering practices is covered in Kelada (1996).
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to minimize loses in the system, is a key 1o continued cost reduction. Chapter
Five contains additional discussion of process improvement, highlighting its
importance in relation (o risk reduction.

SOME HIDDEN COSTS

Spacecrafl programs have worked hard to cut costs, but there are some down-
sides. 'T'o make small spacecralt missions appear cheaper, managers sometimes
cross-lund programs, apply “excess” assets (fram other, larger programs), and
rely on excessive exchanges of government furnished equipment (GIE)
(Creech, 1996, p. 3). On many occasions, costs are simply uncounted, a practice
that can lead 1o the following:

*  Lessons not Lo be learned. In small spacecraft programs, there is often little
time or money o document team experiences. Travel funds are in short
supply, discouraging the communication and cooperation required to vital-
ize new programs and train new people.

»  Uncounted risk costs. Acceptance of risk has been a byproduct of cutling
mission costs. ‘The loss of a spacecraft like Mars Observer, built using
cheaper, and riskier, technologies, is deeply fett (David, 1994]). There are
real costs associated with accepting risk, since presumably a lost spacecraft
must be replaced. Risk acceptance might also be orthogonal to l'ederal
policies moving in the direction of performance-based budgeting.

*  Poor working environments. There {s danger of creating “spacecralt sweat-
shops” with working conditions that exhaust and demoralize project per-
sonnel. Many of the projects examined in this study reported problems
with emuployee fatigue, stress-relaled ailments, and retaining key staft. On
flight projects, it is not uncommon to sce employee lime sheets in excess of
650 Lo 70 hours per week, much ol il representing uncompensated time. To
some degree, this is a fact ol lile in space development programs, but in
past programs, such extremes occurred in the integration, test, and launch
phases. The concern is that excessive workload is now appearing through-
out the development cycle. Compounding this problem is the pressure to
further rrim schedules.

*  Lossof margin. Most small spacecraft are being built with very small design
and operating margins in an effort (o save cosl. Tean marging can drive up
nonrecurring engineering costs, since it can be difficult to design systems Lo
tighter specifications. Mission designers must also prepare and verily
spacccraft operational sequences that have very little room for error.
Finally, opportunities for commonality and standardizalion are frequently



36 The Cosmos on a Shoestring

forgone because there is not enough money or design margin left to
develop them.

*  Limited profitability. Many commercial developers complain that small
spacecrafl arc not profitable undertakings., Small spacecraft builders often
operate as “skunk works” within a farger corporation. Their corporate
viability can be tenuous in a low-profit environment. Capital equipment
funds for (0oling, new [acilities, training, and certilication are also hard to
come by.

Although difficult to quanltify, these costs are, nonetheless, real. Tailure 1o
account for them can affect long-term quality and performance,

LESTIMATING SAVINGS

To prepare a first-order estimale of the savings that have been produced by the
various (echniques outlined in this chapter, spacecralt program managers were
asked (o provide qualitative estimates. The results are shown Table 3.2,

T'he reasonableness of these estimates is tested by comparison to data for the
XIE, in Table 3.3. nitial estimates of the projected cost of XTL were prepared
by NASA GSEC's RAO (Strope, 1996, pp. 14 and 42). These eslimates were hased
on historical GSFC spacecraft cost models. To trim costs, the Explorer program
employed many of the innovative management, procurement, and technical
approaches deseribed in this chapter, The estimates from Table 3.2 would sug-
gest savings for the mission ol between 18 and 23 percent. The aclual cost was
16 percent below the historical average. Some sources have estimated savings
as high as 30 percent.

Table 3.2

Cost Reductions in Smali Satellite
Programs (percent)

Cost Element Low Estimale High Estimaie
Managemeni 20,0 30.0
Spececraft Design &

Developmen® 1.0 15,0
Integration & Test 20,0 20,0
Operations 1450 30.0

Mneludes spacecraft bus, instrument, sofrware clements, and
ground suppurl equipament.

L TR Refures Skeptics on Long-Term Future” (19495,
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Table 3.3
Savings Applicd to the XTE
Mission ($ millions)

XIE Projected  XTEActual  Cost Using Tow  Costising

Cost Blement Cust® Cost Isiimate High Estimalc
Munagenment 29.6 2556 24 21
Space segment 133.7 145.8 134 131
Integration & Test 16.2 ) 13 12
Operations 13.3 134 I 49
Total 22928 192.3 187 173
Iercentage 15 18 23

fRased on histarical data from NASA GSFC RAD.

Plncludes a contingeney of STEAM.

SUMMARY

To bring down mission casts, NASA has adopted many changes in the way
spacecraft are managed, designed, procured, and operated; the net effect has
been savings of approximately 20 percent. These improvements alfect all pro-
grams, large and small. There is reason to expect signilicant additional
improvements as new technology and improved processes sicadily evolve.

To achieve lower cost and better performance, NASA has relied more heavily op
a malturing commercial sector for the building of spacecraft and on the science
community for the management of missions, These changes underscore
functional realignments that are occurring within the agency, changes thal
could affect core competencies. The desire for program cost-cllectiveness
should be balanced against a nceed to redefine, protect, and strengthen NASA's
core competencies and the pursuit of mission excellence, Important in this
regard is clarilving the criteria used (o decide when spacecraft will be built in
house {GSEC or JPL) and when they will be acquired from the private sector.
Preserving the integrity of programs by ensuring that all costs are factored into
mission planning is equally important.

Advancing lechnology holds great promise for increasing the perlormance ol
future small spacecraft programs. ‘The role of new technology, and of issucs
related to planning and testing, will be covered in the next chapter.






Chapter Four
ADVANCED TECHNOLOGY FOR SMALL SPACECRAFT

To meet ambiricus performance requircments, cach new spacecraft depends to
some degree on technological improvement. Incorporation ol new technology
has, however, traditionally been a cautious undertaking. Satellites have evolved
in a stepwise fashion, with capability often lagging well behind the terrestrial
state of the art.

A cautious approeach to new technology does nol necessarily indicale that mis-
sion managers are innalely risk averse. Worth noling is the fact that science
spacecrafl, by their very nature, contain experimental lechnology: the instru-
ment itself. Mission managers could perhaps be more accurately described as
preferring to take only the required risk. The high success rate of past science
missions indicates that risk avoidance warked, albeit at high cost.

Today, the pressure (o maintain the pace of science while building smaller, less
expensive spacecralt torces spacecraft developers to step bevond conservative
boundaries. The mission manager must find ways to include new, and in many
cases unproved, spacecraft and instrument technology amidst cost and sched-
ule caps and demands for increased cost effectiveness. As mandated by NASA
Headquarters, programs must also document and transfer new technology to
the private sector.!

As a result, most of NASA's small science spacecraft incorporate an unprece-
dented amount of new technology. The incorporation of advanced technology
is indeed a staled goal of some scicnce programs. The AQ for the Discovery
program, for example, encourages the use of new technology. Candidate inis-
sions must identify new systems and components, analyze how the risks asso-

Lrhe 1980 Stevenson-Wydler Technelagy Innovation Act required Federal luboratories to pursue
technical cooperarion with industry actively, while the 1986 Federal Technology Transfer Act made
the rransfer of technology the speeilic responsibility of all povernment research laboratories. An
internal 1992 NASA review (Creedon, 1892) was highly eritical of transfer practices, linding “little
commitment from primary research arganizatons.” The importance of technelogy wransfer prac-
tives was subsequently emphasized in the The White House, Office of the Viee President (1893,
which speciicatly directed that spacecraft missions draft technology transfer plans.

39
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clated with new designs are to be mitigated, and identify merhods for transter-
ring resullant technology within and outside of NASA?

Technology plays a significant role in the cost-performance equation, and
NASA clearly plans to rely on breakthrough systems to boast the performance of
future missions. Sormue of the reviews conducted during this study suggest,
however, that new methods for identifying, maturing, managing, and transfer-
ring spacecraft technology are as impaortant a set of innovations as the (ech-
nologies themselves.

This chapter examines several key aspects of NASA technology programs, focus-
ing on their effecis on smaller programs. The first section investigales how
technolegy affects various types of scientific spacecrafr. The next seclion
reviews NASA investments in new spacecraft and instrument technolagy. The
third section examines variocus sources of rechnology internal to, and external
to, NASA. The fourth provides an overview of how technology is prepared for
usc on seience spacecrafl, including an analysis ol the effectiveness ol technol-
ogy demanstrator missions. Technology disuibution and utilization are cov-
ercd in the fifth section. Lach of these sections prepares a foundation for the
final section, which focuses on (he management and planning of NASA's tech-
nology initiative,

THE IMPORTANCE OF TECHNOLOGY IN FUTURE MISSIONS

Technology has a different focus depending upon the discipline being exam-
ined. This section studies how diflerent science disciplines view requirements
for new technology, based on interviews with mission managers.

Harth-science missions focus on advanced imaging instruments; bus upgrades
are considered important secondary improvements. $mall earth-observation
missions, such as the S§T1 Lewis and Clark, and NMP EQ- I spacecraft, primarily
demonstrate new instrurnent technologies, while secondary developments aim
to prove low-cost operational strategies and improved bus performance. BEarth-
science missions also characieristically maintain a well-defined bus-instrument
interface, a feature that altows mission managers (o consider the application of
the expanding availability of commercial spacecraft buses. On a subjective
scale, the focus might be considered as 70:30 in favor ol &n interest in instru-
ment versus bus technology.

The space physics and astrophysical disciplines have a balanced (roughly 50:50)
interest in bus and instrument technologies. These missions are highly opti-

2?\],—'\5;\, Office of Salar System Explaration Division, Solar Sysiem Lxploration Subcomimmitice (1994),
10
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mized, and new technologies are sought to leverage performance on both sides
of the bus-instrument interface. Spacccraft for observing astrophysical phe-
nomena are also cvelving along a path ol evelution that can be termed
“scalable.” Spacecraft architectures are designed in such a way as to encourage
reuse and (o take advantage of lower-level advancements. These approaches
could spill over to other classes of missions. Observatory spacecraft are also
demonstrating higher levels of bus-instrument integration, a trend away from
the application of standard spacecraft buses.

Planetary missions are completely dependent upon reliable spacecraft systems
to deliver a suite of instruments to especially hostile destinalions, suggesting a
ratio of 30:70. Planetary spacecraft are highly integrated systems, and adopting
standard spacecrafl designs for planetary use has proven unsuccesslul in the
past. Planetary instrument developers are usually less concerned aboul
squeezing the last drop of performance from a sensor ar a measurement device
than ahout preparing a system guaranteed to perform after a long journcy into
an unceriain environment. In an era of low-cost missions, planctary mission
designers are especially dependent upon new technology to meel mission
requirements. Technology development has focused on high-efficiency power
syslems, microclectromechanical devices, autonomous systems, and minialur-
ized instruments. The importance ol technology to planetary missions is
reflected in the advanced technology development (ATD) budgets. In FY 1996,
ATD spending for planetary missions ($15.9 million in FY96) was double that of
astrophysics (§8 million} and quadruple that of space physics (83.7 million).
{OMB, 1996.)

LEVELS OF INVESTMENT IN SPACECRAFT TECHNOLOGY

Advanced technology is vitally important to the future of small spacecraft.
Small spacecrali have demonstrated an ability Lo return [irst-class science, but
to meet the expanding expectations of the space science communily, more per-
formance is needed. [f higher levels of performance and lower mission costs
are to come from small spacecraft, adequate investment in technology devel-
opment must be assured. Further, advanced technology funds musl be care-
fully mapped to reatistic performance expeclations.

A review of NASA mission-level plans, technology road maps, and ATD pro-
grams presents an array of projects that are not clearly linked to a strategic
investment plan. Additionally, cstablishing the level of NASA's investment in
technology is complex because many projects lie entangled within mission
developments or scemingly unrclated line items in NASA’s budget.

(55’s R&A budgel, for example, contains ATD projects related to advanced
instrument technology. In FY96, ATD accounted for approximalely 13 percent
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of 08S's $210 million R&A budget (0SS, Solar Physics Division, 1996). The
mixing of technology development with scientific investigation can also be seen
in Solar Physics Supporting Research and Technology (SR&T) program. Of the
37 proposals selected following the NASA Hesearch Announcement (NRA) in
May of 1896, five supported advanced technology development for future
instruments (OSS, Solar Physics Division, 1998).%

Some lechnology-related lines in the NASA budget contain components that
arguably could be considered unrelated (o development of specific technalo-
gies. NMP, for example, is an advanced technology development effort, but the
majority of these funds are dedicated to building demonstralor spacecralt. An
estimated 28 percent ol the NMP Deep Space One TMC is dedicaled to the
development of new (echnology; the rest goes to developing the spacecralt
{(NMP Office, 1996).

Table 4.1 presents an estimate of technology investment based on available
data from NASA’s FY46 budget and from analyses of individual programs. This
estimate includes clearly identified technology programs within O8S, Mission
to Planet Tarth (MTPE), and the former Office of Space and Advanced Technol-
ogy (OSAT); relevant percentages of the aforementioned R&A and SR&T
accounts; and the technology contributions of programs, such as NMP. The
estimate excludes advanced mission delinition (Phase A/B} spending, because
it was judged to be unrelated to technology development. Table 4.1 estimates a
total spending of $249 million, This represents just over 6 percent of the budget
of the three offices, or less than 2 percent ol the §13.9 bitlion FY36 NASA bud-
gel.*

The next seclion will examine the sources of spacecraft technology. NASA small
spacecraft are heavily populated with systems from commercial and Dol
sources, suggesting that NASA investments represent a small contribution to
the development of advanced sysiems. 1t is important to consider, however,
that NASA’s level of investment may be adequale if the agency’s mission is to
focus on the production of technological solutions unique (o the requirements
of'its stakeholders, The Solar System Exploration Subcommilice recommended
that spending on advanced technology for planetary missions attain a level of 5

SR&A and SR&T aceounts usually contain ATD and MO&ZDA clements. NASA's Solar System Fxplo-
ration Subcommittee in September of 1994 noted that these accounts "have been used as a reser
voir of funds 1o fix problems . . . for which funds were not allocated in the budget process.” NASA is
experimenting with new budgeting schemes in which these cost elemnents are separately accounted
for.

%A similar estimate of NASA techaology spending can be found in Augusting Committee {1990],

p. 31, Investment in spacecraft technofogy was cut by more than half from the level of the early 70s,
but has been relatively steady at approximately 2 percent of NASA's budger since 1975,
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Table 4,1

NASA’s Space Technology Investment

Y46 Estimated

Budget Technology  Percentage of
Office (S8} 53 Budger
088 2.03 48 2.3
MTPE 1.29 27 2.
DRAY 0.62 174 28.1

Taral 3.94 244 6.3

to 7 percent of the Solar Sysiem Exploration Division’s budget, a figure in
keeping with the 6 percent of the combined OSSA-MPTE-OSAT budget in FY98
(NASA Solar System Exploration Subcommittee, 1994),

SOURCES OF SPACECRAFT TECHNOLOGY

NASA's investment in human spaceflight and large missions “has resulted in
minimal spending for advanced research and development” [or small space-
cralt (NKC, 1994, p. 7). Within the past decade, as the demand for small space-
craft has increased, developers within NASA have relied heavily on DoD and
commercial sources of technology. Radiation-hardened computer processors
from Air Force and BMDO programs can be found in abundance inside of small
science spacecrafl, The aforementioned WIRE spacecraft is using a solid
hydrogen cooler demonstraled on previous mililary spacecraft. There is some
concern within the spacecrafl development community that the technological
windfall from SDIQ/BDMO and Air Foree investments in the late 80s and early
90s will evaporate in the wake of sharp Dol cutbacks.

Although outside sources have supplied key technologies that have allowed
NASA to develop increasingly sophisticated small spacecraft, the agency’s tech-
nology investment does support an extensive research and development (R&D)
capability. Many individual NASA spacecralt programs have taken steps to
improve their internal technology management practices. The Explorer Pro-
gram, for example, has created a clearly identified line item within its budget
dedicated ta small spacecrafl technology development.’ Tmporrant develop-

S\Many individial techwology development efforts are under way within 088 and MTPE. in some
cases, such as the Mars Instrument budget itern, the programs are highly visible. In uther cases,
such ay the Planetary [nsirument Definition and Development Program (PIDTP], a speeific initia
tive is nested within a larger budget element and is, therefore, less visible,
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ments at the working level, however, cannot replace the need for an effective
NASA-wide technology planning and management structure.®

Rellecting the agency’s dual mandaie to conduct basic research and apply
advanced technology, NASA has traditionally maintained (wo technology cul-
lures:

*  Research-nriented groups—organizations that are closely assoclated with
basic and applicd R&D programs. For examyple, at LeRC the Photovaltaic
Branch of the Power Technology Division “is dedicated to the advancement
of solar technology for the purposes of meeting NASA's and the countrv's
cnergy needs.” (NASA Lewis Research Center, 1993.)

*  Misston-oriented convnunilies—organizations closely connected to flight
programs, such ag the Space Technology Division al GSFC. This group is
responsible for “executing tasks assigned by the flight projects” in relation
to “the design, development, and management of spacecraft and instru-
ment components. . .." (NASA Goddard Space Flight Center, 1896.)

Mission-oriented development groups, closely aligned with flight teams, have
proven highly successful when it comes to meeting technology needs, both at
GSIC and JPLL They provide the necessary responsiveness, enjoy proximily to
their customer base (often ashorl walk) and are loyal to the mission team. They
provide “homespun” technology solutions tailored to mission requirements.
Dependence on the local technology store, however, can lead to limited choice
and an insular approach (o building spacecraft.

Research-oriented groups, on the other hand, have traditionally been funded
from NASA's technology budget.” They are not connected divectly to flight
programs; rather, they surround the rescarch facilities that suppaort their basic
research focus. Research-oriented groups have spurred the development of
clectric propulsion, low-gravity [luid-handling equipment, high-power genera-
tion systems, advanced structures, and a host of other innovations.

These two cultures are rooted al opposite ends of the technology-development
spectrum. Occasionally, they meet in the middle; but frequently, they do not.
Budgel reductions have inviled these two communities 1o comuinunicate more
effectively. A variety ol conferences related to small spacecraft technology have

Y5everal national repurts have focused attention on NASA’s traditional lack of effective lechnotogy
management practices. The most nutable are NRC (1987), Augustine Committee {19901, NASA
Space Systerns and Technology Advisory Commitiee (19917, and NRC (1993).

"Research-oriented groups were traditionally funded by the recently abolished Office of Space
Aceess and Techuology [OSAT: or, before that, the Office of Aeronautics and Space lechnology
{DASTE. Missinn-oriented gronps were generally funded from within the science budgets,
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helped to bring technologists, spacecraft builders, and scientists into closer
contact. RANT) workshop participants noted that the parinership model cre-
ated by the New Millennium Program was particularly effective in engendering
communication between the various communities.

Research and mission-oriented groups both contribuie to an overall process of
creating new lechnology. To ensure rapid infusion into flight programs, how-
ever, new designs must mature in a way that is both cost-elfecrive and respon-
sive to the needs ol the end users: the spacecrafl buitders and mission scien-
LISTS,

APPROACHES TO MATURING SPACECRATT TECHNOLGGY

An advanced technology, whether it is a parl, component, assembly, subsystem,
or turnkey sysiem, is useful 1o a spacecralt developer when it has matured to
the point that it can be incorporated into a [light project with acceptable engi-
neering, cost, and schedule risks.

There are many ways to reduce the risk ol using new rechnology in science
missions. The most coraplete way, and the most expensive, is to demonstrate
the device or system in space belure its intended use. Tnan era of constrained
budgeis, however, all methods must be explored and the most cost-effective
means must be fully exploiled. Efforts to mature new technology must also (ake
into account the fact that technology has not been a major source of failure in
past missions (Kicza et al.,, 1997, p. 4). The methods sclected 1o reduce risk
should also be railored ro small spacecralt applications. Here, a review of what
constitutes “flight certification” is valuable.

Defining Flight Certification

The maturation of space lechnology is captured in NASA’s Technology Readi-
ness Levels (TRLs), as depicted in Table 4.2, TRLs are important 1o the man-
agement of technology programs and are essentially a step-by-step risk schema
for retiring risk. According to NASA plans, funding lor advance technology
shifts from the developer 1o user as a concept moves to a higher level of readi-
ness. The user, a science mission for example, would expend only limited
respurces in Levels -4 (mainly to identify and track requirements); begin to
pay an increasing share during the demonstration phases, Levels 5-7; and then
completely fund the flight phases, Levels 8 and 9,

TRLs imply formality in the process of maturing technology. Rigid application
would mean, however, that a system could not be considered "light qualified”
(TRL-8) unless an earlier prototype (TR1.-7) had flown in space. Lo practice, few
development efforts move sequentially along the TRI. continuum.
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Table 4.2

NASA Space Technology Readiness Levels

Stage? Level® Objrctive® Funding®
Basic lechnology ] Observe aud report basic principles Developer
Feasibility Hesearch 2 TFormulate conceept ur apphication eveloper
3 Prove the concept through analysis or Developer
gxperiment
Technology Development 4 validate the concepr using components or - Developoer
breadboards in the laboratory
Technology Demonstra- i Validate the commponent or breadboards in Cotunded
tiun a relevant environimert

6 Demaonstrate a model or prototype in the Cofunded
refevant environment, ground or space

system/{ Subsystiem Devel- 7 Demanstrate a prototype in the space envi- Coluuded
opment rGInent
Sysiern Test, Launch and B8 "Flight qualification” of the actual system (85, MTPE
Operations through ground or space test
B "Flight praven” through successful mission 085, MTPE
operations

TOAST (19917,
Y088 (1995a).

Terms like flight certified and flight qualified hear close scruliny. These terms
are amalgams that embody concepts related to reliahility, traceability, and
quality., When applied to new technology, these terms imply that a certain
standard has been achieved and that performance assurance will follow. In
practice, there is reason to question an unfettered application of these terms,
especially in relation to small, low-cost spacecraft.

Rather than a demonstrated enginecring relationship to risk, flight qualifiedis a
term that carrics only a perceived standard of quality or readiness for use. The
definitions outlined in Table 4.2 are not mapped to specific inspection or qual-
ity assurance standards, test requircments, or material specifications, Even if
such a correlation existed, “llight qualified” technologies are not assured 1o
work in a given application. Also, the definitions used within NASA are nol uni-
versal; DoD and commercial manufaclurers have different nomenclatures.

The flight proven label is also deceptive in that it can create a false sense of
sceurity ahout using a design or system. Equipment that has a prior flight her-
Huge might not be applicable (o another mission design. Application through
inheritance has been used in the past o select components and devices, often
with insufficient testing. This strategy is thought to be one of the main causes
of the failure of the Mars Observer spacecraft.? Reliance on labels such as

#The Mars Observer spacecraft suddenly stopped transmitting on August 21, 1993, Without diag-
nostic elemetry, the cause of the accident will never be known. The failure investigation board did
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“flight qualified” and “flight proven” without carelul review of applicability can
introduce unanticipated risk,

Most science spacecraft are built with some designs that have not yet been
tested in space. At the part and component level, both NASA and DoD maintain
preapproved lists of parts that can he selected and applied without extensive
testing. The use of “nonstandard” parts (items that have not been preap-
proved) is, however, increasing, most notably the growing use of commercial
electronic components. In the case of these items, procedures exist to establish
whether or not the part is likely to survive operation in the space environment.’
At @ higher level of integration (for example, a new type of attitude control
subsystem), NASA and military handbooks and enginecering specifications
specify the design and test procedures necessary to access the applicability and
associated risks. There are, therefore, well-established methods for assessing 4
new technology and gaining confidence in its performance. Yet, the ability to
evaluate a new technology does not ensure its acceptance. New lechnology
must be oriented to the requirements of the end user and will be accepted when
a benefit is perceived (Creedon, 1992, p. 6). Discussions with spacecraft
huilders prodiuced a notional ser of criteria that a new technology should meet:

» demonstrate repeatable performance in conditions similar to those
expected aboard the spacecraft

+ adequately assess all risk factors

« employ high-qualily components with lineage to known standards or to Lesl
data that establish reliability

« e sufficiently supported (development software, integration and test pro-
cedures, parts, etc.)

»  promise clear performance gains over existing technology
= present a cost commensurate with performance
¢ have interlaces that are documented and that can be configured to match

other systems.

Since cost reduction ts of central importance to furure missions, a new, and
hopefully universal, understanding may be needed of whal it takes to retire risk

nate, however, that reliance on equipment and designs from LFO satetites likely contributed ro the
loss of the spacecralt. Similar problems were encountered an the successful Magellan mission o
Venus. During the mission, several problems were encountered with equipment that was inherited
from earth-orhiting spacecraft, such as the star scanner and tape recordar. NASA cngineers tater
concluded that additienal ground testing woutd likely have revealed many of these problems; sec
Gonzalee (1996a), p. 20.

[T -
Tar example, see GSPC nud., &),
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adeqguately in sysiems Lo be flown on small spacecrafl. One possible means of
establishing this understanding is {o bring technologists and spacecraft design-
ers logether expressly 1o create mutual delinitions and maturation criteria. The
product assurance (PA} function could perhaps serve to assist technology
projects to malure in such a nanner as to ensure meceting the requirements of
spacecraft projects.)?

Low-Cost Means of Maturing Technology

Usually, new designs can be adequately matured using Jow-cost, ground-based
environmental simulators, such as drop towers, low-g simulator aireraft, and
space thermat-vacuum chambers. An NRC report {INRC, 1994) recommended
that technology for space physics applications be advanced by utilizing sub-
orbilal platforms, such as rockets and long-duration halloons, and unique
ground sites, such as the polar cap. The recent success of the Mars Pathfinder
mission is clear evidence (that ground-based opportunities are usually adequate
Lo test new designs successtully.

There are times, however, when a new technology must be lfown in space;
deployable systems are an example. Precision apertures, tethers, and inflatable
space structures are difficull W test on the ground and they represent consider-
able technical risk. There arc a variety of low-cost methods of testing these
systems. The NRC recommended placing new rechnology on planetary, Dol),
and other spacecraft of opportunity, and flying precursor units [or Night certili-
cation on earlier missions. The usc of small spacecraft as precursot instrurnent
platforms for larger missions follows NASA tradition. For example, the Clouds
and Larth Radiant Energy Systermn (CERES) instrument, scheduled to ly on the
MTPE's AM-1 spacecraft, will fly earlier on TRMM. The recent flight ol the
Naval Rescarch Laboratory’s Tether Physics and Survivability Experiment {11P8)
is an cxample of launching technology payloads on a host spacecraft (Alfriend
et al., 1995, p. 2-3). TiPS was a simple, very low-cost demonstrator thar pro-
vided engineering data (o validate complex models of the structural response of
tethered satellites. Anorher example is the New Millennium Deep Space 2
experiment, an instrumented penetrator, that is being carried to Mars on the
1998 Mars Surveyor Lander (Gavil, 1997]. In addition te the options listed
above, new technology can be (ested using

WHere, the erm "product agsurance” is being used in the broadest sense to include reliability and
quality assurance (R&QA and mission assurance (MAL even though in many circumstances these
lerms deseribe distinet activities and somertimes different organizations. AL NASA, PA activitics are
roordinated by the OSMAL
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*  Secondary strings. New components, devices, and subsystems can be flown
as backup or redundarnt clements of primary systems on mission space-
craft.l*

v End-of-life testing. A phase al the end of a spacecraft mission can be
reserved for evaluating new technology. One such program, the Flight Test
Bed flor Innovative Mission Operations (FTB-TMO), is dedicated to testing
operalional concepts (Bruner, 1995),

*  Class D payleads. Tasi-turnaround systems, such as the Shuttle-based
Spartan carrier, Get-Away Specials (GAS), and the ITitchbiker Payloads
(which can deploy microsatellites from (he Shuttle cargo bay), olfer oppor-
tunities for testing new spacecraft and instrument technology at low cost.'?

The recent Inflatable Antenna Experiment (TAF) illustrates the exploitation of
Class ) payload carriers for low-cost technology demonstration. Figure 4.1
shows the IAE deployed [rom its Spartan carrier after release from the Space
Shuttle. The relatively low-cost Spartan was a good match for the risks associ-
ated with the demonstration, which was only partially successful.

Use of Dedicated Flight Demonstrator Missions

The most complete way of retiring risks associated with new technology is Lo
employ dedicated flight demaonstrator spacecraft. As pointed oul carlivr, new
technology can be found on virtually every one of NASA's science missions. Lo
some degree, each mission has technology demonstration objectives. A dedi-
caled llight demonstrator, however, is a standalone mission in which a non-
reusable spacecraft is built expressly to west muliiple technologies simultane-
ously. Examples of such missions arce the SSTT Lewis and Clark and NMP Deep
Space One and Earth Observer One spacecraft. The Discovery Mars Parhfinder
mission was also considered a demonstrator mission to test planetary micro-
rover technology and other techniques. Fach demonsirator has a scientific
component, but the primary mission is to verify the performance of advanced

A redundant string is a secondary path in a spacecraft svstem. New designs arc aiten firstflown in
a redundant envirnomont, sometimes as the primary system with o traditional design in a sec-
nndary role, or vice versa. Another aption for wesling new designs is (o dedicate a portion of & sys-
tem for new technology. New types of solar cells, for example, are flown in a segiment of the array,
with more traditinnal cells in the primuary arca. The perfonmance of the new cells can be evaluated
using this technique with very little visk to the performance of the spaceeraft.

" Ihe Spartan free-flyer operates totinely, Details of the AL mission can be found in GSEC (19873
In addition to the TAE, a Spartan was used 1o test commeroial plastic-encapsulated electronics, a
controversial application that is discussed in mere detail in Appeodix 1) see Garrison (19496,
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Figure 4.1 —I]Al Erection on 518-77

systems and concepts. For example, on New Millennium Program missions, 80
percent of the objectives relate Lo obtaining validation data on new technwlo-
gies, (Ridenoure, 1996, p. 4.}

Dol also relies on demonstrator spacecralt, but NASA and DoD have different
objectives. Military demonstrator missions, such as the long-lived STP initia-
tive, are proof-of-concept flights, essential precursors to the large investments
to be made in deploving eperationa! networks. In military systems, “the ATD
serves as a stepping stone lor follow-on aperational systems, lowering critical
risk and cost uncertainties.” {Worden, 1994} The national security aspect of
the future asset further underscores the importance of precursors. Although
often remembered as a lunar science mission, the principal objective of the
Clementine spacecrafl was the testing of future operational sensars and sys-
tems for the Brilliant Eves and Brilliant Pebbles programs.

NASA can claim neither national sccurily nor future operational status as a
driving requirement for demonstrator spacecraft. NASA has also claimed a
willingness to accept more risk in small spacecralt programs. In lieu of these
considerations, i must be assumed that NASA demonstralor missions represcriit
especially high-risk technologies.

NASA demonstralor spacecralt introduce a new objective: flight validation.
The objective of NMP, lor example, is “validating key technologies that can
significantly contribute (o fowering life cycle costs and increasing scientific
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retirrn.” {(NASA Headquarters, 1995.) It is not readily apparent how a validaied
systemn is related to a certified or proven system, or lo 1TRI definitions of matu-
rity. NASA demonstrators also seck to validate a suile of high-risk technologies
simultaneously; this is an ambitious undertaking. (David, 1997b, p. 2.)

The underlying strategy of NASA's demonstrator program is one of revolution
versus evolution. The driving requirement is the shifl to the higher levels of
performance needed 1o meet fulure science requirements—to reach the up-
sloping new performance curve shown in Figure 2.4, This is an important
objective, bul one that can be quite difficult to attain in practice. Some of the
factors that can complicate the development of dedicated demonstrator space-
craft are:

»  Cost. A demonstrator spacecrafl can mect or exceed the cost of a science
mission—finding the money to fund such spacecraft is challenging. In
FY98, NASA demonstrator missions constituted an annual investment of
over S300 million. Attempting to integrate several technologies exposes the
mission to significant cost, schedule, and technical risks.

»  Risk Lliminatior. Under pressure (o maintain a flight schedule, higher-risk
technologies might be bumped from the flight or placed in redundant
strings. Placing new technology in redundant strings weakens the justifica-
tion for the demonstrator mission, since the new design could presumably
perform the same function on a science spaccecralt,

*  Risk Neutralization. 'The mission manager, usually constrained in terms of
cost and schedule, must select a compatible set of reasonably mature tech-
nologies when designing the spacecrait.-? Choosing relatively mature
designs, however, further weakens the justification of the demonsirator,
since design maturity might be sufficient for a science spacecraft.

e Performance Discrimination. 1n the event of a partial [ailure, it is often
guite dilficult to ascertain which systems performed adequately. A catas-
trophic loss can mean the failure to “validate” any of the candidate tech-
nologics.

v Delayed Availability. Presumably, a new technology will not be available
until the demoenstrator flight is complete, defaving its use lor 2 (o 3 years.

An additional goal of this type of mission Is the demonstration of new rechnol-
ogy in environments similar to what is expected on subsequent science mis-
sions (Ridenoure, 1996, p, 3), This goal is somewhat suppressed by the increas-

“Flhe NMP EOL spaceerall is being built under a fixed-price contract. The D8] spacecraft also
operated under cost canstraints: see Lehman (1996, p. 32,
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ing fidelity of space environmental maodels, which should be able to predict the
performance of new technology with greater assurance. It is also unclear how
well a successful performance in one environment can be extrapolated to oth-
ers,

since funds [or demenstrator missions must be carved from a tightly con-
strained budget, it seems important that they be used selectively and with great
effect, Justificarion of these missions should be exceptionally thorough, and
performance measurements equally rigorous. One pussible method of ensur-
ing thal dedicated technology demonstrators are adequately justified is to
ensure that the risks being addressed are real and not perceived. This can be
accomplished by establishing a clear link belween past failures and proposed
rechnology plans. Peer review, with oversight from the spacecraft development
community, might also be considered as a means of ensuring that demonstra-
tor missions have met appropriate tests and criteria,

TECHNOLOGY DISTRIBUTION AND UTILIZATION

NASA spent approximately $30 million on technology wtilization activities in
1'¥96. These efforts mainly focused on the external use of NASA-developed
space technology, Internal technology transfer is, however, equally important.

Many participants at the RAND workshop reported that technology distribution
his heen hampered by reductions in program budgets. In lean programs, it can
be challenging (o divert human resources Irom design and test functions to the
packaging and reporting of new developments. The personnel most familiar
with a new design concepl are often in the highest demand throughout the
{light program and beyond, [urther compounding the job of documentation.

Reduction in the amount of formal documentation required from programs can
lead to a decrease in the information and categorization of new designs and
product developments, Some cost reduction practices, such as the acceplance
of drawing redlines or the reduction of sollware documentation, can make
design reuse difficult and in many cases impossible.

Incentives for Technology Transfer

In response to external and internal recommendations, NRAs, AQOs, and
Requests lor Proposals (RI'Ps) will carry technology-transfer requirements.

" he practice of accepting “redlines” thandwritten enginecring notations) on production drawings
helps reduee cost by allowing engineers to make on-the spot changes during fabrication. Ofien,
wher the spacecralt has been completed, insufficient fuuds remain to update drawings to reflect
the "as flown” configuration,
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Technology transfer does not come withoul cost to programs. RAND workshop
participants suggested that NASA could incentivize technology transfer by
offering technology investment awards up 1o some percentage of a program’s
TMC. These awards would be available to the principal developer of the
spacecraft, government or commercial, 1o recover costs assoclated with
maturing new designs Lo a level that they become turnkey systems to other
programs.

The Internet has also assisted smaller teams in transferring technologies and
design practices. Most spacecrall developers maintain a high level of profi-
ciency in the use of computer information services to help meet the require-
ments of completing complex programs. The proliferation of the WWW has
enabled spacecraft engineers to share design information in ways not previ-
vusly possible. Nearly every small mission has an associated web page, which
provides information related to the techniques and designs used to implement
a given mission.

Dalabases have been developed to capiure spacecraft technology. They have
been of limited utility in the past, partly because development efforts did not
enjoy sufficient high-level endorsement. Broader use of databases, especially of
systems accessible through the Internet via WWW servers, could greally assist
the sharing of spacecrafl design information.

PLANNING AN1 MANAGEMENT OF SPACECRAFT TECHNOLOGY
PROGRAMS

At 1o time in NASA's histary has the need to coordinate, justify, and manage
spacecraft technology programs been greater. As the importance of technology
to space science missions has increased, so has the frustration that NASA's
approach to developing and integrating new technoelogy has been inadequate.
The 1996 abolition of OSAT al NASA Headquarters reflects the perspective of
senior ageney managers Lhat, with Jimited budgets, the agency can ill afford
technology development not directly connected o flight programs. ATT pro-
grams have been labeled “hot dog stands,” disconnected from the mission
base. !’

Overall Technology Planning

The need for an overall NASA agency technology plan was highlighted in the
1990 Augustine Committee report. The report recommended “that an agency-

Y Demise of NASA Advanced Technology Unit Viewed with Alarm” (1996].
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wide technology plan be developed with inputs from the Associate Administra-
tars respoensible for the major development programs.” (NASA Advisory
Committee on the Fulure of the U.S. Space Program, 1980, p. 31.) Tn response,
OAST issued the Integrated Technology Plan {ITP) for the Civil Space Program.
A 1993 NRC reporl Improving Technology for Space Science was a delailed
review of this plan. The central weakness of the TTP was that many of the ele-
mnents of a plan were missing: a clear methodology for managing technology
development, tving technoelogy to space missions, and evaluating success. The
1893 NRC review concluded that the I'TP was essentially
a prospectus of development rasks most of which cannot be undertaken within

either the existing budget or any budget that is likely to be available. . .. INRC,
1993, p. 4.

Following the 1993 NRC review, progress in preparing a new top-down tech-
nology plan within NASA awaited the creation of OS8’s Integrated Technology
Strategy. (085, 1995.) The strategy was developed to correct specilic weak-
nesses NASA identified in the prior plan, namely:

» Nointegrated means of identifying, developing, and inserting technologies
into the system

* Tnsufficient attention to lile-cyele costs

* Nooverarching technology development strategy

*  Insufficient resources directed to technology development requirements

»  No formal criteria for technology selection, funding, or transition planning

* The tendency for [light projects to shun new technology becatise of cost,
schedule, and risk implications

* Lack of a robust technology definition and development process
* Ignorance al the project level of technology transfer imperatives

* Noprescribed metrics for effectively evaluating technology transfer success.

Yet lack of a top-down plan has not prevented "grass roots” planning. The need
e cut costs while increasing spacecraft perlormance leaves mission managers
with little choice but to prepare detailed, budgeted plans lor technology infu-
sion. Mission-level plans have improved dramatically in the last two vears.
Now most of NASA’s small spacecradt flight programs (Explorer, Discovery, etc.)
have refined techuwlogy plans that are being excculed with increasing preci-
sion.

Today, the need to push spacecralt as close (o the state of the art as possible is
generating a concept known as “just-in-time technology.” This strategy alms Lo
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deliver the highest possible level of performance into @ new design without
incurring costly delays. That managers believe this to be possible Is an indica-
tion of the sea change taking place inside ol spacecraft design teams.

Recent Technology Planning Actions

On September 4, 1996, NASA announced plans to create the Oflice of Technol-
ogy (O], housed within the Office of the Administrator. OT is a small, coordi-
nating organization to oversee the agency's technology budget. [l also reviews
technology programs and distributes them to the Aeronautics, Human Fxplo-
ration, MTPE, and Space Science Enterprises (Mulville, 19963.16

Both MTPE and 0SS fund the develepment of spacecrafl technology, When OT
was creafed, 0SS was given a lead responsibility in that it is charged with plan-
ning technology programs that are cormmon to hoth space and carth science
missions, Within 0SS, the Advanced Technology and Mission Studies (AT&MS)
Division was formed to perform both cross-cutting techuology planning and
initiatives unigue to space science.

A principal objective of OT is to reinvent the ITP. In helping to prepare an
updated version of the [TP, AT&MS has classilied individual technology projects
according to breadth and maturity. Technologies that are narrowly focused,
that supporl missions in either the Space Science or Mission to Planet Earth
enterprises, are distinguished from those that potentially have broader appeal.
Near- and mid-term technologies are also distinguished [tom ones likely to
mature only in the far term. Of the available funding, the splitis slated to be on
the order of 75 percent to near- and middle-term technologics and 25 percent
to far-term technologics. To match mission requirements to individual tech-
nology initiatives, Joint Planning Teams have been formed in key disciplines
{telerobotics, communications, instrument sensors, etc.). Coordination among
teams and across enterprises is 1o be ensured through a Joint Enterprise Strat-
egy Team (Ulrich, 1997).

The creation of this plan is only now maturing, and it is woo early to evaluate the
success of proposed strategies. Review of an carly strategy, however, suggests
saome areas on which to focus attention:

o Plan review. Although NASA's new technology-planning process recog-
nizes the importance of external reviews, it is not clear how these reviews

BNAKA s organized into four strategic enterprises that function as primary business areas for
implementing the agency's lang-range vision. In addition to the Space Science and Mission w
Planet Farth coterprises, NASA also operates the Aeronautics and Space Transpartation Technology
and Human Explaration and Developiment of Space enterprises.
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will be conducted and how review decisions will aflect the funding of tech-
nology projects. Peer reviews are recognized as “sensible” only up Lo the
TRI. 3 level {presumably because technology projects above this level might
contain informaltion considered proprictary).

+  Planning elemenis, 1L is not clear how this current cffort will escape criti-
cisms of earlier plans—namely, thar elements of a plan (budgets, schedule,
milestones) were missing.

e Iixiteriterig. Clear definitions are not vet available thar identify how and
when technology programs will be terminated. Tikewise, the connectian
between future seientific mission requirements, technology road maps, and
performance metrics (o individual projecis is unclear.

*  Coordination. Mechanisms for sharing information with other government
and privale-scclor spacecraft lechnology organizations have not vet been
propuosed.

*  Plunning base. The cxtent of the effort is not clear. In relation to spacecrafl
lechnologies, far exarmple, it is not evident whether the I'TP will extend
beyond spacecraft bus technologies to the development of instruments and
sensors, ground syslems, design processes, and test facilities. The authority
of this plan over the mission-level plans and budgets of NMP and the
Explorer Program’s technology initiatives is also difficult to ascertain.

The AS&MS effart to create a new NASA TTP is clearly distinguished, however, in
that it establishes a contract relationship between NASA Headquarters, the
technology developer, and the end user. The goal of creating this cooperative
refationship is critically important to small spacecraft programs (hat must
increasingly rely on advanced technology,

SUMMARY

One of NASA's most important challenges is (o advance small spacecraft per-
formance and reduce mission cost by incorporating advanced technology,
National space objectives increasingly rely on successful small missions, which,
in turn, rely more heavily on higher-performance systems and components. An
effective means of planning and implementing an aggressive technology pro-
gram is, therelore, essential.

Past reviews have criticized NASA's technology planning efforts. in response,
the agency produced the 1992 I'TP for the Civil Space Program. While the [TP
attempled to centralize technology planning, many clements of a plan were
missing: & clear merhodology for managing technology developmenr, tying
rechnology to space missions, and evaluating success. In 1996, NASA dis-
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banded the OSAT and placed responsibility for planning all spacecralt technol-
ogy programs within the new QT. A central objective of this realignment was o
refine and reissiue the TTP. The success of this plan is a matter of some import
1o managers of small programs tasked with inlegrating the advanced systems
necded Lo meet ambitious scientific milestones.

The task of preparing an integrated plan is complicaled by many factors, Per-
haps the most impartant challenge NASA faces is the fact that the agency has
traditionally had a dual mandalte: to conduct basic rescarch and Lo develop
applications for new technology. This duality has spawned separate cullures
within the agency. Mission-oriented groups are closely aligned with, and
responsive to, in-house spaceeraft builders. These groups supply important
incremental advances. Research-oriented groups have not been associated
directly with [light programs unless a specific technology was being tested.
Their basic research orientation has supplied some of the maore revolutionary
advances, NASA’s technology planning cffort must unite these cultures and
engender cooperation to an unprecedented degree. Another factor is the insu-
larity associated with reviews of NASA technology projects in the past. Tech-
nology projects were reviewed, but the review process itself could be character-
ized as internalized. The 1990 Augustine Committee recommended that tech-
nology funds he allocated based on a review by experts outside of NASA, RAND
workshop participants were unanimous in their agrcement with this recom-
mendation. ‘T'o support such a review, the TTP must contain cost, schedule, and
performance data for the many technology projects that NASA sponsors.

Creating the ITP requires that NASA conjoin several other technology planning
efforts. Technology planning occurs within several program offices and at vari-
ous field center locations, To claim full integration, the I'TP must assimilate or
coordinate these efforts, in turn implying a high degree ol trust between those
huilding spacecraft and those developing technology. NASA has recently cre-
ated an internal contract structure (o ensure that technology, planned within
the framework of the [TP, will be ready when needed. For this contract io work,
an assurance is needed that the methods and terminelogy lechnologists use to
measure and describe the readiness of new designs are relevant 1o the space-
craft builder. Current practices do not offer this assurance.

The ultimate output of the ITP will be advanced designs that are ready for use
on future science missions. NASA currently relies heavily on dedicated tech-
nology demonstratlor missions, like SSTT and NMP, to ensure thal new systems
are ready for use. In FYYE, nearly one-third of NASA's §1 billion investment in
small missions was used to construct technology-demonstrator spacecraft.
These missions are expensive and contain significant (echnical and program-
matic risks.
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In an era of tightly consirained budgets, it is important to carefully determine
when dedicated technology missions are the most cost-cffective means of retir-
ing technological risk. The performance of new designs can usually be ade-
quately evaluated using low-cost, ground-based approaches. When a new
technology must be tested in space, additional low-cost Lest methods are avail-
able. These methods have proven successful, and new technology has tradi-
tionally not been the source of mission failure.

The cost of dedicated technelogy-demonstrator spacecralt should also be bal-
anced against potential gains from alternative investments, such as expanding
the hase of fundamental research and rechnoelogy programs. Further, in estab-
lishing this balance, it is important that the risks these missions are designed to
retire be real and not simply perceived. A possible means of achieving this
would be to generate the requirements lor these missions lrom within NASA's
I'lP, which, in turn, should base 1he assessment ol technological risk upon
actual flight failure and performance data.



Chapter Five

This chapter links two important concepts: process lmprovement and the
management of risk. Tach concepl is important in its own right.  Process
improvement strategics provide a means of meeting future cost and perfor-
mance goals. Similarly, NASA's space- and earth-scicnice missions are expres-
sions of national space policy, and the risks associated with them need to be
understeod. Inrelation to NASA's programs, however, these concepls are more
closely linked. This linkage veeurs at the point of risk measturement.

Communication of risk desires and outcomes hetween policymakers and NASA
cannot oceur unless risk can be expressed, either qualitatively or quantitatively.
Likewise, process improvement theory is based on the principle ol measuring
all product variables: cost, perlormance, axd reliability (or, in a related man-
ner, risk), NASA has not, however, formally idenrified risk reductiion as a
strategic goal; process improvement initiatives can, therefore, be assumed
incomplete,! The agency is, however, heing driven at the technical level 1o
refine methods for calculating risk. New quantitative risk measurement meth-
ods are needed mainly because NASA can no longer afford to avoid risk at any
cost and must manage it as an engineering variable. LEfforts to refine risk mea-
surement methods 4t the technical level could supply (a) an important metric
fur overall process improvement measurement and (b) a mechanism for report-
ing risk to the policymaker,

This chapter will review the concepts of process improvernent and risk man-
agemeni and will more firmly establish the link between them. The first section
discusses the relevance of these issues to the policymaker, while the sccond
describes the key attributes of process improvement and its importance in
other industries. ‘J'he third reviews new approaches to risk management and
how they, along with cest and performance measures, SUPPOrt Process

TRANTI nates that the July 3. 1997 draft version of the (088 Strategic Plan now includes risk
reduction as a long-range technology goal.
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improvement and the communication of risk. The penultimate section exam-
incs four key trends that could lead (o the desired cost, performance, and risk
outcomes. The chapter concludes with sume suggested strategies lor improv-
ing processes and reducing risk.,

RELEVANCE TO THE POLICYMAKER

Currently, there is no systematic method for NASA (o communicate risks (o the
policymaker. Discussions of risk are limited (o larger programs when perceived
failure costs are high. Yer, issues related (o risk have implications lar beyond
program-level boundaries:

*  National prestige. Tnlernational agreements are oflen at stake, and failures
can have unexpected repercussions.? Cumulative failures, even small ones,
can seriously jeopardize naticnal space goals and cause a loss ol momen-
tum.

*  Health and safery. For some spacecraft, environmental impact and the
public safety become major issues, as in the case of flying radioactive ther-
mal gencrator (R1G) power sources. In these cases, risk becomes a high-
profile national issuc requiring approval of the President’s Science Advisor.

* Response ta policy. Program-level decisions regarding risk may not cor-
rectly interpret the intention of Federal laws, such as the GPRA. Paolicy
guidance and interaction are required to inform implementing organiza-
tions of the goals and intentions of rule-making,

Risk measurement is also important in terms of overall performance measure-
ment. Arccent NRC report noted that

Plans that do not recognize and articulate risks make it extremelv difficult to
assign proper value to space science investments. (NR(, 1997, p. 12.)

Measuring risk Is an lmportant step in evaluating programs, especially if the
risks associated with spaceflight are to be driven down. Later sections in this
chapter suggest that acceptance of higher levels of risk may not be necessary
and that improvements in system reliability are indeed possible in cost-con-
strained cnivironments. Earlier RAND rescarch has established that the hopes
of realizing such a goal depend upoen a high-level priority on risk reduction.
(Alexander, 1988, p. 9.)

ZEailures can have effects dispraporlionate to the size of of the mission, as ilusirated by the loss of
Argentina’s Scientific Applications Satellite (5AC-3). The November 4, 1996 loss of SAC-B led to a
diplamatic incident that was unexpected in the policy community. The next spacecralt in the
serics, SAC O was shilted from the Pegasus X0 launch vehicle o the lower-risk Delia, where i
remains comanifested with the New Millennium EQ) spacecraft.
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PROCESS IMPROVEMENT CONSIDERATIONS

Process improvement happens behind the scenes, reordering and restrucruring
people and inlrastructure in a constant drive for performance and cost-eflee-
tveness. Sometimes, process improvement involves the modification of exist-
ing practices; other times, it means abandoning old methods in favor of new
ancs. While process improvement can result in upser, many privale companies
have learned 10 embrace it as an essenlial element of the quest for global com-
petitiveness,

I'rom the outside, process improvement can appear fickle. The PA field, for
example, has adopted many new processes. 1n the early 80s, PA organizations
were immersed in “quality circles,” "statistical process control,” and "lotal
quality management.” The 90s saw a transition 1o “benchmarking” and
“quality action tearns.” Rather than signaling uncertainty in approach, this
willingness to adopt new paradigms is a trademark of process improvement.

It is somerimes assumed thal process improvement is relevant only for large
comimercial firms involved in high-volume production. The goal of process
improvement, however, is to reduce cost and increase efficiency, regardless of
how many {ters are produced. This was illustrated in a recent ULS. Navy survey
conducted as part of the Joint Strike Fighter Program. The survey involved 17
major acrospace lacilitics to estimate the effect of changing design and devel-
opment processes to emphasize praducibility. The results of the survey esti-
mated that a savings of approximartely 25 percent could be achieved in the cost
of the first production item by process improvement alone. (Smith, 1997, p. 2.)

A revolution has been under way for decades in the commercial electronics
indusiry and, to a somewhat lesser extent, the automoetive sector. Firms com-
pete ou the basis of performance and price but, more recently, also on the basis
of quality and reliability. More than rwo decades ago, the lotel Corporation,
facing a wide range of competitars and concerned ahoul product reliability,
embarked on an expansive process-improvement effort centered around the
need for higher-qualily products. Now the world's leading producer of
advanced microprocessors, Intel produced some impressive results:

«  Asixteenfold increase in microprocessor complexity (as measured by the
number of ransistors contained within each component) within five vears

« Three orders-of-magnitude improvement in quality

+ A lourfuld increase in productivity (as measured in terms of number of

units manulactured per emplovee].

There are many lechnical reasons for this success, but a critical factor was a
decision (o commil the corporation to “an exhaustive effort 1o achieve world
class quality.” {Intel, 1896, p. iv.)
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Defining Process Improvement

A technical enterprise can be thought of as a nested set of processes interacting
to design, develop, Lest, and field & product. Organizations committed to pro-
cess improvement laver these processes with practices that, in an ongoing
sense, evaluate end-item performance and recommend improvements.
Fulightened organizations take the next step, embedding these oversight func-
tions inta the core of the produciion flow: The result is a highly imegrated,
highly “self-sensing” entity with & vision of growth. (Hammer, 1996, p. 80-83.)

The creation and uniform application of melrics is an integral part of a com-
mitment to process improvement. (Hammer, 1996, p. 16.} In the private sector,
firms must continuously reduce costs and increase performance to retain mar-
ket advantage. Simultaneously, they must improve reliability, a parameter they
carefully calculate and monitor. Cost, performance, and reliability form a triad
for measuring the success of improvement initiatives. Failure (0 measure any
one ol these parameters clouds evaluations of process improvement.

Process Change in Relation to Small Spacecraft

NASA has already comimitted {tself Lo continuous process improvement and the
development of the required metrics. (NASA, 1996¢, Section 3.2.7.) The many
discussions and site visits that were conducted during the course of this study
made it clear that process improvement has begun in spacecraft programs. The
steps being taken, however, are carly steps. Many organizations are just
heginning to create the internal metrics needed to evaluate success, the results
of which are beginning to be reported in the general literature.?

Change has come quickly 1o spacecraft development organizations. Rather
than have time for [undamental process redesign, most small spacecraft efforts
have had to streamline and reshape existing practices rapidly in an effort to cut
cost and development (ime. Risk management is an example of a process for
which sweeping changes have not yel setled out. NASA s now creating new
processes that reflect the exigencies of tght budgets, but in the interim, small
spacecraft programs have had (o abandon tradition and create new strategies
for approaching risk. The result is a wide variation in approaches to risk, in
large part determined by the stvle and experience of the spacecraft team.
(Gindorf et al., 19944, p. 20.) The type of mission and the incentives under
which the spacecratt team operates have also influenced the approach taken.

“S$mall spacecralt programs are closely evaluating the impact of new technical and management
practices, inchading open discussion of casts, Tor an example of these self-evalualions, sec Strope
21998} and Hermunings (1996},
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In terms of the processes used (o build them, today’s small spacecraft are more
similar to those of the past than will be likely in the future. What has been
termed the “smallsat revolution” is in many ways a streamliining of traditional
methods and an application of evolving fechnologies and technigues. For
example, analog systems in spacecraft are only now being replaced with higher-
perlormance digital designs, a transition long under way in terrestrial products.
Parl ol the reason for this is cultural, part is sheer practicality (instruments, for
example, remain predeminantly analog), but the larger reason is that new
approaches and methodologies are only now beginning (o debut,

There are many signs that the way spacecraft are designed, built, and operated
could be dramalically improved through new processes. A potential way (o
accelerate the adoption of new approaches might be for NASA 1o link its com-
milment to process improvement with a measurable vision of future spacecralt
cost, performance, and reliability.

Measuring Process Improvement

Like industry, government shares an interest in reducing cost and increasing
perlormance. At NASA, significant work has already been accomplished in
measuring program performance, and spacecraft technical performance is
relatively easy to measure. New full-cost accounting practices are also malur-
ing rapidly to provide an even playing lield for program evaluation. It is not
clear, however, that reliability or risk reduction is a parallel objective within the
government. If cost is reduced and performance increased, but risk is not at
least held even, new approaches will be difficult to label as improvements.

THE ELEMENTS OF RiSK

In the private seclor, it is relatively easy to evaluate the success of a new
approach. This is especially true when it comes to measuring reliability. Large
production runs support the compilation of the statistical data nceded to pre-
dict reliability accurately. For science spacecraft, which are one-of-a-kind
ilems thal use many compenents built in limited number, accurate prediction
of reliability is a substantially greater challenge.

Risk management practices are currently receiving a great deal ol attention and
review within NASA, and the focus of these efforts is an new ways to measure
risk and reliability quantitatively. The goal s to develop a sel of quantitative
tools that allow risk to be uniformly measured and predicted. This will be dis-
cussed below, following a brief review of definitions.
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Some Risk Definitions

Risk is a higher-order term than reliability; @ manager will describe program
risks, while an engineer refers 1o companent reliability. An overall assessment
ol risk requires an understanding of the reliability of the individual mission
componenls (spacecraft, launch vehicle, ground system, ete.) and also the
potential challenges associated with mission cost and schedule. Risk and reli-
ability can be delined as follows:

»  Riskis the likely variability of future returns from a given project. “Ihe total
corporale risk is the sum of the polilical, economic, ecological, social, and
technical risks to which the project is exposed. Tt requires an understand-
ing of the clements that drive risk, the probability that they might occur,
and the impact they could have. {(Avers, 1977, p. 24.)

*  Reliability in terms of a mission, is the probability that at least the essential
elements of a system will survive to meel scientific objectives. (Hecht, 1992,
. 704.)

The relationship between risk and reliability is complex. Certainly, the lower
the level of a spacecrafl’s reliability, the higher the level of risk for the misston.
Yet spacecralt reliability is only one component in an everall evaluation of risk.
Flyving a low-reliability spacecraft will increase the risk to the mission. Yet,
alone, a high-reliability spacecraft cannot mitigate mission rigk if the reliability
of the launch system is low, or if the mission objective exposes the spacecrafl o
unknown environmental elfects. An adeguate treatment of risk in a space mis-
sion requires attention to all risk areas, including how risk is perceived in the
broader context of public acceptance,

Reliability, in turn, is also delermined by many factors. Very low-cost space-
craft can take a high-risk developmental approach and still prove to be reliable
if they pursue simple designs and use lewer components. For example, oul of
41 launches, only one AMSAT satellite has failed to operate correctly on-orbit.
(Larson, 1996, p. 51.) Most small NASA spacecralt are appreciably more com-
plex, however, and il is known that reliability and complexity are inversely pro-
portional. (Hecht, 1996, p. 14.) Reliability is also highly dependent upon how a
spacecralt is designed and tested. A robust design can accept repeated fallures
and still prove to be reliable, while fragility in even the most expensive design
can lead to catastrophic loss.

Risk in Past Programs

Risk has traditionally been viewed as a consequence of any human endeavor,
amplified in the case of the space program by the complexity and dangers
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associated with missions of cxploration, Tn the past, a principal goal of a
spacecrafl program was risk avofidance, a praclice that required 4 large percent-
age of the budget. The approach to avolding risk was “rule based.” As men-
tioned in Chapter Two, spacecralt were in the past classified according 1o the
rules spelled out in NMI 8010, Spacecraft complexity, launch constraints,
expected lifetime, and other technical parameters were used 1o select a classifi-
cation. There was, of course, considerable discussion and mutual agreement
an risk amony scientists and program managers. But once selected, classilica-
tion implied hard reliability targets. Both NASA and DoD management hand-
hooks cutlined the various technical approaches 1o avoiding risk.?

New Risk Management Approaches

NASA spacecrafl programs are now shifting to 4 perspective that views risk as a
resorrce. (Greenfield, 1997, p. 8.) Since NASA can no fonger afford (o aveid it,
risk has evolved from a prescribed design point to a dependent variable
included in the various trades that are a normal part of planning and execuling
a space mission. In addition to necessity, the lonmulation of a new approach Lo
risk management was also a response to the desire to imbed considerations of
risk more deeply in the project-management function and, most importantly, (o
have it occur very early in the mission-planning process. The treatment of risk
as @ resource is a change in strategy (hat focuses the spacecraft team on
preparing an integrated plan to account for the many variables thart affect a
mission. This includes variables that are sometimes overiooked as spacecraft
teams concenlrate on solving (echnical challenges, such as managing interna-
tional partnerships and responding to oversight requirements. Perhaps the
most imporiant aspecl of treating risk as a resource is relinement ol whalt is
often an amorphous relationship between risk and the practical ways it must be
traded Lo attain mission objectives. [t is hoped that applying the technigues ol
risk management throughour the planning, development, and operation of a
spacecraft will make (his more of a science than ever before.

Treating risk as 4 resource also has some obvious downsides. Since risk avoid-
ance is unaflordable, NASA's science missions, by implication, have a greater
potential [or failure. Although the Joss ol a smaller spacecralt is not as econom-
ically significant as, say, the loss of a large, billion-dollar mission, the impact to
science may still be profound. Following the loss of large missions, like Mars

=Most relevant in terms of technical risk are Defense Systems Management College [1997), Delense
Sysrems Maoagement College (1990), and NASA H (1994), and NASA (199641, The proposed
Furnpean Program Management Standard 150 14300 includes a final section an risk management
practices in the concluding chapier, Many of these handbooks bave been revised to reflect a
maoverent away from risk-avoidance pracrices.
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Observer and the recent Advanced Farth Observation Satellite (ADEOS], more
and more scientists believe that smaller spacecraft offer a befter chance of
acquiring a steady stream of space data. (Kallender, 1997, p. 1.) This outcome
is unlikely, however, il small spacecralt contain more risk than past missions.
Indeed, the growing importance ol small spacecraft would suggest that NASA
give high priority 1o reducing risks below historical values. The effect of a mis-
sion loss on public and media inlerest in space must also be considered.

Choices made in the course of conducting missions can have far-reaching
effects, underscoring the need lor the adequate communication of risks. The
anticipated costs and benefits of elforts (o reduce risk, the effect of risk on the
atlainmernt of scientific objectives, and the influence of budget change on risk
choices are examples ol information that could be synthesized from NASA's risk
as a resource activity and communicated to policymakers.

The evolution of risk from an assigned value o a variable that must be calcu-
lated implies that quantitative relationships can be devised to relate the many
factors upon which an overall assessment of risk depends. Any potential use of
risk as a metric in evalualing process improvernent similarly depends on the
successful creation of these quantitative relationships.

Measuring Risk and Reliability

[n practice, the task of determining risk and reliability in space systems is very
difficult. Statistically significant data are usually only available for parts and
components, and this information often proves 1o be inaccurate. As a resull,
there is considerable disagreement within the spacecraft community regarding
the ability to calculate overall spacecraft reliability with any degree of precision.

For spacecraft, caleulating risk and reliability largely depends on the use of
predictive techniques, such as the Taguchi Method and Bayesian Analysis,
Some methods of prediction are based upon comparison with existing or pasl
spacecrafl designsg. Others rely on limited or accelerated testing that is then
extrapolated to vield some estimation of reliability. The challenge of accurately
calculating reliability is all the more difficult in small spacecraft designs. Typi-
cally, there are few analogs available to formulate comparisons. lesting Lo
establish reliability is expensive and time consuming and is usually beyond the
means of small programs. Also, small spaceeralt designs have often used com-
mercial componenrs, for which reliability informarion related to performance
in space is less available.

T . - - - R - . .
The use of commeercial parts in small spacecralt is discussed in Appendix D.
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NASA realizes that new methods for calculating reliability and assessing risk are
needed. Several programs are under way to improve the field of risk assessment
and 1o refine new quantitative methods for establishing reliability with accu-
racy. To be uselul in the hroader context of process improvement metrics,
however, these improved measures would have to enjoy widespread use among
spacecrall development organizations, As mentioned previously, current
methods of measuring reliabilily and assessing risk vary widely.

New guanlitative risk-assessment methods are designed to be program tools.
Time and effort will be required (o translate these methods into a useful strategy
for evaluating overall program performance. in the interim, however, it could
prove advantageous to use actual spacecrall reliability data. Meaninglul
reliability rargets are now used by small spacecraft missions to evaluate perfor-
mance, The SAMPEX mission, for example, required a reliability of 99 percent
in terms of the data delivered to the PL. Actual perfonmance data indicated that
the mission achieved 99.9 percent, (Watzin, 18996b, p. 10.) In general, space-
craft failures are less severe, and spacecraft are living well beyond initial design
points. This is an achievement for which NASA dacs not now receive recogni-
tion.

The Cost of Reducing Risk

DNala related explicitly to the cost of reducing risk are very dillicult to obtain.
Managers ypically have a qualitative sense of how a particular initiative will
improve the reliability of a product, but systems of measurement that generate
quantitative data are rare. It is generally acknowledged, however, that the cost
versus reliability curve is as shown in Figure 5,1, Space systems have bistori-
cally operated in the upswepl right tail of the curve. Earlier RAND rescarch was
unable to discern a relationship between cost and reliability in space systems.
This was attributed (o the very high reliability demanded, which obscured the
effects of marginal investments, and to variations in cost practices amaong the
various prograrus studied. The research did, however, eslablish that the cost of
achicving high reliability typically approached 30 percent ol the total cost ol the
mission. {Alexander, 1988, p. 92.} As a consequence ol shifting (o a strategy thal
views risk as a resource, future space systems will likely operate on a different
portion ol the curve,

There is evidence thal even complex systems, such as spacecraft, can achieve
reliability improvements through relatively small investments. Military systems
offer a few comparalive points. The F-18 aircraft, for example, achieved a
doubhling in reliability for a 12-percent increase in toral cost. In some cases,
reliability improvernents came while program costs were being reduced. The



648 The Cosmos ona Shoestring

RANDISERA-5.7

Total cost of reliability

Reliability level

Figure 5.1-—The General Shape of the Cost-Reliability Curve

guidance system for the Minuternan missile demonstrated a 15300-percent reli-
ability improvement while reducing the cost of procuring additional items by 50
percent, (Alexander, 1988, p. 37.) [Early experience with spacecraft also shows
that cost reduction and reliability improvement can be pursued simultane-
ously. The cost of the Air Foree Agena-D was reduced by 30 to 10 percent while
reliability improved by a factor of 6. (Kalz, 1970, p. 16.)

The Concept of a Risk Poritfolio

The Space Science and MIPE enterprises are diverse endeavors encompassing
many discrete programs. Since NASA can no longer afford the risk-avoidance
strategies of the past, it must now balance risk against cost and performance
objectives. The level of risk will now be a returned value that will vary across
the many missions that NASA funds. One notional way of viewing these
endeavors, therefore, is as enterprise portfolios containing missions with varying
scientilie objectives, spacecrafl sizes, producer organizations, and a distributed
sel ol risks.

This model is analogous to an investment portfolio, which contains stocks,
bonds, and funds selected to provide an optimal return on investment at some
average level of risk. In a similar fashion, an enterprise portfolio would blend
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spacecraft program risks so as to maximize scientific return. The notional
enterprise portfolio would also reflect the risks that the investor, the Federal
government, is willing to take. A portfolio that, over time and for the same tevel
of investment, produces the same level of scientific output is clearly desirable.
Within the enterprise porifolio, cost, performance, and risk would form a syrm-
metrical sel ol metrics useful in the preparation of the annual performance
reporls NASA must produce in response to the GPRA. An enterprise portfolio,
however, could have several other advantages:

s Enhanced communication. Policymakers would have a direct mechanism
[or informing implementing organizations of their desires as investors of
national resources. Risk can be directly related to goals and ultimately o
the metrics used to evaluate success. The absence of such a linkage
increases the subjectivity of developing and evaluating metrics, All levels of
the enterprise have a common ground on which to discuss atrainment of
goals.

»  Better alignment of agency science and technology goals. More-challenging
scientific missions would carry a commensurably higher tolerance of risk.
High-risk science missions would, by the naturc of the objective, require
technology bevond the state ol the art, providing clear “technology pull”
apportunities. This would assist research-oriented groups in building
closer alliances with mission organizations.

»  Budget confidence. Budgels can be aligned with more precision against the
risk ro be assumed by the implementing organizations. Higher-risk mis-
sions would be allocated more contingency funds, reflecting the uncer-
lainty associated with integrating advanced lechnology, developing new
spacecrall, and including possibie backup oplions.

e Identification of winners. New technical approaches that result in high lev-
els of reliability can be readily identified.

Within the enterprise portiolio, risk is a variable that becomes a metric of per-
formance improvement. Creating an enterprise portfolio requires benehmark-
ing current levels of risk across the spectrum of spacecraft missions. Once that
is accomplished, however, the risk distribution within the portfolio becomes
something that can be measured over time.

As a metric of enterprise performance, managed risk could become a usclul
device for focusing process improvement efforts, Figure 5.2 presents the notion
thal process improvement could be purposely applied to improving spacecralt
reliability. Earlier, in Figurce 2.4, a similar chart depicted the goal of increasing
spacecralt performance through the use of advanced technology. 1n a similar
vein, Ligure 5.2 suggests that a goal of increasing spacecralfl reliabilily could be
achieved through purposeful process improvement.
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Figure 5.2—Goal of a Risk-Hased Process [Improvement Plan

Belure the pursuil of such a goal could be considered, however, an important
question must be addressed: Is it reasonable to expect additional improve-
ments in the reliability of space systems? The following section examines four
process-improvement trends that together could dramatically reduce the risk of
space missions while permitling spacceralt (o be designed with higher perfor-
mance at lower cost.

KEY PROCESS-IMPROVEMENT TRENDS

This section explores four areas that could signilicantly change how spacecraft
are designed, built, and deploved. This review will help address a fundamental
questinn: Can processes be defined that allow spacecraft to be buill 4l lower
cost, with higher levels of performance, while also reducing the risk of failure?
l'our trends arc outlined below thal suggest an affirmative respanse. The four
trends discussed below are covered in more detail in Appendixes B through E.

New Insights into Failures in Space Systems

Almost four decades of experience in building spacecraft and measuring the
space environment have vielded a refined understanding of how to avoid fail-
ure, This experience is reflected in the fact that

* The number of spacecraft failures has been steadily decreasing.

*  Failures, when they do oceur, are less severe.
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Within these trends, however, are some significant areas of concern that could
aflect continuous improvement in mission performance:

» Design-relaled failures are playing a more significant role as the tetal num-
ber of failures diminishes

» Mechanical failures contribute significantly to reduced performance or loss
ol spacecrafl.

These areas deserve special attention in terms of focusing failure-reduction ini-
tiatives.

An area of great promise, in terms of undersianding failure mechanisms and
improving the construction of spacecraft, is the physics-of-failure approach.
The goal of this approach is to replace cmpitical models of faflure with more
rigorous scientific analyses of how failure occurs in spacecraft components and
subsysterns. The increasing fidelity of failure models should aid in reducing the
number of design errors and serious mechanical failures. The physics-of-fail-
ure approach is also very important in terms of (1) helping (o predict the per-
formance of new rechnology, (2) supporting the goal of overall risk reduction,
and (3) increasing an awarencss of reliability issues early in the design process.

To assist physics-of-failure initiatives, a greater degree of cooperation between
the various organizations collecting and disseminating failure data is nceded.
The adoption of common recording and reporting formats would, for example,
assist in the preparation of actuarial data, Funding for joinl analysis efforts
might be considered with the aim of providing a foundation for improved reli-
ability and longevity estimates.

NASA has adopled a higher-risk approach in shifting to smaller spacecralt. One
possible cutcome is, in the short term, 4 higher rate of lailure that disrupts cur-
rent reliability improvement trends.  Yet, as lailure mechanisms are better
understood, as the reliability of small launchers improves, and as small space-
crafl programs incorporate high reliability systems, it is likely that future small
spacecraft will continue the trend toward fewer failures.

Improved Test Processes

Despite its broad-scale importance, lesting has long been an empirical process,
with a great deal of variation in how the builders of space systems approach the
lest phase of a project. New insights into how companents and systems fail
have, however, illuminated deficicncies in traditional practices. The inherent
quality and reliability of new components has also spurred a reexamination of
test procedures.
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Hfforts (o improve test processes were acceleraled with then-Secretary of
Defense Perry’s 1994 decision to cmphasize performance specifications in DoD
procurement over long-standing military specifications and standards. Within
the PA community, this decision was viewed with alarm in that milspecs form
the backbone of raditional test procedures.

The arrival of smaller spacecrafr also placed unique demands on Lest proce-
dures: Testing had (o remain effective yet be responsive to a smaller, tghtly
constrained budgey; its criticality was increased, since many small spacecraft
were proceeding with little or no redundancy; and 4 greater amount of new
technology was being incorporated.

LThe response from the PA community has been a {resh look at existing Lest pro-
cedures aimed at replacing empiricism with experimental evaluations of the
cifectiveness of specific tests. Both NASA and the Air Force plan to establish
refined test procedures that cost less (o implement and are more effective in
preventing delects from propagating. The net effect of these improvements is
expected to be a significant improvement in the reliability of all space systems,

Development of High-Reliability Components and Subsystems

Space systems are clearly becoming more reliable. Improvements have been
largely due to focused PA cfforts within both NASA and the Air Force to bring
developments in related fields into practice within the space program,
Recently, the emphasis on high-reliability systems has increased. Manufactur-
ers of spacecralt components are delivering products that demonstrate higher
performance and greater reliability.  In parallel, new design processes are
incorporating reliability madels that are more accurate and connected (o fail-
ure-analysis databases. The commercial satellile communication sector, (00, is
placing greater emphasis on satellite reliability, in preparation (or direct com-
petition with terrestrial fiber networks.

Designing for reliability has a coroliary effect—spacecrafl tend to live well
beyond original design points. Longer-lived spacecraft create a challenge in
terms of operating budgets, yet longevity can be benelicial in terms of offering
new approaches to conducting space rescarch, observing the unexpected, hav-
Ing resources on hand to view emergent phenomena, supporting other mis-
sions, having greater mission-planning flexibility, and having more opportuni-
ties lor training.

Of concern in (erms of the future reliability of space systems is the increasing
usc of commercial components. High-quality commercial parts are more avail-
able than their space-rated alternatives and typically offer greater perlormance.
Atissue is the long-term reliability of electronic commercial devices encapsu-
lated in plastic instead of traditional ceramics. Recent experience has shown
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that these components can meet the rigors of spaceflight, but certain areas,
principally radiation resistance, remain that must be addressed through ongo-
ing rescarch. It is likely that supplies of space-rated components, especially
high-performance microelectronics, will dwindle. Commercial electronic parts
will, therefore, be increasingly important Lo the performance and reliability of
future space systems,

Parts and components that are more reliable should translate into signilicant
improvement in overall system reliability, Additionally, by their nature, small
spacecraft offer advantages in terms ol reliabitity. Smaller, more integrated
svstems have historically demonstrated higher reliability, The increasing pro-
portion of microelectronic systems onboard future spacecraft should also lead
to improved reliability, as should decreases in structural loads. It is possible,
therefore, to envision future spacecraft that achieve unprecedented levels of
performance through the use of systems designed expressly [or high reliability.

Continuing Advances in Design Processes

The design of space systems is a comprehensive process that is being reengi-
neered to deliver less-expensive, more-capable spacecraft that perform better
and offer greater reliability. In regard to space systems, cost is the primary
driver for changing the design process, since the design phase is typically the
mosl expensive cosl element in spacecraft TMC,

Builders of small spaceeralt are especially pressed ta minimize the length, and
thus the cost, of the design phase. Some of (he methods used to control design
cost are:

*  Capping the design effort (design-to-cost) and focusing on testing
« Forgoing the use of engineering test units
*  Reducing new technelogy in the design.

These methods can work against other goals, such as reducing design-related
failures and increasing the performance of spacecraft systems. New design
approaches scek 1o improve the cost and technical effectiveness of the design
process.

One of the most important improvements has been a greater degree of collabo-
ration within design teams. The traditional hicrarchical design process, buill
around the work breakdown structure, has been largely replaced by a collabo-
rative process. RANTD found that most of the small spacecraft programs in this
study have reflected this shift by experimenting with or wholly adapting con-
current engineering practices and the use of integrated product reams.



71 The Cosmos on a Shoestring

Design process improvement has been paralleled by gains in the performance
ol modeling and simulation tools. Initial developments in this area have cen-
tered around the creation of design cenlers in which engineers are inunersed in
a team cnvironment, surrounded by the latest computer-based tools. JPL’s
Project Design Center and Flight System Testbed are representative of such
developments.

A natural extension ol such centers is to connect geographically disperse teams
via the Internet. Such “virtual” design environments connect teams via high-
speed, fiber-optic links. Engineers can quickly analyze aspects of the emerging
design by accessing local or remote lools, make changes, and communicate
them to other ieam members,

The emergence of a collaborative design process, supported by computer-
based environments containing advanced modeling and simulation tools, is an
important development in terms of reducing the cost and risk associated wilh
spdace systems.

NURTURING NEW METHIODOLOGIES

The trends cullined in the previous section are naturally reinforcing. New
insights into how systems fail lead to hetter design practices and the develop-
ment ol high-reliability components. The ability (o design a spacecraft in a
simulated environment reduces some of the test burden, and a focused test
suile leads to a higher prohability of catching defects and, therefore, a more
reliable produet. Substantial improvement in product performance and relia-
bility can oceur when trends reinforce in this manner. The confluence of trends
is best ensured, however, when supported by purposeful planning and execu-
tion.

The previous discussion argued that reducing the risks associated with space
missions is most readily accomplished when [ormally requested from above the
program level. Meirics are also needed, as are achievable goals. A strategy to
accelerale process improvement and reduction in mission risk might contain
the [ollowing atiributes:

*  Policy-level recognition. To the extent that process improvement can
reduce the cost, improve the performance, and reduce the risk of space
missions, it reinforces national goals. High-level recognition would cstab-
lish this awareness and help (o energize organizalions on the process-
improvement track. Recognition might come in the form of an addition to
the National Space Policy that set a goal for the improved performance and
reliability of space missians. Line items in the budget that call out process-
improvement initiattves in the budget might also help emphasize their
importance.
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= [Identification of metrics. Individuals who creale policy share a comimon
cause with those who improve processes in regard to the creation of met-
rics. The policymaker needs meaningful measures to help evaluate the
performance of the Federal enierprise. Process-change agents need metrics
(o evaluate the effects of new practices and techniques, Process-improve-
ment initiatives could be viewed, therefore, as a source of uselul cost, per-
formuance, and risk metrics.

s [istablishing achievable guals. Metrics can be used Lo create a set of near-
and long-term goals for process improvement. Goal setting would be a
cooperative act designed to encourage the adoption ol improved practices
while ensuring that programs have sullicient time and resources to use
them.

A strategy ol process improvement would seck to bring new practices as rapidly
as possible to small spacecraft programs, delivering maore science at less risk in
a constrained budget environment.

Expanding the Product-Assurance Role

Three of the four trends reviewed in the previous section—physics-of-failure
analysis, new lest practices, and high-reliability systems—are within the
dominion of PA. Risk management, (oo, is essentially an assurance function.
PA enginceers are, therefore, well situated in terms of recommending alternative
approaches and techniques. Notlonally, NASA might consider expanding the
role and mission of its PA function.

Figure 5.3 presents a means of envisioning an expanded PA role. Small space-
craft programs have made increased use of PA personnel (through concuirent
engineering practices. PA engineers now provide this flight assurance capabil-
ity as an integral part of design teams and are involved very early in the process.
This is a significant shift from the traditional oversight role of PA. More and
more, however, this participation involves issues related 1o the use ol new, and
oflen unproved, technology. This system reliability function could translate
into a new role for PA—bridging the gap between technology developer and the
spacecraft engineer toward the goal of risk reduction,

Through an expanded involvement in the planning and review ol NASA tech-
nology programs, PA engineers could help assure that maturing new technolo-
gies meet criteria for flight. The PA function could, for example, assist in refin-
ing TRI. definitions and help create evaluation criteria [or projects in the TTP. A
higher level of PA integration might also help establish the “self-sensing” capa-
bility that serves to align process improvement efforts.
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SUMMARY

NASA's space- and earth-science missions are imporlant expressions of
national policy, and the risks assoctated with these missions are 4 commensu-
ralely important matter. The shift to smaller missions has brought with it a
change in risk-management strategy, from risk avoidance to managed risk. The
implications of this change, most notably a higher overall level of risk, have not
been communicated to the policymaker, mainly because a formal means of
communicaling risk desires and oulcomes does not exist. The fact that the
policymaker can no longer assume that risks are being minimized emphasizes
the need for communication. Additional analytical work is neceded to assess the
effect of NASA’s shift to a risk as a resource strategy. Puture analyses might seek
to

* Calculate the incremental cost of risk reduction strategies.
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= Establish the cost of reliability in space systems (including an assessment of
the most cost-cffective means of achjeving reliability], and the benefits that
could accrue from such investments.

« tHvaluate how changes in funding influence risk choices at the program
level.

« Identify means of communicating and reporting the implications of risk
choices.

Policymakers are also concerned with performance measurement. Evaluations
are most valid, however, when they include measurements ol performance,
cost, and risk. Tn this regard, NASA's effort to refine risk measurement tech-
nigques has broader application. An improved abilily to calculate risk supports
efforts (o measure performance, while alse providing a mechanism for com-
municating risk.

It is, therefore, possible for palicymakers ta contemplate using risk reduction as
a goal for the civil space program. Several long-term technical (rends reinlorce
the notion that significant improvements in the reliability ol space systems are
possible.






Chapter Six
EVALUATING SMALL SPACECRAFT MISSIONS

Performance measurement is a pressing realily for all Federal programs. The
1993 GPRA amends Chapter 3 ol Title 5 of the United State Code, requiring, for
all Federal agencies:

* A Strategic Plan, to be (ransmilted (0 OMB by September 30, 1997 contain-
ing “general goals and objectives, including outcome-related goals and
objectives, for the major [unctions and operations ol the agency”; to be
updated at least every 3 years.

*  Performance Plans for each “program activity,” containing performance
goals, quantifiable objectives, resource requirements, and “performance
indicators.” {The agency can seck a waiver, under Scction 1115(b), in arcas
where performance measurement is not feasible. Performance Plans are an
annual submittal.)

Strategic planning within NASA's space- and earth-science enterpriscs is not a
new experience. NASA’s science programs are focused and peer reviewed, and
the goals and objectives of its many elements are well articulated. For this rea-
son, this chapter focuses on the challenges associated with preparing perfor-
mance plans. The first section provides a review of comments from the RAND
workshop related to merrics. The second section provides a notional mapping
of performance metrics for measuring outputs of spacecrafl missions, The
chapter concludes with a discussion of the broader applications ol peer and
user reviews, particularly in regard 1o NASA's spacecrafi technology program.

PERFORMANCE PLANNING AN METRICS FOR SMALL SPACECRAFT
MISSIONS

If the strategic plan is scen as a destination, the performance plan might be
viewed as the route plan and the record of the journey. It also provides a stable
base for evaluation and for measuring the effect of process improvements.
Elements of the performance plan must be traceable to both the O8S and MTPE

79
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Enterprises’ strategic plans, as well as the broader NASA strategic plan. This
includes a reconciliation of resources {funding and people} against higher-
order goals and objectives to ensure consistency in approach and balance
among programs. Additionally, for NASA’s response to GPRA to be meaningful,
it is vital thar there be a common undersianding of the agency’s goals among
members of the administration and Congress. This includes an appreciation
lor risks associated with a culting edge program like NASA’s. (U.5. Scenate,
1997.)

Workshop Results on Metrics

Metrics were discussed al length during the RAND workshap. Although partici-
pants unanimously understood and acknowledged the importance of perfor-
MAICe Measuremnienl, most participants were reticent when asked to suggest
specilic measurement concepts. The participanis urged caution in the applica-
tion of metrics 1o spacecraft programs, recommending that melrics emerge
from targeted discussions that include spacecralt developers, end users of sci-
entific information, and members of the space-policy community charged with
program aversight.

The cautionary stance of waorkshop participants reflects the complexity of
defining and appiyving performance-based metrics (o R&T activities. The GPRA
fegislation embaodies simple concepts thal are challenging to implement, espe-
cially when the abject being measured invelves the pursuit of science in space.

Performance-Based Metrics

The GPRA was designed (o address a public perception that government pro-
grams are not working well. This perception may be at odds with the practical
henefits ol spaccerafl programs (communication systems, intelligence gather-
ing, weather prediction) and the profound impact that space- and ecarth-science
missions have had on expanding human understanding of the universe, It may
also be at odds with the cost reduction and performance improvements being
demaonstrated in small spacecraft programs. This is one perspective. Another is
that the performance-oriented philosophy of the GGPRA is an opportunity for
both military and civilian spacecralt developers to show high retums on
invested Federal dollars. The close lic between reporting information and
being evaluated in terms of that information suggests that metrics should fully
capture not only important scicentific, technological, and educational nurcomes
but also the challenges of developing spacecraft programs.

INASA's strategic plan Is a starling point for responding to the GPRA, but the
development of the required perlormance plan, mapped to stralegic goals and
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objectives, will be more problemalic. Perlormance management has obvious
challenges when applied to space-based R&l1D:

* The results, or outputs, of spacecraft-based research, although quanrtifiable
in some sense, have only 4 tenuous relationship to eventual outcomes:

Knowledge evolves on a time line ranging from immediate to decades.
— Research can lead to discoveries far bevond the hoped-for result.
-— Results combine in unexpected ways to vield new knowledge.
— Qutputs that appear equal are not always equal.

* Mission priorities must remain somewhat fluid (o take advantage of
emerging science opportunities.

*  Space rescarch is inextricably linked to a complex set of dependent perfor-
mance variables (launch programs, operational components, ete.).

»  Theexternal environment is unstable.

The passage of the GPRA was done with the full awareness of the complexity of
implementing it. 1o test its applicabilily, Congress established pilol programs
to monitor agency responses. Only one of these pilot programs was an R&l)
agency: The Army Research Laboratory (ARL}.

Satellite programs have components thal are basic research, applied research,
technology development, and production engineering, cach with elements that
are quantifiable and nonguantiliable. This suggests a hybrid perfermance plan
in response to GPRA reguirements. ARL created a “do what makes sense” per-
formance plan that was a hybrid containing peer reviews, performance melrics,
and evalualions of customer satisfaction. ARL sought 52 waivers from OMB
under Section 1115(b) of the GPRA.!

A recent policy guide agrees with this assessment that NASA must create a
hybrid performance plan, stating that “no single metric or group of metrics is
likely (o apply to NASA on a broad scale ... appropriaie metrics have to be
developed for different parts of the NASA research program,” (NASA 055,
1996b}.

Table 6.1 presents a notional culline of what a hybrid plan might look like for
spacecraft programs. The table suggests that perlformance depends upon
success in three areas: research and analysis, flight programs, and technology

LResearch Perfurmance Measures Round Fable 119951,
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programs. These arcas contain basic research, applied rescarch, and
developmental components. Metrics can be developed lor all of these arcas,
but in areas where discrete vutcomes are difficult o establish, NASA can seek
waivers. Some components of the plan can be traced to certain performance
criteria. Table 6.1 identifics possible sources for (he criteria used to develop
metrics. Suggested metrics are alse identificd and cxplained in the following
subscctions. Note that peer and user reviews are suggested in all three areas,
including technology programs,

The five applied meltrics listed in Table 6.1 can he compiled in most cases from
available data:

Performance Outputs. Although not the preferred performance measurement,
pulput is olten the only appropriate measurement for certain elements of R&D
programs. NASA has used such measures as the “number ol publications
appearing in relerced publications for selected programs.” (NASA Office of the
Administrator, 1995.) Outputs based on counts are often contrived, offering
little value lor performance measurement. Count-based metrics also have the
built-in tendency to facus attention on quantity instead of quality, often leading
to cfforts to “pump up the count.” Count-hased mertrics can, however, he
effectively paired with peer review.
Cost and Schedule. “On budgel,” “on schedule” performance is a reasonable
expectation from space-science missions if adeguale reserves and descope
options are retained in the mission plan. Measures can be taken [rom NASA's
Program Financial Plan [PFP), the Program Status Report (PSR), and detailed
mission roll-ups. The ongoing development of a mission can be portraved as
an element of performance planning; the parameters might include the

* initial launch date

* scheduled launch date

*  projected full cost

+  cumulative spending

«  percent descoped

* percent complete

*  remaining reserve.

Measurement Outcomes. Measuremenl outcomes should be finked directly to
mission performance objectives and requirements, For example, the principal

objective of the MAP mission is full-sky mapping of the microwave background.
A measurement outcome for this mission might be: “Complete a mapping of
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100 degrees of sky at the wavelengths of 12 and 25 wm with @ resolution of 0.21
mJy by 2001." Another example is listed in an OMB handbook for developing
metrics: “Generation X observational satellite will successfully map 100 percent
of the terrain of six Jovian moons 1o a resolution ol 100 meters.” (Groszyk,
1995}

Surveys., Surveys offer an opportunity to get feedback for the program’s
“customer base,” ARL used surveys effectively as part of an integrated
approach to performance planning. Customers are asked to provide qualitative
eslimates of relevance, productivity, and guality. In the case of advanced space
technology programs, the customer base is the end user- the spacecraft engi-
necr who must implement new missions.

Performance Benchmarks. As Figure 6.1 illustrates, performance benchmarks
represent Lhe set of performance targets NASA’s technology development pro-
gram usecs. Presenting these benchmarks requires a structure for organizing
technology programs and agreed-upon largets that have been reviewed against
technical and budgerary limitations. Such a framework exists in the form of
0O5S8’s evolving Space Technology Database. This database contains a work
breakdown structure (taxonomy) lor technology programs, along with perfor-
mance targets for specific technologies. It also identifies linkages to [light pro-
grams when available. Performance benchmarks can be displayed graphically,
offering an easy to understand performance tracking strategy.

THE NEED FOR REVIEW

The recommendations of the various NASA advisory committees and the
growing importance of performance management suggest that expanded use of
pecer review makes sense. From the standpoint of efficient use of resources, and
i consideration of the new requirements of the GPRA, peer and user reviews
can be a powerful tool to solidify NASA's hase of support.

Review is especially important in terms of advanced spacecralt technaology pro-
grams. Although reviews of technology programs do occur within NASA, peer
and user reviews have not been consistently applied and not with the rigor tra-
ditionally associaled with science programs. In 1940, the Augustine Committee
recommended that “NASA utilize an exper(, outside review process, managed
from headquarters, to assist in the allocation of technology [unds.” (Augustine
Committee, 1990, p. 31.) The NASA Advisory Council’s Federal Laboratory
Review Task Force also recommended peer review of the agency’s technology
program, noting that external reviews should be applied to projects beyond the
R&LD phase. (NASA Advisory Council, 1995, p. 4.) RAND workshop participants
were unanimous in their agreement with these recommendations.



Evaluating Small Spucecraft Missions B3

RANUEg4-6 |

600
a00
Primary batteries
o 400
o
o
[N
723
3 300+
[}
=
B
z 2001
Secondary battevies
100 }—
0 % | | : | |

18995 1896 1987 1988 1888 2000 2001 2002 2003 2004 2005

SOURCE: OS5 {1898a).

Figure 6.1—Battery Performance Benchmark

One of the principles of Cost of Quality management is that performance mea-
surement should include the end user of the process. At NASA, this would
mean placing the people who use space lechnology in an oversight position:
mission scientists, who rely on technology to meet future requirements, and
spacecraft designers, who must integrate new systems. The resulting process
would contain both peer review and user review elements, The review process
should also invelve external, unbiased agents, who can assess the merits of the
agency's techneology transter processcs.

SUMMARY

NASA has taken significant steps toward improved accountability and perfor-
mance measurement. Full-cost accounting practices will allow spending (o be
measured with precision. In terms of technical performance, NASA has an
assortment of useful measures with which to build a performance plan. In par-
ticular and as described in Chapter Five, NASA is currently refining methods of
measuring risk and reliability. Until these measures mature, current mission
reliability data provide a useful way of measuring this important aspect of per-
formance,
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NASA’s fraditional reliance on peer review can also be broadened to include
other program clements. Considering the importance of advanced technology
to the perlormance of future small spacecraft programs, it is particularly impor-
tant (o apply a combination peer-user review to the technology planning
process.

NASA's performance plan will most likely be a hyhrid of many types of mea-
surements. The final sclection and integration of these measurements should
strive to cstablish the connection policy, strategy, program structure, and
resources.



Chapter Seven

CONCLUSIONS AND RECOMMENDATIONS

NASA's space- and earth-science programs are key clements of national space
policy. They are also highly visible programs that are expressions of American
scientific leadership and technological strength. Within this context, the
renewed reliance on small spacecraft is an important development with far-
reaching repercussions.

More than 35 vears ago, small spacecrafl took America's first steps into space.
The size, complexity, and cost ol tobot explorers grew in proportion to the
human hunger for knowledge, and small spacecraft were bypassed. Today,
small spacccrall are returning, proliferating cpportunities for rescarch and
helping to respond to a constrained Federal budget. The new gencration of
small spacecraft is proving that they can support a viable, although reduced,
science program. There are also indications that, in the near future, small
spacecraft could reach unprecedented levels of performance and reliability.

The results of this study and a RAND workshop on small spacecraft are sum-
marized in the following conclusions and recommendations. The first section
builds on the previous chapters to present study findings and conclusions,
while the second contains recommendations that respond to the questions
posed to RAND, Many of the findings of this study have implications for space
missions of alt sizes,

STUDY CONCLUSIONS

The introduction (o this report presented a set of key questions policymakers
have asked in regard to our increasing reliance on small spacecrait:
»  What roles are small spacecralt currently playing in the civil space program?

*  What strategics have proven especially cffective in reducing cost and
increasing performance of small spacecraft?
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*  What role does advanced technology play in the process of building small
spacecraft?

* How should government evaluate civil small spacecraft programs to ensure
that objectives are met cost effectively?

The answers Lo these questions will help policymakers make informed choices
regarding the effectiveness of current efforts and the direction of future pro-
grams. Tunding for space research will likely be consrrained in the near term,
s0 It is imperalive that limited funds be expended as cost-effectively as possible.
These questions were designed to build an understanding of the capabilities of
small spacecraft and to shed light on how NASA uses them, now and in the
future. NASA’s space-science program remains a cornersione of national space
policy, and ways must be found to continue the pace of exploration. This
underscores the importance of advanced technologies to cuable more-capable
missions within the available budget. Finally, measurcements of perlormance
are a new and viral part of all government programs.

Lo answer these questions, a study set of 12 missions was selected (hatl repre-
scnted the current class of small spacecraft missions in the astrophysics, carth
science, and planetary exploration disciplines. These missions had an average
dry mass ol approximately 500 kg and have typically taken less than three vears
10 develop. With an average cost ol just under $150 million, these missions are
a dramatic departure from the farge developments of the past.

Small Spacecraft at NASA

The emergence of small spaceeralt is often associated with Federal belt-tighten-
ing, bot the science commuonity was calling for change in how science missions
were planned and executed a decade prior (o substantive budget reduction.
Pressure from the science comrmunity to reduce the time 1o develop new space-
craft and increase the number of research opportunities peaked in the mid-
1880s. This drove NASA to consider smaller missions, a trend that was acceler-
ated by reductions in the space-scicnce budgert that began in 1892, In FYS6,
NASA Invesled approximately $1 billion in small spacecraft, one-quarter of the
total spending on space and earth scicnce. Today, NASA’s science programs are
heavily populated by smail spacecraft missions, Near-term budgets for space
science arc expected to remain flat, so small spacecraft will in all likelihood
remain a critical program element.

Small spacecrall, like the Mars Pathfinder shown in Figure 6.1, are proving
themselves to be powerful research instruments, somelimes making measure-
ments equivalent in precision and resolution 1o much larger spacecraft.
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They are ideally suited to focused explorations and as precursors 10 more
expansive investigations. Future plans calling lor cooperative networks of small
spacecratt seem especially important in terms of both conducting exciting sci-
ence and the apportunity to further reduce costs.

Small spacecraft are an cffecrive response to dwindling budgets because they
cost less to develop, They should not, however, be automatically viewed as
cost-effective. They usually cost more per kilogram to build and launch than
larger spacecrafr and generally incur more developmental risk.

RAND workshop participants felt that there was danger in being overly aggres-
sive in pursuing small spacecraft options. 1t is important that spacecrafl be
appropriately sized within available budgets. The NR('s Space Studies Board
has made similar observations in relation to planctary missions in (wo separate
reports. (NRC 1993, 1986] Ta this regard, it is important to note that the luan-
guage in Section (3)(d) of the National Space Policy recommends thal NASA
focus attention on smaller, maore capable spacecraft. In licu ol the above find-
ings and recommendations, preferred language would seek Lo ensure that NASA
pursues scicritific objectives with the best balance of cost and risk.

Effectiveness of New Technigues

Fiscal constrainl has driven g "design-to-cost” focus into all spacecralt mis-
sions. Keeping costs under control has, however, had implications beyond the
design process: Most small spacecrafl contracts are fixed-price or perfor-
ruance-hased contracts and are tightly managed. ‘Tradirional management
structures have been largely exchanged for highly integrated teams and “as
needed” reviews. This streamlining has saved approximately 20 percent in the
total cost of missions.

Spacecraft design teams are willing Lo cast far afield or new ideas and designs
that might vield a better design. There are many conferences and workshops to
communicate new techniques, which are well attended by NASA, DoD, and
industry partlicipants. Design teams have also made extensive use of the Inler-
nct to coordinate and plan, exchange information, inform the public, and trans-
fer research data,

The maturity of the commercial space sector has become an important element
in the drive to reduce cost. Spacecralt systems and entire spacecralt buses are
evolving to become commodilies, even to the point that NASA can consider
procuring them as commercial items under new regulations, NWASA is also
lurning the management ol science programs over 1o Pls (o a greater exlent.
The ability of the private sector to produce science spacecralt reliably and
NASA’s increased reliance on Pl-mode management of missions give rise, how-
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cver, Lo concerns that the agency might not be able to maintain its core compe-
tencies. More analysis and study are needed (o evaluate NASA's changing role
as a builder and manager of spacecraft, especially how the agency will attract
and retain the appropriate balance of highly skilled scientists, engineers, and
managers. Strategics for exploiting NASA R&D facilities and strengthening the
agency's scientific and technical capabilities should also be examined.

There were also indications that NASA is, in many ways, relearning techniques
and practices that it had used before migrating to large missions. The Air Foree,
an the ather hand, has continued o build small spacecraft since the 1960s,
using many of the design, test, and procurement practices NASA is now starting
to use to build the current generation of spacecraft.

There are some side cffects from current streamlining ellorts, indicating that
missions may have reached a “lean limit.” The traditional high-stress periods in
space missions have, in many cases, been replaced by a constant state ol team
anxiety in an ali-out efforl 1o stay within cost and schedule. Many corporate
teams also have found it dilficull to generate sufficient funds to capitalize the
new cquipment needed to improve perlormance on future missions,

Spacecraft programs have also adopted a new approach to risk management,
In the past, spacecraft programs avoided risk; now, risk is accepted and man-
aged within the funding cavelope. In many cases, this change in strategy
means (hat small missions are exposed to higher levels of risk. There is no
assurance, however, thal program-level choices regurding risk are aligned with
policy-level expectations. Additional study of the implications of NASA’s new
risk stralegy is nceded. Establishing a means of communication risk desires
and outcomes is also important.

Although there have been examples of completely revamped techniques, such
as the creation of the first small satellite production line, spacecraft of the cur-
rent generalion are more the products of engineering practices that have been
simply scaled back. This leaves open the potential for deeper changes in the
approaches used (o develop future science spacecraft. Technology will likely
bring aboul ever-higher levels of performance, but process improvement will
likely be the funclion that integrates new concepts in a way that leads to parailel
reductions in cost. Four key trends were identified that supporl process
improvement: new design techniques; improved test methods; a more scien-
tific approach to, and understanding of, spacecraft failures; and high-reliability
components and systems. These trends also suggest that future spacecraft
could achieve significant reductions in risk.
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Advanced Yechnology

Advanced technotogy will likely be a major factor in boosting the performance
and improving the cost-effectiveness of future small spacecraft, The extent of
the impact of technology depends on the nature of the mission, but all scientific
disciplines will benefit from the many projects now under way. NASA currently
invests approximately 2 percent of its annual budget on spacecrafl technology,
a modest investment that must be carefully managed to vield the highest pos-
sible return.

Small spacecrafr, which can be developed on shorter timelines, offer a distinet
advantage in being able Lo more closely approach the state of the art. This is an
important attribute in that small spacecralt are pressed to mecl ambitious sci-
entific goals. Incorporation of advanced designs incurs cost and schedule risks,
however, creating a dilemima for resource-constrained small programs. This
underscores the need for close cooperation berween organizations building
spacecralt and those developing advanced systems.

Coordination of the many technology projects NASA funds has proven difficult
in the past. Inlarge part, this stems [rom the agency’s dual mandate to conduct
basic rescarch and develop focused technological applications. There are two
technology cultures within NASA: One has an R&D focus, and the other is more
closely aligned with developing new designs that respond directly to science
mission requirements. The latter culture usually provides incremental
improvements in technology. Future mission requirements point to a need for
mare advanced fechnology, which, in most cases, lies fur afield from the end
user—ihe instrument or spacecraft builder, Tfforis (o inlegrate advanced lech-
nology must bridge this cultural gap.

The study noted strong administration support for NASA's spacecraft technol-
ogy programs. The effectiveness of this investment depends critically on the
successful implementation of @ new [TP. To avoid past criticism of agency
technology planning efforts, the I'TP must have a clear mandate. The ITP will
bridge technology programs occurring in different NASA enterprises, scveral
flight programs, and various field centers. The authority of the TP over the
planning efforts ol these groups must be well defined, and a clear determina-
lion must be made as (o how the [P will ellect funding of specific projects.
Whether the scope of the ITP extends beyond spacecraft bus lechnologies to the
development of instruments and sensors, ground systems, design processes,
and test facilities must also be determined. The connection between [uture sci-
entific mission requirements and individual technology projects must also he
apparent, as must the performance milestones for evaluating cach project.
NASA’s technology program also bears some relation to military and commer-
cial spacecrafl technology efforis.  The ITP must establish « clear means of
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communicating NASA program content and inlent to external organizations (o
minirize overlap and ensire that Federal technology investients are being used
o greatest effect. Finally, implicit in the creation of the ITP is a high degree of
uust belween those building spacecraft and those developing technology. To
firmly establish this trust, an assurance is needed that the methods and termi-
nology that technologists use to measure and describe the readiness of new
designs are relevant Lo, and understood by, the spacecraft builder.

To leapfrog o higher levels of spacecraft performance, NASA has made a sub-
stantial investment in dedicated technology-demaonstrator spacecrafl. Science
is a minor objective for these missions; they focus instead on testing a suite of
advanced new technologies. While the goal of fully exercising a suite of tech-
nologies in an actual mission environment is appealing, (hese missions can be
problematic. Cost and schedule risks can be high, and they can be expensive to
implement. Many alternative means are available for retiring the risks associ-
ared with a new design or system; historically, failures due 1o new technology
have not been a significant concern. Dedicated techrolugy missions should be
emplaved only when alternative approaches are Aol viable or when cost-
effectiveness can be cleurly demonstrated.

Measuring Performance

Measurement of performance is a requirement of the GPRA. Continuous pro-
cess improvement initiatives also depend upon accurate performance metrics.
NASA spacecraft programs have a variety of measurement techniques with
which to prepare a response to the GPRAL In measuring performance, however,
itis important to apply a symmetrical set of metrics; otherwise, progress cannot
be assured. NASA can readily assess scientific and technical progress by apply-
ing a variety of hard measurements. These represent performance bench-
marks, cost and schedule milestones, or the completion of planned measure-
ments hy d spacecraft instrument. Hard measures can be complemented by
softer measures, such as peer reviews and surveys. Tull-cost accounting meth-
ads, which are rapidly maturing, should supply ample measures of cost and
schedule performance. Missing from the set ol metrics, however, is an evalua-
ton of program risk or relfability. NASA is currendy working to refine methods
for quantitatively measuring overall risk. Until these measures are matured,
NASA should consider using currently available data related to mission reliabil-
iry.

RAND workshop participants recommended that NASA conduct an annual
review of spacecraft technology projects and the TTP, echoing the recommen-
dations of the 1830 Avgustine Committee. 1t was also suggested rhat this review
be managed by an unbiased outside agent and that the end users of technology
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products, the mission scientists and spacecraft and instrument developers, be
included.

RECOMMENDATIONS

smalt spacecraft will remain an important element of the space program for the
foresceable future. The potential exists for a renaissance in knowledge of the
carth and space, within the conlines of & limited budget. Tt is in the national
inlerest to ensure that small spacecraft mature rapidiy 1o become reljable
human proxies on voyages ol exploration that will continue to engage the
human spirit, This study recommends several actions to strenglhen and
expand these programs:

Civil Space Policy Objectives

* Establish a goal within the National Space Policy calling for NASA to pursue
mission excelience in the design and development of science spacecraft,
This goal would [ormally recognize the important role that the agency plays
in improving the performance of space systems, which, in turn, strengthens
our leadership in both the military and commercial space seclors.

s Conduct a review of NASA roles and missions in relation to a mature com-
mercial space sector. This review should seek 1o identify NASA's unique
strenglhs and capabilities in the areas of technology development and
spacecralt design, development, and operations, It should also clearly
identity the functions that must be retained and reinforced in regard to
agency core competencies.

Improving Technology Planning and Implementation

* Tirmly establish the ITP as NASA's focal point for the coordination of all
instrument, spacecraft, and ground-system technology initiatives. Merge
current spacecraft technology-development programs under the umbrella
of the ITP. Within the [TP, create guidelines that establish a balance
hetween basic research and nearer-term development projects.

s As asupplement to the TTP, prepare an annual report for instrument and
spacecraft research and development projects. This report should include
budgets (past, current, and projected spending}, milestone schedules, and
performance benchmarks.

e Iniliate requirements for future technology light-demonstrator missions
[rom within the framework of NASA’s [TP. The definition of these missions
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should emerge from a process that validates that flight in space is the only
method of adequately retiring the risk of using a new technology, Addi-
tionally, this process should validate that technology demonstration is
bkeing pursued by the most cost-effective means.

¢ Evaluate the use of incentive awards Lo spacecraft development tcams [or
advanced technologies that can be matured, documented, and prepared for
transfer to other spacecraft developments and/or terrestrial applications.

e Tixamine the polential for integrating the PA function into the technology
planning and implementation process. The goal of this examination would
be (o evaluate whether product assurance engineers can assist technolo-
gisls to prepare their products in a [orm most readily integrated by the end
user-—the instrument or spacecraft designer.

» Forge more cooperative alliances within the spaccecraft-development com-
munity. Consider broader application of the partnership model the New
Millennium Program created between science teams and develepers of
advanced technologies.

Risk Measurement and Reduction

« Increase funding [or efforts to marture quantitative measurement of risk and
reliability. New risk-measurement techniques should be designed to sup-
port not only the technical management of missions but also the need for
NASA program offices to communicate risks to the policymakers.

¢ Direct additional funds to research in high-reliability space systems and to
the study of failure analysis, new test practices, and advanced design pro-
cesses. Addilionally, augment funding for test and evaluation of high-reli-
ability mechanical systems for small spacecralt.

Measuring Performance

e Apply relative measurements of reliability within the carth- and space-sci-
ence portfolios to monitor process improvement. Also, apply these mea-
sures (a) to communicate overall program risk between NASA and policy
offices and (b) to distribute reserves within the programs.

» Formalize NASA's process improvement by benchmarking current space-
craft programs in terms of spacecraft cost, performance, and reliabifity and
relale progress in terms of the change of these parameters within the earth-
and space-scicnice portfolios,
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*  Create a formal review process for the ITP. The review should involve
senior technologists as peers. [t should also include individuals who use
space technologv—mission scientists, who rely on technology to meet
[uture requirements, and spacecraft designers, who must inlegrate new sys-
tems. The resulting user-peer review process should also involve external,
unhiased agents, who can dispassicnaltely assess the merits of the agency’s
progress on these programs. Pecr review results should be reported annu-
ally in the ITP report supplement.



Appendix A
SPACECRAFT COST COMPARISONS

A set of NASA missions was selected for this study that represented variots
stages of development and a diverse set of design approaches. The mission set
included spacecraft built by large and small companics and by NASA GSIC and
JPL. With the exception of Clementine, the mission set contained only NASA
spacecraft. Clementine, a TXal) mission designed to test military lechnologies,
was included because it retained strong scientific objectives and was clearly
designed to test low-cost design and production technigues.

MISSION DATA SET

The missions reviewed during the course of this study represented a mixture of
ubjectives. Per the guidelines of the study, the spacecraft in the mission set had
an average dry mass of under 500 kg. The set of 12 missions (13 spacecraft)
included earth observation, planetary missions, and ebservatory spacecrafi:

+  Discovery: NEAR and Mars Pathfinder

+  Explorer: SMEX SWAS and TRACE, and MIDEX MAP

= New Millenniunm: DS$1 and EO1

+  S5TI: Lewis and Clark

*  Surveyor: MOGS, Mars '98 (Lander and Orbiter)

+  Clementine.

Sowme of the missions could be clearly classified as scientilic (NEAR, SWAS and
TRACE, MIDEX MAP, MGS, and Mars Surveyor '98); others (the New Millen-
nium Deep Space 1 and Earth Orbiter 1, and SST1 Lewis and (lark) were pri-

marily (echnology-demonstrator missions. The Discovery Mars Pathfinder
misston represents an equal balance of science and technology objectives,

Absent from the mission set was the NASA SMEX Program’s SAMPTX mission.
SAMPLEX, the spacecraft that marked NASA's return to small spacecraft devel-
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opiuent, was excluded by design. NASA invested heavily in the procedures and
designs used 1o build SAMPEX with the express goal of changing the method-
ologies that existed at the time. SAMPEX was designed to meet the require-
ments of future SMTX spacecraft and also the XTE spacecraft; the mission cost
was, therefore, expected to be above the norm. (Bearden, 1896, p. 40.) More
than three times the civil-servant hours were invested in SAMPEX, for example,
than in subsequent SMTX spacecralt. (Walzin, 1995, p. 8]

ACQUIRING AND PREPARING COST AND TECHNICAL DATA

To enable a comparative review ol small spacecrall development trends, a
common definition of costs was needed. For this siudy Total Mission Cost
(TMC) was used

Yotal Missivr Cost is the accumulated cost of a mission from inception (the
point al which a propesal has matured into a defined new start) to completion
ithe predicted end of scheduled operatiuns and data anatysisj. 1t includes in-
house government {eivil servant and support contractor] personnel costs; the
estimated value of GFE: and all costs associated with design, develapment,
integration, rest, launch, mission operations, and data review and archival.

Definitions of TMO vary, but the one used in this study agrees closely with
NASA's,! This definition of TMC includes the cost of inlegrating new technol-
0gy into & mission hul identilies it as & separate cost element from the devel-
opment of the spacecraft and instruments. TMC includes all mission-unique
ground support equipment (GSE}L including test and integration equipment
and conltrol center hardware and software.

The challenge in accurately defining T™C occurs at the beginning and end of a
ntission: When is a mission first considered a mission, and when does it deli-
nitely end? Varialions at the extremes, however, are not usually large determi-
nants of cost. The approach used in this study was to capture mission costs
following the completion of mission design (the (raditional Phase A part of a
mission) and up to “launch plus one year” ol operations. Costs were broken
down by phase (design, development, test, launch, and operations), by vear,
and by spacecraft system {power, communications, command and data
handling, ctc.). Costs associaled with PA, system engineering, GSE, and GEE
were also acquired.

Tone of the most comprehensive definitions af TMC can be found swithin the cast goidetine for
NASA's Discovery Program. LThere, TMC is defined "as those costs necessary to accomplish all
phases of the mission {rom FPhase A through Phase b, regardless of the source of funding.”™ The
definition of TMC used in the study is broader than what NASA calls Life-Cycle Costs; see 088 Glos-
sary at hitp://www.hg.nasa.gov/office/oss/.
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In the majority of cases, the small spacecraft in the mission set were buili by
contractors, or by JPL, a federally funded research and developmenr center.
Data associated with these programs captured the full costs of designing, devel-
oping, Jaunching, and operating the spacecraft. Data acquired for the Clemen-
line mission also represented the full cost of the mission, since the Naval
Rescarch Cenler operates under Defense Business Operating Funds (DBOT)
rules. However, NASA built several missions in house with contractor support.
lull-cost accounting practices for government in-housc spacecraft programs
had not reached a sufficient level of maturity to be used in this study. In these
cases, the number of civil-servant labar years was identified for each mission.
These hours were translaled into costs using a labor rate of $132,000 per pro-
fessional year. It was recognized that this procedure could not ensure that all
spacecraft programs were on an cqual cost footing. Tlowever, potential errors
were not judged to be significant.

Cost data for the Clementine mission were provided directly by the Naval
Research Laboratory. Data [or NASA missions were formally requested trom
the Office of the Chief Iinancial Officer. The only exception Lo this procedure
was data lor the SSTT Lewis spacecralt. No data were provided for this misgsion,
and information contained in this report should be considered a best estimale
only.

The mission set included compleied spacecraft and ones under development,
Although this intreduced some uncertainty into the data, it was not judged to
be a major source of error since small missions are maintaining strict cost caps.
All costs were prepared in FY$6 dollars using NASA inflation indices.

SPACECRAFT TECHNICAL PARAMETERS

A review of sources of spacecraft technical specifications revealed a great deal
of variation. To improve the accuracy of these data, it was decided o acquire
information directly from the respective program ollices, Technical data
related to the various spacecrall were acquired using a survey lorm that
requested the information listed in Table A.1.2 These dala were refreshed prior
to publication of this final report. Every effort was made to ensure that infor-
mation for spacecraft still under development was accurate, bult final values are
likely to change slightly. In each of the following tables, a dash indicates a
paramerter that could not appropriately be applied; “n/a” indicates that data
were not available,

“Thi survey instrument was distributed by fax and e-mait divectly to the various program offices.
Same of the fields in Table A1 were caleulated from the data provided. such as instrument mass
fraction and solar array efficiency.



The Cosmas on a Shoestring

100

16 e 00 3] I C'GR 0Od] (LR TVIUvY PUTasHY
(669 51T oz 9y l andry IR ooy N4,
A0AJATTIE SIRTY
oriy 00 LTS 0¥ £z I Rleteting | IRy 0670 JopuEl g6,
14 SR EY
BT LH0Y LTELG ATARY ¢ 13 92 [ ndipay BIRRY 00’y Jodaanyg
RGO SR IADAIY
i VLT 0eey el 611 1 9st ooe L AL
0847 04Le 0eel el 8 L a4 [HI) SEMOT 115%
LR 1A 08¢ 0gic el %3] T 4{l M | A3 e
(SRAIX 0L 69z 6 01 1 94 agedy dasgg 00'¢ {anedy daagr wnius gy smoy
009 rees {FHEE aly i I TSISSE-IRUTL | Vs AVIN-XHUTIN
note oLe 0etT e 51 [ [§ia) o't AOVHL-XAWS
(L87 (1'I8% eyl ' 20T L [ERVFS 4 1 SVAS-XHINS
[V [AR [SRARE:] [SRA33] ue T andiprg SIB[Y 0/ JHPUIITE ] 8T8 |y
[I¥ &%
vene 0nae e R4S g I i [HDAG15Y aa't HVIN
HSE 05878 0iee reed 5 1 andify TARIIATy A By
5yl iy 3y BY) ssey =5 CON] {souagdop) [y} [CIEN] yeraneds UTO1SS 1A
SSEIN 1AL SRRV AICT ssEI A uonydodg SER Y ERISBIBRTSTo16 TN ¢ 10} sR e SATRINY) PREEISEY oy uBrsag
DS EIOL S TRMLL sng s 1081ny, TG

suoneaynads Jeatmyza | jrisaoedy

'V I4e]



101

Spacecraft Cost Cotmnparisons

Bl
DMZRIPAT ]

SUTZBIPAT |
JULARLIPAY ]

DUIZRIPAL]
JuLZeApA] |
JurseapAY
TARIDAL{
QUTZRIPAT]
BT

B

DUILRIPAL]
DURIPAT
SUIZRIPAL]

adiy, ang

B/

11
A

m.S.E:E;.

JO IDGUINN

pRATY CARIT

SIXR-E
SIXP §
SIXE-4

SINR-{
SIXE ¢
$1XB-§
HIXE-E
SIen-§
STXNB-{:
SINE ¢
uidy
SIXB-E
SIXR-{:

adi)

HOTIRZTIRIG

ono'e
2T

B

OR10

{00

000
giu
Bl

Tl
£000
[UENRL

0000701
0a011

B
00450
o'y,

060070
Sl F]
QOERD
09D
a0n0n
00007 [
Lo
onsan

SRpHAMOIY

Funuigg sy

AR
Bunuiogg
5114

2 mnosy
Bl-amg Ty R
HiRELR AN CoEL BIO(T
(I-Wvd ETA-RRIR I

BT 1-A1W L

1-ATINT
SEA WAL
EASE LA G7nl Bl
BE-I01%
T X SNSREAT
B Ox snseda)

LRy

a8my
1addny

MIne’|

(pananuod) [y e,

876
A

[N
£He
B¢

LICHIDEL]

SRR
TS U]

0
[HI

oore

oue

0F'1
LA
Ok

neont
oot
el
DR7
0672
76’1

o)

L BERLER S

TYIHIVE
TN 86,
T0ABAINY SIR|A
AP | —RE,
LOAIAINE $IR[Y
TOAIALNY

(RO ST
PR

SIMIY ]

| ITAIDS ) AR
1 aaedy doug
1WA )01
AIVHL-XANS
SYMSYXTING
IAPUINER] SIv[y
HYIN

rinavedy

aunaseg

AING

LESS

CAITIILLGI LA A

1a10dx)

ATDADDSI)
ETHITPRITET )

LSS A



The Cosimos on a Shoestring

102

LSS
gyl
008
B/

¥
00g
A

00t
By

(M)
180 ]

AT

Jopuy

Sz 5 4
Byl 00
giu £29
5i4a L49
a1 00w
B/l [IFAS
0% 08
B g’z
ace 00y
(6 e
i€ 009
061 (57
0091 0au'l
B [LSIN
(A Al
180 13A400,]

admoay HUT 10

dunennFay

Junop Apoy

podoydag
paaodagr
paiordag]

pain|dag]
poio|dag
pasoydag
padodag)

paiopdsgg
padopdag)
pudopdag
wnapy Apog
poinidagl
painydag]

IR

Aduayy

o
8

6T
ras
(AR

ooyl
6887

ERAs
AX14
ore
s

[ANRYS
€91

AP

Aviny
AB[OY

o
OF"L

org
et
(15
00'F
oE'R
0e'e

oun
By ABLLY

YL
sy
15} §VE)

VL)
.m/.‘_-.t,.u
RN
TRt
igduteny
ALY jSYRD)
SYRE)
SYBL)
SYRY
DOEVR
B VR

ar

O euampy

ARLIYV IR[DG

ER¥A

ol
Biu
e

('HH
olE
oy
ey

By
SSRE
walsdy
JOMEK]

(Panuiuod) [y a)gr]L

10
B/

g1
Bl
as

()
SSTA
IDISAG

[BELIDI T,

TWIOUVH
I8,
I0AATING K11y
13pURT—RE,
I0ATAING IR
10A3a1TH8

QO SIPIK
e

SIMD']

| 1A () 118y

1 anedy doacy
d¥IN CXNCCINN
AW XHINS
SVMS-XHINS
TAPUIIITE SRy
HWHN

JUIOSEY

IDADAITG

5%

TEMIILID[TRY AN

daaodx

Asaonsi]
AU

LDNSS A




103

Spacecraft Cost Comparisons

e

.
0E

a1
A

oog's
IO
ol

ge
a0ty

(ST X}
LIS
&gm.ﬁ.—mcm
it
JonEUIT]

0051
00s'?
0nge's

Bl

0n0‘s

SIMOUIT
SSALLIRE]

¥ 20

Bzl 0oz
421
ez €0
000z g
00M'E Uy
00z'1 :
il 00
as¢ 09
00g 0
48 0z
| uuz
000z e
009°1 A
(gt iy

Aowiapy S0ssa00L]
SEUA [RITIDY)

JOTHLIISTIRI ]

puey-)

pIBG-X

MIR-Y
puByg
BY/X
PUBy-x
pueg-g
pueg-x¥
pPUBgG-Y
puey §
pueg-y
pueg-g
pueg-¥
Py
prnQg-g

61

11T

ug

noe'e
i

noo‘en

01

)

T

A

“Ewm { mw._.ﬁ_ﬁ

IO

a1rYy
BIR(]
NUIUMOC]

POHX

HIN
ZHIN

cHIN
eHIN
<IN
oty Iodng
ZHIMN
TN
PN gadng
PN 1adng
1r7dy
PN I ng
ZHIN

..i..M,H Aromeg

(panupuod) 1y 3jye],

¥
et
&4l

Fa )
o8
/U
WA
1've
9l
o)
ANt
601
[ 1A
|3
Gs Y
AlTSU( ]
Jamid
QITHSAG

TVIYH
INGIO- 986,
I0ADAING SIBTY
IApURT e,
TOABALNY SB[
Jaduaang

[EGOD) STRLY
NIRL}

SLMa]

[ I3ALD5() B
1 =aedy daog)
VAU
HOVH LTINS
SVMSTINS
IAPUHIE] S0y
HY N

|_wm~.ua“:wam

DUTISE

ApaIng

1155

LUTICTTULSHTTTA, My

swoydx

AIDADISI]
AITTIDUINTY

TOTSSHA



1 The Cosmos on a Shoestring

AN AVERAGL SMAILL SCIENCE SPACECRATT

The cost data gathered for this study provide a portrait of an average small
science spacecraft. This information could prove useful in evaluating the
effects ol future cost-reducrion strategies and for comparison with later studies.
Based on the data provided for this study, Table A2 provides the average costs
for each mission element, along with the data range.

A breakdown of spacecraft element cost by percentage of TMC is shown in
Figure A1, ‘The average TMC of small spacecradl in this mission setwas S145M.
The spacecraft (bus, instrument, integration, and associated ground equip-
ment; represents 60 percent of the TMC.

ACCOUNTING FOR COMPLEXITY

On a cost-per-kilogram basis, most small spacecraft are relatively more expen-

sive than larger spacecraft. This was shown in Figure 2.5, where the cost of

Table A2

An Average Small Scientific Spacecraft

Cost Elemont Mean 1D DLY Range
Manageiuent 5,638 2,808 20,1805
Planming and Analysis  Phase A 4,820 83,195 25 837
Carricrilius 34,1249 28,671 110,166
Structures & Mechanises 9,623 16,078 57,734
Thermal [8113) 824 2,442
Attitude Control System [ACS 1,235 23,448
Command & Data Handling (C&DI10G B,193 12,048
Tlectrical Power System (18] T.A25 23,272
RI' Communications 1,548 12,745
Propulsion 5,705 11,768
Flight Software 272K 4,338
Tiarness 77 1,671
Ground Support Equipiment (GSE) 1,332 4,688
Goreernumnent Furnished Fquipment (GEER? 1,402 2,235
Other TATA 12,443
Spacecralt Svstems Engineering 2,271 o3
Product Assuranee | 4350 1,224 4,054
Parts Procurement 3,104 3.066 6,661
Contamination Control 138 160 3
Spacceralt Integration & Tost RN 2,442 9,012
Inslrurment A0.826 12,4559 45,20
lLaunch 31,374 14,434 36,837
Vehicle 34498 14,422 35,640
Flight Integration & Clhieckour 881 H7Y 2,760
Operations 11,568 13,831 46,280
Mhier 6,153 H,6H0 23,101
Ground Systems 3,737 1,840 h,488

Science 2417 2,088 5,200
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Figure A.1—Average NASA Small Spacecratt Mission

missions in this study was ploltted alongside an assortment of other missions.
The fact that many small spacecraft cost more per kilogram than larger ones is
not an unexpected result. Rather, as the mass of & spacecraft diminishes, it is
reasonable (o expect that development costs will remain somewhat elevated,
reflecting a nced (o meet the continuing requirements of science. Also shown
in Figure 2.5, however, are several small spacecraft thart retain the cost-per-
kilogram ratio of larger spacecralt. Complexity is the major reason for the cost
variation in smaller missions.

Parameters Influencing Complexity

The complexily associated with a spacecraft is determined by many factors, As
previously mentioned, small spacecraft programs are atiempting to demon-
strate ever-higher Jevels of technical performance. This usually requires that
they integrale new, high-performance technologies, which is dilficult to achieve
in a cost-constrained environment. ypically, these missions are employing
many state-of-the-art designs and components. To remain within cost caps, no



106 The Cosmos on a Shoestring

spacecraft can hope 1o integrate state-of-the-art components in every system
and subsystem. Trades are made to arrive at the hest balance of new and exist-
ing clements. Dedicated technology demonstrators, of course, integrate suites
of advanced technologies. One would expect the overall complexity ol these
spacecraft to be higher than ones designed (o pursue purcly scientific missions.

There are factors ather than technology that determine complexity. The type of
mission is one example. A spacecraft designed to accomplish a planctlary
landing and then deploy instrumentation must include deceleration devices
and elahorate automalic sequencing systems, The required design life will also
drive the selection of components and strongly influence the use of redundant
systems,

Applving this reasoning, it should be possible to define measures of complexity
and evaluate how complexity affects the cost of these missions. Some baseline
is needed for (his comparison, and some upper bound is needed to evaluate the
relative complexity of the various missions. The RADCAL satellite was selected
as a bascline for this analysis hecause it was a relatively modern example of a
spacecraft built with minimal complexity. RADCAL was designed to help cali-
brate 77 worldwide C-band radars. (Bearden, 1996, p. 26.) It was launched in
1993 on a Scout rocket and was designed 1o operate for one year, RADCAT did
not have an attitude control system and was flown in a gravity-gradient config-
uration, bul its position was established with high precision using onboard GPS
receivery in conjunction with ground signal processing. Detailed cost and
technical data were also readily available for RADCAL.

A ficlitious mission was used to establish an upper hound for the complexity of
small spacecraft. Tlere, a small spacecraft was envisioned that combined state-
of-the-art equipment in all systems and subsystems. When compared (o the
RADCAL baseline and this idealized example, each spacecralt in this mission set
would demonstrate some relative complexity.

To evaluate mission complexity, a set ol 11 parameters was sclected. These
parametcrs cannol be appropriately applied (o all spacecraft in the mission set;
exceptions are noted in the descriptions below. In other cases, complexity
could not be calculated hecause spacecraft data were not available. While most
of the parameters listed below supported direct calculation, judgment was
required in some cases, The following measures were used in this analvsis:

«  Design Life. The required operating life of @ spacecraft will drive the com-
plexity of systems and the reliability of companents selected in the design,
Although not all missions require a long life, spacecralt designed (o survive
in space longer will usually be more complex. Six vears was considered to
be the state of the art.
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Target. The spacecraft in this mission set represent an assortment of desti-
nations. The final destination of the spacecraft was selected as a measure,
since it directly alfects the complexity of the design. In this analysis, plane-
tary landings were considered to be the most complex type of mission and
earth-orbiting missions the least.

Spacecraft Density. The density of a spacecrafl can be considered a mea-
sure of complexity, since a greater degree of design is required 1o package
systems and components tightly. A denscr spacecraft requires a higher
level of component and subsystem integration and careful aliention to
thermal loads.

instrument Mass Fraction. Increasing the instrument mass fraction (the
rativ of instrument-to-spacecraft dry mass) is an expressed goal of many
programs. This parameler is not applicd to planetary lander missions, since
thesc spacecralt pay a mass penalty in the equipment necessary to make a
successlul landing. [t was also not applied to the NMP DS1 mission, since
one of the goals of this mission is to demonstrate an ultralightweight
instrument package for future microspacecraft, An instrument mass frac-
tion of 30 percent was considered to be the state of the art for a small space-
craft.

Bus Pointing Accuracy. 'The complexity of & small spacecraft is strongly
influenced by the requirements of pointing accuracy. Soeme small space-
craft achieve extremely fine pointing accuracy, and the systems nceeded to
provide this perlormance require a great deal of design and analysis, A
pointing accuracy of 2 arc seconds {0.0005 degrees) was considercd (o be
the state of the art.

Solar Array Lfficiency. Small spacecrait are using advanced solar array
materials and production techniques. Solar array cfficiency is a measure of
the power output [torm the unit (watts) per square meler of area. To calcu-
late solar atray cfliciency, the beginning-of-life {(BOL} power output for each
spacecrafl was used. The state of the art [or solar cell efficiency was deter-
mined to be 20 percent. When multiplied by the solar constant of 1,380
wim®, a upper bound of 274 W/ m” was established.

Power System Efficiency. Power-handling equipment for spacecraft now
requires fewer components. Use of advanced designs is allowing spacecraft
to deliver more power for a given mass of power-handling and conditioning
equipment, Here, the state of the arl was estimated to be 36 W/kg.

Downlink Data Rate. Data-rate requirements for small spacecrall are
strongly influenced by the type of mission and the instrument being flown,
Some small spacecrafl are pressing the state of the art in the usc ol high-
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data-rate communication systems. An upper bound of 10 Mbps was used
in this analvsis.

»  Ceniral Processing Power. 1n onbourd processing, small spacecraft are
teveraging the availability of commerciat components and greatly expand-
ing bus performance. Many spacecralt are using distributed designs with
several high-speed processors, Although the processor itself is not a com-
plex lealure, the use of state-of-the-art processors usually indicates
advanced dara-handling designs. In this analysis, a stale-ol-the-arl pro-
cessing power of 22 MIPS was used.

*  Mass Memory. Design complexily is also reflected in the amount of data the
spacecraft must store and manipulate. An upper bound of 2,000 MB of
mass storage was considered (o be the state of the art.

+  Software Code Lines. There is a wide variation in the amount of software
used onboard a small spacecraft, Soflware is a important risk area, and
some spacecraft are designed to minimize (he amount of onboard execu-
tion code. Other missions place a great deal of reliance on onboard auton-
omy and will have elaborate soltware architectures. Future missions will
likely depend more heavily on soltware for operation and health monitor-
ing, and millions of lines ol software code will be the norm. The stale of the
art lor this study was set al 2 million lines of code, recognizing that many
missions use far less.

Since many of the spacecrafl studied are technology demonsirators, it is not
surprising that, in some cases, spacecraft in the mission set were establishing
the state of the art. It is recognized that some of the above measures bear a
greater influence on the complexity, and therefore the cost, of a spacecralt.
This was meant to be a first-order estimate, however, and the various measures
of complexity were not weighted.

Calculating a Factor of Complexity

Table A3 shows the final complexity calcufations for each of the defined mea-
sures. A scale of 1 10 5 was used in this analysis o indicate movement from
least to most complex. This scale approximales the range between the cost per
kilogramn ol RADCAL and the average for missions in the data set. From these
data, a final Factor of Complexity, -FC, was calculated [or cach mission as the
unweighted average of the computed complexities.
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Normalizing Spacecraft Cost per Kilogram

Table A.4 shows the spacecraft cost for each mission. “Spacecraft cost”
includes design and development of the bus and the instrument, integration,
management, and all other costs associated with delivering the spacecrall for
launch. The “Cost per Kilogram™ is simply the spacecraft cost divided by the
dry mass. The "Normalized” values are the cost-per-kilogram values divided by
the computed b

A Complexity Cost Estimating Relationship

The computer value of F,. can be used Lo form a simple cost estimating relation-
ship (CFR). A CTR based on dry mass, M (kg) and F. is shown in Figure A.2. The
cost of small spacecraft correlates well with dry mass, when corrected for
complexity,

Table A4

Normalized Spacecraft Costs per Kilogram

S0 Cost SiCIny  Costperkg  Costperkg
Mission Spacecralt © FYus SMY Mass kg SMkg S:Mikg)

Clementine . 1.9 235 0.263 {1.0495
Discovery NEAR 2.9 95.5 480 0199 06.070

Mars Pathfinder 3.2 165.3 835 0198 0.063
Lxplorer SMEX-S5WAS 2.9 78.4 287 N.273 0.0495

SMEX TRACE 2.4 5350 210 0.262 0.092

WX MALY 29 7.1 553 0.194 0.067
New Millennium Deep Space 1 3. 819 279 0.294 0.086

Farth Observer 1T 3.4 T0.4 2460 N.252 0.084
SSTH Lewis 2.4 39.0 278 0.141 0,040

Clark a0 376 274 0.137 0.045
Surveyor Mars Global 2.4 1095 B73.7 0,162 0.067

Surveyue

Mars Survevor 2.5 TV R0 0.140 0.0586

‘9R—l.ander

Mars Surveyvor 24 Tl 358 0.215 0.074

0% Orbiter
RaDCAL [R1] 4.6 gl.5 0051 (0.051



112 The Casmos un 4 Shoestring

BANDIARESL A8
180.000—— —
160,000 Spacecrafl cost — 64.374 M« 1, + 9085
R. - 0.8737
140,000
M = spacecraft dry mass (kg)
< 120000 |— F. = factor of complexity
2
J2
g 100,000
"
$  80000|—
[&]
o
o
¥ 80,000
40.000—
20,000
I} n | | . |
0 500 1.000 1,500 2,000 2.500 3,000
M ~F,
ligure A.2—CER Based on Complexity
SUMMARY

The normalized cost per kilogram numbers from Table A4 were plotted in
Figure 2.6. The distribution of ¥ among the missions generally followed expec-
tations. The complexity ol technology-demonstrator missions was, for exam-
ple, somewhat higher than that of science missions. Planetary missions, how-
ever, were considered to be underrepresented. These missions typically can-
lain clements that are difficult 1o quantify. Mars Pathfinder, for example, is a
comhbination of three clements, one of which is 4 sophisticated microrover. The
calculations here were not designed to reveal this type of complexity.

When applied to the original Cost per Kilogram data, ¥y produced a uniform
distribution with a lower variance than the original cost per kilogram valuces.
Relative to one another, however, there remains a signilicant distribution
damong these missions. This could be caused by an incomplele set of complex-
ity measures or by variables unrelared to the complexity of the respective
spacecrafr.

Comparison to a different baseline mission could significantly change the com-
putations of I'. Additional studies might seck to broaden this analysis using
other baseline missions with actual costs around $50,000 to S75,000 per kilo-
gram.



Appendix B
FAILURE IN SPACECRAFT SYSTEMS

INTRODUCTION

Since the early days of the space program, spacecraft reliability has been
steadily improving, Failures, when they do occur, also tend to be less signili-
cant.! There are, ol course, some significant exceptions to the trend. Expensive
spacecrafl have been lost or impaired by single events that escaped detection
prior to launch. Yet the overall trend is toward spacecraft that are more reliable
and resilient. In large part, this trend is due to improvements in spacecraft
components and subsystems and (o the fact that the space environment has
heen characterized with grealer accuracy.

In the future, spacecraft failures are expectled o conlinue (o decline. This ap-
pendix will provide an overview of spacecralt [ailure causes, examine some im-
portant failure trends, and assess the potential impact of a new tool, the
physics-of-failure approach, in terms of helping to bring abourt further im-
provements in the reliability of space systemns.

FAILURE IN SPACECRAFT SYSTEMS

Failures that lead to system anomalies and breakdowns are to be expected in
any electromechanical system. For terresirial syslems, engineers can often test
devices to the point of failure to evaluate a design; when failures occur in ser-
vice, components can be recovered and studied. In contrast, expensive space-
craft systems are rarely tested to lailure. To analyze failures during a mission,
engineers must rely on telemetry, ground-test dala, and operational analysis.
Only rarely can components be recovered. Failure analyses are complemented

A failure is generally considered substantial or significant if it causes a lass of 33 percent or more of
the sparecraft’'s mission objectives.
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by measurements of the space environment that aid enginecrs i the associa-
tion of cause and effect,

Ta support the general study of spacecrafi failures, dara for individual missions
are usually compiled in a database. Currently, there are four main repositories
of spacecrall failure data: JPL’s Payload Flight Anomaly Database (PFATY,
NASA GSEC’s Spacecraft Orbital Anomaly Report (SOAR), and the Air Foree's
Orbital Data Acquisition Program (ODAP) and the Space Systems Engincering
Dalabase (SSEI) .2

These data repositories provide & valuable historical record, bul the task ol ac-
quiring and analvzing failure data is complicated by the lack of common report-
ing schemes and technigques. Procedures vary between NASA field centers, the
Air Force, and indusiry, Even offices within a given organization can apply dif-
ferent techniques. Various organizations also differ in the way they treat failure
events. Some choose to caplure every event, no matter how minor, while others
maintain some reporting threshold. In some reporting systems, a single failure
event can have multiple assigned causes. The number of statistical data points
may, therefore, exceed the actual number of reported failures. Mast often,
though, the cause of failure can be atiributed to a single failure category,

The lack of commonality in the bookkeeping of faflure data hampers the ability
of PA cagincers to monitor trends and focus research of spacecraft failure
mechanisms. Resource-limited small programs have reported finding i diffi-
cult to sort through various failure archives to locate relevant information and
apply lessons learned from previous missions.

Classifying Failure

Despile various approaches to classifving failure darta, it is possible to create
broad categories of failure and Lo review how manifestations of [ailure have
changed over (ime. For this purpose, failures can be classified as (1) events
caused by the space environment, such as radiation damage to circuits; (2] in-
cidents for which some aspect of the design was inadequate; (3} problems with
the quality of the spacecraft or ol parts used in the design; or {4) a predeter-
mined set of “other” failures, which include operational errors. A significant
number of incidents cannol be altributed and are simply classified as
“unknown.”

It should be noted that failures are not always unexpected events, Mission
timelines and cost factors sometimes demand thar a spacecrall, such as

ZThe ODAP and SSET databases are ruaintained for the Air Toree by the Aerospace Corpurarion.
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Vovager, be launched with known problems. I'ngineers rely on robust designs,
redundant systems, and prescribed workarounds to deal with anomalies that
arc deemed likely because they occurred, and were characterized, during
ground testing. Depending on the reporting schema, expected problems may
or may not be classifieds as failures.

Failures Caused by the Space Environment

The space environment provides an assortment of hazards whose ill elfects can
range from degraded performance up e calastrophic loss of a spacecrafl. Some
hazards involve impacl destruction of spacecraft components, a particular
problem in LEOQ. Meteoroids, consisting mainly of comet remnants, and or-
bital debris fall into this category. Orbital debris consists of spent rocket com-
ponents, launch and deployment fragments, and inactive payloads. The impact
of particles weighing less than a gram can severely damage systems; heavier
objects can completely destrov a spacecraft. The Russian Kosmos-1275 space-
cralt was believed to have been destroyed in 1981 by a direct hit from a large
picce of urbiling debris. Recently, the French Cerise satellite was crippled after
being hii by debris (David, 19974, p. 2), while an avoidance maneuver stecred
the European Radar Satellite (ERS-1) from a collision with the Russiam Cosmos
614 satellite (Selding, 1997, p. 1). Usually, however, very small particles are in-
volved, leading to erosion and degradation of materials. Space Shuttle Orbiter
windows are routinely replaced because ol orbiral debris damage, and erosion
and penetration degrade solar-panel performance over time.

Although orhital debris poses a serious threat to manned and unmanned
spacecraft, it remains less slatistically significant than other environmenr fac-
tors. Lor LEO spacecratl, the tenuous upper atmosphere generates significant
asymmetric drag on a spacecrall, a force that varies with the solar cycle, which
must be countered by onboard propulsion systems. Atomic oxygen in the up-
peratmosphere can also cause serious deterioration of spacecraft materials and
coalings,

Variations in solar and albedo radiation lead to a dynamic spacecraft thermal
environment. Thermal and radio frequency interference effects are increas-
ingly important in small spacecralfl, since smaller volumes increase the sensi-
rivity and susceptibility of parts and equipment to radiated emissions, Smaller
spacecraft also tend to operate at higher computational loads than earlier

Fpotential impact damage is a significant concern far low-flying assets, such as the Space Station,
and lor thie LECQ communication satellites now heing deployed in greal nuber. A recent study
concluded that there is 4 30-petcent chance of a collision within b vears {or large spacecralt constet-
laticns: see Glicksman (19961, p. 6.
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spacecralt. As a resulr, they can run holler and drive temperatures at thermal
junctions to critical limits.

Atmaospheric influences, atomic oxvgen degradation, and the thermal varia-
tions, along with the impact of the magnetic and electric fields, are classified as
cifects of the neutral space environment. Although significant failures have
been caused by the neutral environment, a higher percentage have been caused
bv the plasma and radiation environments.

Tonized gases wilh energy levels less than 100 KeV are usually identified as
plasmas. The plasma environment surrounding the carth varies with altitude
and latitude bul is also heavily influenced by solar activity. In geosynchronous
orbits {GFQ), spacecraft are bathed in a low-concentration, high-energy plasma
that is highly sensitive to solar storm activity, Spacecraft moving through this
plasma cnvironment can accumulate differential charges. Arcing can resuls,
overloading electrical components, or exposing surfaces to further damage.
ttigh-energy particles can also penetrate insulating malerial, causing leakage
paths in electrical nelworks., Spacecraft charging has been a cause ol many
signilicant failures, most notably in GEO communication satelliles.

The radiation environment is perhaps the most significant in terms of space-
craft failures. The radiation environment is characterized as containing ¢ner-
getic particles (ranging from 100 KeV up (o several GeV) that are either trapped
by, or passing through, the earth’s magnetosphere. This radiation takes the
form of cosmic ray particles, solar protons and heavy ions, and fast clectrons.
These energetic particles readily penetrate a spacecrafl’s shell, displacing ma-
terials at the atomic level. They unusually have an immediate effect if they
happen o impact an electronic component,

How radiation affects circuitry depends of the type and energy of the particle.
The majority ol veccurrences involving radiation are single-cvent upsets (SEUS),
which cause a state change, such as a digit being “flipped” from a zero state to a
one. Such events are common and net of concern in most circumstances, since
error delection and correction (EDAC) soflware can locale and reverse the
evenl. Another type of event, of considerably greater concern, is the single-
event latchup (SEL), which causes a pari to draw excessive current until it is
shut down. STLs are serious, but cycling the power ro 2 component will usually
resct a circuit. Corollary damage can resuit, however, since the SEL is elfee-
tively a short circuit. The temporary short circuit can overload the power sup-
ply, or reduce bus voltage, damaging power-sensitive eleclronics. A third type
of failure is the single-event burnout (SEB). An SER is not recoverable.

The sensitivity of equipment to radiation damage is a particularly important is-
sue in relation to commercial plastic components, which are used extensively in
small spacecraft. This is covered in more detail in Appendix ),
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Design Failures

Fnginecrs designing spacecralt componenis now build upon decades of mea-
surement of, and experience in, the space environment. Yel design failures re-
main a major source of failure. A design failure occurs when the strength of
parts or components, purchased or manufactured, proves insulficient to with-
stand the loads experienced during the mission. Il the load experienced was as-
sociated with a phenomenon not yet understood, or of @ magnitude not yet
recorded, the failure is usually assigned to environmental causes. Design [ail-
ures are, therefore, associated with oversight or errar. It is worth noting that
there is no category for failures related Lo the use ol new technology. Failure of
a new design would fall under the category of a design lailure.

Failures Related to Parts and Quality

When a failure occurs in the absence of unexpected environmental loads or a
clear design error, it is usually classified as being caused by a quality or parts
problem. Parts failures usually occur randomly. Spacecralt rarely carry suffi-
cient instrumentation to identify the failure of a discrete parl. Instead, a com-
ponent or collection of parts is identified as the source of failure. Failures re-
lated to quality occur when similar parts have repeated problems or when a
ground lest reveals weaknesses in a representative sample of similar parts.
TFailures caused by incomplete testing, or induced by testing, arc also classilied
as related to quality.

It is important to realize that component reliability data olten assume ideal
handling and processing. Tn commercial settings, components are sometimes
never touched by human hands, Fntire systems are assembled by automated
processing equipment. Spacecrafl applications remain custom in the scnse
that human technicians handle parts and compenents throughout the process.
The effects of part handling and processing on manufacturer predictions of re-
liability are not well understood.

Other Types of Failures

Many failures can be traced 1o a variety of other events. Operational errors ac-
count for some reported failures. These events are usually related Lo human
error, in which a ground operator issues a command that overioads a spacecraft
$ySTEM 0T COMpPOnent or CXPOses Sensers or instruments Lo out-of-bou nd con-
ditions, Many anomaly databases classify normal aging, wear, or depletion of
consumables as a failure. Software-rclated problems arc also classified as
“other” [ailures.
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Spacecraft Failures Over Time

Unlike in terrestrial systems, where strain and wear cause failure rate to be a
lincar function of time, spacecraft failure rates diminish over time. This rela-
tionship, a Weibull distribution, is shown in Figure 1.1, where the average
number of failures reported annually for a given spacecrafl decreases.

Analyses that do not account for the relationship shown in Figure B.1 will usu-
ally produce overly pessimistic reliability and lifetime estimates. A pessimistic
reliability estimate can lead to additional design effort and biased performance
trades. ‘This may lead 1o a more robust design and ultimately to a more reliable
spacecraft- which is not always desirable, because additional design efforrs
usually increase TMC,

Spacecraft Failure Trends

The calegories outlined above are sufficiently common among failure databases
to get an ided of where spacecraft reliability is headed. These categories are
used in Figure B.2 to draw some high-level conclusions abour failure.

RANDATRGS-F 1
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0005

0004
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003 MIL-HDBK-217F predicted failure rate
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0001

0 ; I ! i —
0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000

Flight time (hours)

SOURCE: Krasich {1995). p. 3.

Figure B.1—Decreasing Rate of Failure with Time on Orbit—Voyager Spacecraft
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RANRLRSTS-3.2

Pro-1977

I | Design - environment

1977-1983

Mast recent

NOTE: This chart exciudes data from the SAMPEX mission.

SOURCES: Pre- and 1977-1983 data. Hech: et al. {1985}, p. 47; most recent data, Remez et al.
(1996), p. 33.

Tigure B.2—Spacecrail Failure Trends

Design and environment causes continue (o be the most significant sources of
failure. The reductions shown in the most recent data are possibly due to ini-
proved design techniques and the use of more reflined environmental models.
Vel the fact that design and environment factlors remain the largest single cause
of spacecraft lailure is alarming. Failures caused by attributes of the space envi-
ronment that have been documented and characterized are usually classified as
design failures. Since our knowledge of the space environment has steadily im-
proved, it can be presumed that mistakes, or insuflicient design margins, are a
major barrier to further reducing failure rates. Another recent estimale placed
design errors at the top of the list of spacecraft failure causcs. (I'lecter, 18974,
p. 14.) Design errors arc also predominant in failures that occur prior o launch.
A recent review of planctary spacecraft noted that 60 percent of the failures that
occurred during test and integration could be traced to design problems.
(Gindorf, et al., 1994c¢, p. 12.)

Parts have traditionally been viewed as the source of failure in spacecraft sys-
tems. In the carly vears of the space program, this was indeed the case, mainly
because of quality and reliability problems with evolving microelectronics. Yet
recent data clearly show that parts and quality factors are the minoer constituent
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of spacecrall failures. These data are corroborated by other studies. An
analysis of failures in aircraft avionics conducted in 1971 found that 50 percent
could be traced to part failures. A similar study conducted in 1990 found part
lailures to be negligible. (Pechtetal., 1992, p. 1161.)

Scicentilic investigations ol [ailure mechanisms have revealed thal many claims
of parl failure can be more accurarely associated with inadequacies in design or
improper handling of componenis. A recent JPL study reviewed parts-related
failures in the Viking, Vovager, Magellan, and Galileo spacecrafil. QOnly 27 failure
reports for these missions could be traced to problems with parts, and all but
eight were later attributed to design or test deficiencies. None of the parlts-
related problems were considered serious, although redundant systems pre-
vented an escalation of the problem in seven of the cases. {Gonzaler, 1996b.)

Since the category “other” contains normal wear and old-age events, one would
expect this percentage o grow over time. The lower percentage in the 1977—
1983 period is possibly due to spacecraft beginning to live longer in this report-
ing period and to the use of more-sophisticated ground control techniques,
which reduced the number of operator-induced failures.

Failure Fffects

Another aspect of spacecraft failure data is the severity of lailures when they do
occur. Figure B.3 depicts the trend in reported failures. The “pre-1977” and
"1977 to 1983 data were based on a long-term study of approximately 300
spacceraft. Approximately 36 percent of the carly failures were significant; in
the 1877 to 1983 sample, the ratio had dropped to 18 percent.® A recent study
by the NASA Goddard Space Flight Center of 21 spacecraft revealed only 112
anorualy reports with only three significant incidents.” {Remer et al., 1996.)

Properly designed spaceecraft systems can withstand a myriad of component
lailures and operating anomalies without suflering a significant loss in perfor-
mance. The Voyager 1 and 2 missions are among the most notable examples.
The Voyager program, widely recognized as a hallmark in planetary exploration,
dealt with many component problems throughout its long flight history,
(Gonzalez, 1996b.)

“Both the pre-1977 and the 1977/-1983 data are presented in llecht et al, (1988), p. 14,

Flhe 112 reported incidents exelude an additional 100 incidents from the Small Eaplarer SAMPIX
spaceerafl. The SAMPEX data are excluded because the Smull Explorer program collects failure-
mode data in a form different from ather GSFC uflices.
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Figure B.3—Decreasing Severity of Failures

Failure in Mechanical Systems

In terms ol lailures onboard spacecraft, perhaps the area of greatest concern is
the performance ol mechanical systems. The performance and reliability of
electrical and clectronic components have improved dramatically in recent
vears. The design and development of mechanical systems, however, have not
advanced in parallel. Many of the most serious recent spacecralt anomalies can
be traced to mechanical systern failures, as outlined in Table B.1.

Tabhle B.1

fxamples of Mechanical Failures in Recent Spacecraft

Mission _ bwenr Impact _ Likely bailure Mode
Mars Observer Propulsion systen: Luss af Spacecralt Leakuge and ignition af hvper-
failure golic propellants—rupture of
high pressure lines
Galileo Stuck high-gainan  Degraded perfor- Excessive frierion duc to mis-
Lened I alignment in antenna restraint
pins
Alexis Damaged solar array - Degraded perfor Artachient hracket broke free
rancy after deployment
Mars Global Failure to latch solar - Medification of flight - Structural failure of solar array

Surveyor array plan damper arm atlach fitting
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Compared to electrical and clectronic systems, mechanical systems are usually
nonredundant; when they [ail, there is greater likelihood of loss of function or
catastrophic failure. (Oberhettinger, 1994, pp. 16-24.; Mechanical systems are
unigue in that

* Theyare frequently lirst-time applications that often lack heritage.

* Repetitive testing is often difficult or impossible, as in the case of py-
rotechnic devices.

* It is more difficult to conduct environmental testing that recreates the
forces @ mechanical design will experience in space. lesling in @ one-g en-
vironment can stress devices past the design point, possibly inducing fail-
ures during operation,

* Long periods of storage or transil in space ollen precede their usc.
Mechanical systems can lose lubricant or gather corrosion that leads to
later failure.

One method of avoiding failure in mechanical systems is to avoid using them.
FFuture missions will likely require more complex mechanical sysiems, however,
so avoidance will not be a reasunable approach for most missions. Advanced
mission concepts, like deployuble structures, will require miniature mechanicat
devices thar are both reliable and precise. Tmproving the reliability of mechani-
cal systems remains, therefore, a high-priority item,

RESEARCHING FAILURL MECHANISMS—THE PHYSICS-OF-FAILURE
APPROACH

In the moedern marketplace, quality and reliability are more closely related than
ever before. 1o remain competitive, product manufacturers have applied ever
maore stringent quality slandards, enabling them to deliver higher-reliability de-
vices,

Underlying the drive for better quality and reliability is a shilt from empirical
understandings of failure mechanisms (o a4 more scientific approach. The
physics-of-fuilure approach applies reliability models, built from exbausiive
fallure analysis and analytical modeling, (o environments in which empirical
maodels have long been the rule, (Sce Pecht, 1998b, and Stadterman et al.,
1996.)

Scientific approaches to failure are certainly not new, The physics-of-failure
approach embodics technigques well known to structural engineers responsible
for building targe structures  only one unit is built, and a failure would mean
significant loss of life and properiy. The central advantage of the physics-of-
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failure approach is that it provides a foundation upon which Lo predict how a
new design will behave under given conditions, an appealing feature for small
spacecraft engineers.

In terrestrial applications, the physics-of-failure approach has helped to in-
crease design confidence and boost quality and reliability, perhaps most readily
demonstrated in the case of microclectronic components. In terms of quality,
the defect rate for high-volume electronics, for example, is now so low that
traditional methods ol acceprance testing make little sense.® The process that
produces Intel’s Pentium® microprocessor, a complex device with fine feature
sizes, averages 17 delects per million units produced.” Strategies that identify
and replicale proven components, such as Known Good Die (KGD)] practices,
are also reducing defect rates in highly integrated (stacked) electronic compo-
nents.t Reliability improvements are equally impressive. The Pentium® pro-
cessor has a mean time between failures (MTBRI) of 36 million hours. This level
of reliability means that the central processing unit {CPU} is unlikely to fail
within the normal lifetime of @ modern personal computer, The high quality of
mass-produced microelectronic compornents has led the automotive sector to
set some of the industry's most stringent qualification standards, with zero al-
lowable rejects (Pecht, 1996¢, p. 22).

In space applications, the physics-of-failure approach seeks to augment the
traditional postmortem analysis of failure data with an expanded knowledge
base of [ailure mechanisms. Data [rom physics-of-failure research should help
1o reduce both lailure rates and failure severily, improving the reliability of
space components and systems. The physics-of-failure approach could also
assist with

»  Application of technology. More so than in (he pasl, small spacecraft rely on
advanced technology for which few historical reliability data arc available.
The physics-of-failure approach offers a means of evalualing how new de-
signs will operate, based on a more refined understanding ol the response
of materials and the behavior of analogous systems.

BResearch conducted at Rume Air Force Base's Reliability Analvsis Center (RAC In 1992 concluded
that the average failure rate for commercial electronics was approximately 0.02 failures/ 10% hours
[see Priore and Larrell, 194923,

“Quality data for lntel microelecironics are availahle ar its develuper Web site:
http:/ /supportinicl.eom/oem_developer/.

#pense electranics, such as the stacking of chips into multichip modudes MCMs), take up less
space, require less power, and are rasicr to integrate than discrete components. These attribnites
mauke: MCMs very popular among small spacecrait builders. MOMs typically cannot be tested be-
fare final fabrication, however, at which point a chip fault reguires scrapping the part. To help pre-
vent chip failures, integrated circuit dies that are known o be error free are preceetified—the KGD
process.
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* Risk mitigation. Gains in robustness and component reliability translate di-
rectly into reduced overalt mission risk. Also, an ability to estimate reliabil-
ity at the part or component level supports improved design optimization
of the overall spacecrafl.

*  Fuifure cwareness. The physics-ol-lailure methedology allows the space-
crafl engineer to predict with greater assurance the “first failure” of a given
component or design.’ By crealing new tools for predicling performance,
the physics-of-failure approach can help spacecralt (cams focus on aspects
ol failure analysis carly in the design process.

The study of failure physies, like any other scientific discipline, requires testing
10 validate hypotheses and gather data on failure mechanisms. A significant
amount of rescarch can be conducted on the ground, but some amount of
space-hased research will likely he necessary. Physics-of-failure research will
likely make extensive use of low-cost “time-in-space” facilities, such as Shuitle-
deploved free-flying spacecraft. Inexpensive long-duration missions might al-
low dara 1o be gathered on actual performance in space, with components be-
ing returned to earth for analysis.

IMPLICATIONS FOR FUTURE SPACECRAFT

As discussed above, spacecrafll have been sieadily becoming more reliable.
Discounting cases of catastrophic loss, failures have been generally fewer and
less likely to affect mission objectives significantly. It is, however, unclear that
Lhis trend will continue with the current generation of small spacecraft,

Chapter Two mentioned that one of the conscequences ol budgel reduction and
the shift to smaller spacecrafl has been a greater willingness o accept risk.
Later, Chapler Five described the “risk as a resource” approach, in which risk is
treated as a vartable in the many engineering trades that are made during the
planning and design of a mission. Created ltom discussions with small space-
crall teams, Table B.2 presents a qualitative assessment of how many of the
steps taken to achieve cost reduction affect risk.

Some small spacecraft trends raise the potential for failure, introduce new fail-
ure sources, cause failure sources to be overlooked, or reduce the spacecraft’s
resilience. Perhaps the most ebvious example of this is the potential for launch

#1ur errestrial applivations, component manulacturers are concerned primarity with the number
of failures likely to eceur in a given period of time (failures in thme or FIT), or the mean tite be-
tween failures (MTBE). These daty are less uselul to the spacecrail engineer. For commergial com-
punents, increasingly used in small spaceeraft, the importance of the problew is clevated, since
manufaciurers cannat, and often will nat, supply the informarion a spacecraft designer necds Lo
ensute design reliabiliny (see Appendix D5



builure in Spaceerafl Systems 125

Table B.2
Risk in Small Spacecrafl Programs

Sroall Spuceerall

Strategy o Manifestations Risk of Failure
Simplified design Rescoping mission reguirements Neutrzl
Design reuse Lecreasne
Reduced redundancy nerease
Mainly incremental improvements Neutrat
Use of cammercial plastic-encapsulated electrunic [nerease
parts
Steeamntined 1ost Test at higher level of integration Increasc
procedures
Reduced test plans lnerease
Reduced procurement  PL-mode mavagenient Neutral
oversight
Performance-based contracting Neutral
Other adributes Smalier teams Increase

Small launch vehicle Increasc

failure. Small spacecrafl operate in a weight class in which there is a significant
risk of faiture associated with the launcher, Of the four Air Force STEP space-
craft that have been completed, two have been lost due to launch [ailures.
Several new small launch systems are currently being developed, but it is un-
likely that they will be able to demonstrate near-term reliability, '

Lengthy launch delays can also introduce sources of failure. Unplanned peri-
ods of dormancy can lead to such failure-inducing situations as lubricant loss,
the introduction of corrasion, or the loss of batlery polency.! Small programs
are particularly susceptible, since funds may not be available for adequate
retesting prior 1o 4 delayed launch,

Another arca where failure could place smaller spacecraft at greater risk is the
use of redundant systems. 1ailures do not necessarily place mission objectives
in jeopardy if backup systems are available or if the spacecraft design is sufli-
ciently flexible to allow workarounds, Historically, redundancy has been a cen-
tral method of achieving resistance (o failure and has been incorporatred up to
the point at which the incremental costs of including it began to exceed reduc-
tions in the cost of failure,

W) listorically, it has taken an average of 57 fights for a new launch system to reach a sustained
reliability of betler than 73 percent; see Chow {19931 p. 44,

The effects of dormaney on component degradation were studied extensively under the
Spacecraft Aging Study at the Air Foree Phillips Laboratory using the P-80 {Teal Ruby) spaceerafr,
which was built but never flown. Lass of lubricant, which occurred during trausportation and dor-
mant slorage, is suspected e be a major factor in the failure of the Galileu spacecraft to deploy ity
high-gain antenua fully.
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There is considerable disagreement in the small spacecralt community regard-
ing the use of redundant systems, Many engineers fecl that “single-string” svs-
tems arc inherently reliable because of their simplicity. In general, redundancy
increases the complexity of the spacecraft, which is contrary to the notion of re-
liability through simplicity. Increasing levels of component and device reliabil-
ity further argue against the need for backup systems. Redundancy is also
costly in terms of the resources thal must be devoted to backup systems.
Redundant systems add mass, consume power, require more wiring, and in-
crease the dimensions of the software used to operate the spacecraft, Cost,
however, is the most usually cited reason for limiting the use of redundancy.
Many engineers feel that budgets are simply not adequate to consider redun-
dancy in small spacecraft.

Although it adds a financial and technical burden, redundancy has been a criti-
cal factor in many successful past missions. As noted above, the Voyager
rmission experienced many failures, but these were largely countered by redun-
duncy and workarounds. Redundancy has been shown Lo be especially impor-
tant in certain systems. The telecommunications syslem is one example: 1f
ground controllers lose the ability to “ralk” to a spacecrafl, the potential for in-
flight repair or reconfiguration is also lost, A {994 JPL study of the critical
telecommunications system on six prior missions (Voyager 1 and 2, Viking |
and 2, Galileo, and Magellan) revealed that redundancy likely saved five ol these
missions from catastrophic faifure. (Brown, 1994, p. 14.) The alfordability of
redundancy, in terms ol using it on small spacccralt, is alsu changing.
Discussions with component and subsystem suppliers suggest that (he cost of
adding redundancy is declining. Several small spacecralt missions (for exam-
ple, Discovery-NEAR and SSTI-Clark) have taken advantage of these trends and
implemented designs that are heavily redundant, within lightly constrained
hudgets.

Offsetting the higher risk of failure associared with such areas as launch and use
of redundancy are trends that promise continued reduction in the number and
severity of failures. Spacecraft parts and equipment are expected to continue to
become more reliable {4 subject covered more thoroughly in Appendix D).
Future small spacecrafl arce likely to rely more heavily upon aulonomous sys-
tems for fault detection, isolation, and recovery. An early example of this trend
is the EDAC suftware now used extensively to correct automalically for SEU er-
rors. Future autonomaous software agents, capable of resolving complex prob-
lems and reconfiguring spacecraft systems, have the potential to reduce failure
effects significantly. (Man, 1997, p. 4.} Soflware is usually less capable, how-
ever, when it comes 1o dealing with mechanical failures and might actually in-
crease the consequences of failure if corrective actions are implemented that
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impede the ability of ground controllers 1o intervene. (Gberhettinger et al.,
1994, p. 26.)

Managemenl approaches that emphasize “failure awareness” are important el-
cments of efforts to ensure that reliability improvement trends continue.
Noteworthy throughout the course of this study was the variation in approaches
taken (o manage risk in small spacecraft programs, Risk-management ap-
proaches often depend on the experience of the most senior engineers on a
given team. Reducing this variability is the major goal of NASA OSMA’s cilort to
formalize risk management approaches under the “risk as a resource” theme.
Repeating past mistakes has also been a source of frustration for many pro-
grams. This has spurred efforts 1o pass on the experiences of senior managers
and engineers to younger spacecraft designers,'?

Summary

Almost four decades of experience in building spacecraft and measuring the
space environment have yielded a relined understanding of how to avoid fail-
ure. This experience is rellected in the fact that

»  The number of spacecrafl [ailures has been steadily decreasing,

» Tailures, when they do occur, are less severe.

Within these trends, however, are some significant arcas of concern that could
affect continuous improvement in mission performance:

»  Design-related failures are playing a more significunt role as the total num-
ber of failures diminishes.

»  Mcechanieal failures contribute significantly to reduced performance or loss
of spacecraft.

These atcas deserve special atlention in lerms of focusing failure-reduction ini-
tialives.

An area of great promise, in terms of understanding failure mechanisms and
improving the construciion ol spacecraft, is the physics-of-failure approach.
The goal of this approach is to replace empirical models of failure with more
rigorous scienltific analyses of how failure occurs in spacecraft components and
subsystems, The increasing accuracy of failure models should aid in reducing

125 ASA GSEC has consolidated past experiences into 2 Space Fngincering Lessons Learned (SELL]
database. JPL. sponsors a "Common hreads” workshop o relate past experience; see Brown er al.
14996;
. .
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the number of design errors and serious mechanical failures. The physics-of-
failure approach is also imporiant in terms of helping to predict the perfor-
mance of new technology and providing new tools that increase an awareness
of failure carly in the design process.

To assist physics-of-failure initialives, a greater degree of cooperation between
the various organizations collecting and disseminating failure data is needed,
The adoption of common recording and reporting formats would assist in the
preparation of actuarial data. unding for joint analvsis efforts might be con-
sidered with the aim of providing a foundation for improved reliabilily and
longevity estimates.

NASA has adopled a higher-risk approach in shifting to smaller spacecraft, One
possible outcomne is, in the short-term, a higher rate of failure that would dis-
rupt the trends described above. Yet, as the reliability of small lTaunchers im-
proves, as small spacecraft programs incorporate high reliability systems, and
as new design techniques proliferate, it is likely that fulure small spacecrafl will
continue the trend toward [ewer faiiures.



Appendix ©
TESTING FOR RELIABILITY IN SPACE SYSTEMS

INTRODUCTION

Testing is a pivotal phasc in the development ol space systems. Although it is
an ongoing process, which actually begins with the development of test plans
early in the design phase, the most crucial time is the period of full-up opera-
tion of the integrated system. A barrage of tests, olten as many as a program
can afford, is applied to the final produet in an all-oul clfort to eliminate defects
undetected in carlier inspections and operations.

Improving the process of testing has broad implications lor risk reduction in
space systems. Better test procedures affect not only the ability (o build more
reliable spacecraft but also the launch and the ground control systems that
depioy and operate them. Since change in this area has such lar-reaching
implications, ciforts to improve testing are very important.

Traditional methods of testing spacecraft are undergoing a period of change,
however. This appendix will review the factors driving change within the test
community, highlight NASA's response, and assess the impact on space sys-
temis.

FACTORS DRIVING CHANGE IN THE TEST COMMUNITY

The process of testing spacecraft, much like the process of designing them, is
being significantly restructured, ‘Three faclors are driving this restructuring: a
policy decision to deemphasize the role of military specilications; new data that
are challenging traditional test methods; and the emergence ol small spacecraft
that demand new, less costly approaches.

Moving Away from Military Specifications and Standards

Change within the test community intensified in the summer of 1894 when
then-Secretary of Defense Perry issued a memorandum restricting the use of

129
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military specifications and standards {milspecs and milsids) in DoD procure-
ment practices:

Performance specifications shall be used when purchasing new sysleins, major
maodifications, upgrades to current systems, and von-developmental and
commercial items, for programs in any acquisition category. 1f it is not practi-
cable to use a performance specification, a non-government standard shall he
used. (Perry, 18994

Secretary Perry's decision allows the use of milspec only “as a last resort.”
Although the decision focused on the procurement of military systems and not
on the use of milspees lor design and test, it nevertheless sent shock waves
through the PA community, which relied heavily on milspecs for source mate-
rial. {Coppola, 1995.) [n principle, the announcement signaled a movement
away from rradition and, over the long term, the possibility that the milspec
backbone of the test community would dissolve.

The spacecraft communily makes extensive use of milspecs for design, test, and
inspection. Through decades of use, they have become embedded in the PA
processes of both the government and the acrospace industry. The Perry deci-
sion was viewed with some disappointment within the PA community, since
more recent milspecs were created o perform a dual-use lunction and had
been significantly streamlined. New standards for quality and reliability, such
as [50-9000 and the proposed program management standard, 150-14300, are
viewed by many spacecralt developers more as guidelines than speciflications
and are not, therelore, seen as 4 replacement lor traditional milspecs.

New Insights into Traditional Test Practices

The physics-of-failure approach, outlined in Appendix B, is beginning to illu-
minate deficiencies in traditional test practices and inspire new approaches to
testing., It appears that some tried-and-true test practices can be ineffective
when applied to new technologies, possibly even inducing failures. There is
some evidence, for example, that burn-in tests, the principal means of idenlify-
ing infant mortality in new parts and electronic components, can actually lead
to premature system failure. (Jordan et al., 1996, p. 18.]

Another example is thermal testing. Repetitive thermal cycling, where systems
are alternately heated and cooled inside a chamber, is used extensively in
spacecraft programs. Analvsis of thermal-cycele testing now suggests thal a sin-
gle thermal excursion is sufficient 1o identify most defects and thal additional
variations can induce lailure. (JPL, 1994, p. 14.) The tradilional practice of
deraling components (operaling well below the slated performance limit of a
part or component or, conversely, selecting a component with performance
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well above expected stress levels) in an effort to increase reliability, has been
shown Lo be incffective in some cases. (Pecht et al., 1992, p. 1163; Coppola,
1995.) The PA community must rapidly respond to these developments and
provide guidance to ongoing programs,

Simulation-bascd design {(discussed in greater detail in Appendix E} is also
significanily changing the type and level ol lesting being contemplated for
future programs. The ability to simulate the performance ol a proposed design
with ever-increasing fidelity changes the manner and extent of testing of the
final item. It does nol, however, replace it.

Small Spacecralt Test Requirements

Although similar (o traditional spacecraft, the new generation of smaller ones
places additional requirements on the test community by

»  Placing a greater emphasis on the cost-effectiveness of testing.
«  Elevating the criticality of testing,

+  Utilizing new technology to & greater extent than previous missions.

Small spacecraft demand a cost-effective test program. The cost of time in test
facilities has not shrunk in propaortion to the size of the spacecraft. The equip-
ment used to lest a small spacecraft, such as a thermal-vacuum chamber, is
often the same equipment as used for larger spacecralt. Designing an afford-
able test program is, thercfore, a challenge for small spacecraft program man-
agers.

Testing, to a significant degree, is a “seat-of-the-pants” affajr in small spacecralt
programs, and approaches vary widely. As shown in Figure A.L, the test-and-
integration phase ol NASA small spacecraft reviewed in this study accounts for
an average 3 percent of TMC. But this value ranges from 1.3 to 5.5 percent,
possibly reflecting the variation in approaches taken to Lesting, The process of
crearing a test plan, tailored to both the mission and availabie funds, relies
heavily on the experience of the senior team members. Many of the data vali-
dating test procedures are empirical and anecdotal, complicating the task of
preparing the most cost-effective solution 1o the test requirements of a given
mission. Since the test phase occurs fate in the development cycle, cven a
carefully crafted test plan can be stressed by cost overruns in other areas.

Testing is more critical in small spacecraft programs, since, in many cascs,
redundancy is available only partially or not at all. In these situations, testing
becomes the most important means of evaluating the design and preventing
defects that now have a higher potential for causing failure Jater in the mission.
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To achieve higher performance, small spacecrafl rely on technology more than
did past missions. Uesigners emploving new technology require performance
estimates and projections of risk. New parts and components with little or no
space heritage are particulacly vexing in terms aof lest and validation, The clos-
est analog often serves as the only model for designing the test plan,

Additionally, this new technology increasingly takes the form of commercial-
grade elcctronics that are proving to be at least as good as their military-grade
cquivalents in terms ol quality.! Their use, however, adds additional complex-
ity in thal established methods may be wholly inappropriate 1o their handling,
processing, and test. The screening of electronic parts is a case in point.
Screening is a process ol accelerated testing designed to eliminate infant mor-
tality. The process helps to ensure thal, once in space, parts {ail only due to the
inevilable degradation of the space environment. Because past component
quality was low and the cost of failure high, NASA screened nearly 100 percent
of the clectronic components used in spacecraft. Detailed procedures for
inspection and Lest were outlined in milspecs and NASA handbooks. For the
reasons cited above, however, new test methods are necded.

DEVFLOPING NEW APPROACHES TO TESTING SPACECRAFT
SYSTEMS

Under the sponsorship of NASA's OSMA, rescarch on test effectiveness has
been under way since 1992, Similar efforts are being supported by the Air
Force. The advent of small spacecraft has accelerated these efforts, however,
aud given emphasis to reducing the cost of implementing test procedures.

Figure C.1 portrays the spacecralt Lesting process. As illustrated in the figure,
the goal of each test is to halt defects that have “escaped” detection in prior
tests, Occasionally, the test process fails 1o detect a certain mode of failure, and
a defect may make it through the entire test process. Of course undetecred
defects do not automatically lead to a mission lailure; robust designs and
redundant systems can protectl spacecralt from serious, often compounding,
failures.

The width of the rectangles in Figure C.1 implics that some tests are highiy
effective at detecting certain types of defects; others are more broadly able to
lind flaws and errors. Additionally, Figure C.1 suggests diminishing urility of
additional testing if prior evaluations have already climinated defects,

"The use of conmercial coipooents in spaceeraft is complex and cantroversial. Appendix [
covers this issue in greater depth.
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Figure C.1—Defect Propagation Model

The goal of NASA’s test effectiveness program is to provide im proved tesl pro-
cedures that cost less to run and that have a greater probability of climinaling
defects. To achieve this goal PA engineers are conducting controlled experi-
ments on current test procedures (o evaluate how well they identlfy delects.
This analytical approach has the added benelit of removing past empiricism
and providing « better characterization of any given test. Spacecralt builders
will have an improved awareness of the impact of specific tests and their Limi-
tatinns.

IMPLICATIONS FOR FUTURE SPACECRAFT

Better characrerization of tests allows builders of space systems to tallor @ 1est
plan more precisely to the type of spacecraft and mission. A mission that
would, for example, place a spacecraft in a high or unique radiation environ-
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ment should he able to select tests most likely to identily deliciencies in the
spacecrafr’s ability to withstand such conditions. More clfective test proce-
dures should also provide spacecraft builders greater assurance in relation to
the reliability of new technology components and subsystems. Additionally,
improved test procedires influence other aspects of building space systems.
I'or example, some in-process tests and inspections, conducted at key points
during fabrication, could be eliminated if testing at a higher level of integration
can he shown Lo be less costly and more cifective. Finally, providing scientific
data on (he cffectiveness of specific test procedures should reduce variability
among spacecraft programs.

The importance of improving test effectiveness has resulted in this being a
major focus within the PA community. More-refined test procedures will likely
be a significant contributor to continuing improvement in the reliability of
space systems.

SUMMARY

Despite its broad-scale importance, testing has long been an empirical process,
with a great deal of variation in how the huilders of space systems approach the
test phase ol a project. Change within the test community has begun as new
insights into how components and systems fail iliuminate deficiencies in tradi-
tional practices. The inherent quality and reliahility of new components has
also spurred a reexamination of test procedures. This review was accelerated
by the government’s decision to emphasize performance specifications in DoD)
procurement over long-standing military specifications and standards. Within
the PA community, this decision was viewed with alarm in that milspecs form
the backbone of traditional test procedures. Finally, the arrival of smaller
spacecraft placed unique demands on test procedures: Testing had to remain
effective ver be responsive to a smaller, tightly constrained budget; its criticality
wds increased, since many small spacecralil were proceeding with little or no
redundancy; and a greater amount of new technology was being incorporated.

The response from the PA comumunity has been a fresh look al test procedures
aimed at replacing crapiricism with experimental evaluations of the effective-
ness of specific tests. Both NASA and the Air Force plan 1o establish refined test
procedures that both cost less to implement and are more effective in prevent-
ing defect propagation, The net effect of these improvements is expected to be
a significant improvement in the reliability of all space systems.



Appendix D
HIGH-RELIABILITY SYSTEMS

INTRODUCTION

Although the devices used in evervday life are getting ever more complex, they
arc also becoming extremely reliable. In automobiles, for example, the days of
finicky engines and short-circuiting electrical systems arc rapidly disappearing.
Reliability of something as ubiquitous as a mobile telephone is taken for
granted. This is an age of extraordinarily reliable systems.

Appendix B discussed the fact that spacecralt oo have been becoming more
reliable. Harlier, it was suggested that the shilt [rom risk avoidance to managed
risk might disturb the trend toward higher reliability. A focus on high-reliability
space systems could, however, reestablish trends. This appendix will review
factors associated with the reliability of systems in space and will examine ter-
restrial analogs. It will also discuss an important aspect of reliability: the
increasing reliance on commercial electronic parts in spacecralt. The implica-
tions for [ulure spacecrafl will also be discussed.

HIGH-RELIABILITY SPACE SYSTEMS

NASA and the Air Lorce have been reviewing (he history of spacecraft perlor-
mance to codify methods that will lead to higher-reliability systems.! New
design processes are incorporating reliability models that are more accurate
and integrated into failurc-analysis data systems. Component manulacturers
are making many of these models available, such as Texas Instruments’ Com-
puter-Aided Reliability and Maintainahility Analysis (CARMA). Government
testing laboratories are making other models available, such as the Air Foree

an example is ]11’s High Reliabifirg/Long Life (HRLL] Systems [nitiative, which is attempting (o
identify desipn and manufacturing practices that led to exceprivoal missions, such as Vovager and
Magellan. NASA and Dol) are cooperating an the development of high-reliahility systems {see
SMC, nuel.l. The NASA DARPA-Air Foren-Army-Navy consortium RELTECH, for example, has been
formed to pursue high-reliability, high-density electronic devices,
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Rome Laboratory’s Reliability Engineer’s Toolkit, New design practices, such as
the simulation-based design environment, will likely become linked dircctly (o
equipment-supplier data systems. Recent siudies have demonstraled the fea-
sibility of applying such pracrices to the development of spacecralt (GSFC,
1996h). This is an important development because il provides an opporlunity
10 assess reliability more accurately and because it more readily allows design-
ers to predict how new technology and untesied designs will perform.

Altaining new levels of reliability is also of keen interest to the commercial
space seclor. Future Ka-band commercial satellites will be much larger and
more powerful than (oday's units. To compete with terrestrial service
providers, satellite companies must provide quality and reliability equivalent to
that ol fiber-optic networks. The investment in component and subsystem
technology to achieve this level of reliability will likely spill over o developers of
science spacecrafl,

LONGER-LIVED SPACECRAFT

High reliability does not necessarily equate with spacecralt longevity. A space-
craft designed to operale for one year can meel all of its stated ohjectives, fail on
the 366th day, and be considered 100-percent reliable. Small spacecraft arc
usually designed for specific missions for which longevily may be neither
desired nor cost-effective,

Yet spacecralt that are designed with an emphasis oo reliability tend to perform
well beyond their original design points. The two Vavager spacecraft were built
for a 5-year lifetime. Tngineers now believe that both spacecrafl, which were
launched in 1977, will he returning useful data past 2015, The International
Cometary Explorer (ICE), launched in August 1978 with a planoed 2-year life
expeclancy, remained operational until a serious failure ended its scientific
career in 1995, Another Explorer, the International Ultraviolet txplorer (ILJE),
also launched in 1978 with a 3- (0 5-year life expectancy, was operating around
the clock up until it was shut down on September 30, 1996.

Inexpensive small spaceerall have also proven resilient.  Alexis, built by
AernAstro, Inc., was designed to operate for 6 months and has so far lasted
more than four years. A recent JPL workshop concluded that planetary mis-
sions could be extended bevond 25 vears. (Gindorfet al., 1994a,)

There are some good reasons (o consider longevily a desirable trait for future
small spacecrafl:

*  New approaches to space science, Spacecraft lifetimes that can be extended
greatly at modest cost might invile new scientific approaches. Tt could
prove cost-effective 1o service small observatories in LEO, reconfiguring
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them for new missions. Extended-mission spacecraft could be situated so
as 1o conduct a sequence of investigations, with each successive campaign
madified by the previous results. Greater coordination among programs
should also be possible.

o Unexpected results. Greal discoveries have occurred during the “bonus”
phase of past missions. Vovager 2's exploration of the planets Uranus and
Neptune revolutionized space science, as did magnetic field data that pro-
vided scienlists the first detailed survey of the heliopause.

«  Unexpected opportunities. Scientific dircctions are rarely predictable, and
important natural phenomena occasionally appear with little or no warn-
ing. Pach long-lived spacecrall contribules to a space-based rescarch
infrastructure that can be pressed into service when unexpected events
QCCUL.

> Secondary science functions. Spacecraft can be built to perform a variety of
long-term investigations following the completion of the primary mission.
The TCE spacecraft, for example, was able to support the European Ulysses
spacecraft in building derailed maps ol the heliospherc.

»  Planning flexibility. Coordination of missions that rely on data continuity
or service overlap is presently very challenging because of uncertain bud-
gets and shifling priorities. Longer-lived spacecraft can help ensure avail-
ability of data.

s fruining Spacecraft that live beyond their primary and sceondary mission
phases become useful tools for training. The utility of spacecraft for educa-
tion might extend beyond the training of engineers and technicians, to col-
lege and high school students. Science spacecraft can also serve as d source
ol inspiration for K-12 students. (Sicwert, 1996, pp. 3, 26.)

Long-lived spacecraft create something of a dilemma in that funding is often
not available to continue operation beyond the planned end date. Spacccratl
operating requirements are, however, decreasing, and new automated systems
should require little human intervention. 1t should be possible to design future
small spacecrafl (hat are also smart interpreters in terms of signaling only when
a desired phenomenon has been located o1 when viewing an unexpected event.
{Aljabri, 1996, p. 2.]

COMMERCIAL COMPONENTS IN SMALL SPACECRAI'T

In 1994, President Clinton signed Executive Order 12931, which mandated thal
the government, when purchasing equipment, “increase the use of commer-
cially available items where practicable.” (White Tlouse, 1994, Section 1, Part
(d].) This order reflected the increasing awareness within government that
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equipment and components had reached levels of quality and reliability at least
on a par with the requirements outlined in milspecs, complementing Secretary
Perry’s announcement on abandonment of milspecs lfor procurement.

Before these 1994 pronouncements, commercial equipment was already an
increasingly important element of spacecraft programs, especiaily small ones.
Before discussing this trend and its implications, however, it is important to
cstablish some terms in relation to the use of commercial items in space sys-
tems. First, “commercial items” does not reler to government procurement ol
single or limited numbers of comumercially manufacrured parts. Rather, the
term signifies the use of items, usually parts or components, that are manulac-
tured in large quantity for use in terrestrial commercial applications. The sec-
ond important consideration is that the term refers to items manufactured to
comunercidl production standards that are usually as good as the practices out-
lined for decades in milspecs. Commercial parts are sometimes viewed as
hobby clectronics. In fact, as this appendix will describe, commercial parts
uscd in spacecraft meet extremely high standards. High-grade commercial
parts are thoroughly tested, and rest data and information about the manufac-
turing process are usually available,

The use of commercial parts is related mainly 1o electrical, clectronic, and elec-
tromechanical components (EEE parts), so the following discussion will deal
mainly with this aspect.? Price is not the main reason for the increasing use of
commercial FLE parts. As shown in Figure A1, parts average 2 pereent of TMC.
Spacecraft designers have turned to commercial parts because they offer qual-
ity and reliability, but more importantly, they are increasingly the only option in
lerms of availabitity and performance.

Quality and Reliability of Commercial Parts

Military and space applications have always a placed high demand on the qual-
ity of parls and components. [n the carly days ol the space program, perfor-
mance requirements excecded the manufacturing capability of the electronics
indusiry, Military-grade microelectronics were typically encapsulared in
ceramic to prevent moisture from reaching circuits and to "ruggedize” circuinry
from shock and radiation, At the iime, varialions in manufacturing techniques
and quality control practices among component suppliers led to unacceprably
high defects-per-million (DPM) counts.

ZThe Workshop Notes of the EIAVIEEE/ISIIM Joint Meeting on Electronic Components tur the
Commercialization of Military and Space Systems, San Diego, Calif: Februery 3, 19897, provides a
detailed review of the status of commercial elecivanic parts.
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To ensure the qualily of incoming parts, the government began screening elec-
tronic components in the 60s according to procedures defined in MIL-5TD-883,
Quality and Reliability Assurance Procedures for Monolithic Micracircuits, a
document still in use today. In the 70s, additional milspecs were drafted to
define requirements for “space-rated,” or Class-S, components.* This cnvi-
ronmentat-stress screening (BSS) effectively weeded oul substandard compo-
nents, and screened parts became the building blocks ol spacecrall systems.
Parts-related problems dropped dramarically.

Aulomoelive, consumer clectronie, and machine-tool quality and retiability
requirements in many cases matched those in the aerospace field, but they
added a new dimension—a need for low cost. Eleclronics manufacturers
responded by heavily automaling their processes (which dramatically improved
quality} and switching to plastic-encapsulated microcircuits {PEMs), the form
most comnon today. The cost of electronics plummeted. [n 1995, for example,
a Texas Instruments digital signal processor cost $347 encapsulated in military-
grade ccramic, S400 in military-grade plastic, $182 in commercial-grade
ceramic, and $73 in commercial-grade plastic.”

From the creation of the industry, both the quality and the reliability of com-
mercial electronics have improved steadily. Failure rares for highly integrated
electronics, such as the x86 family of Intel microprocessors (including the Pen-
rium& and Pentium Pro® designs) have followed a similar path, as shown in
Figure 1.1 (Intel, 1998, pp. 1-3). Tlere, failure rate, also called FIT, is plorted
alongside DPM®

Today, however, unscreened commercial-grade electronic compaonents arc
demonstrating reliability maiching that of screencd Class-S parts. ligure D.2
compares integraled circuit (1C) failure rates (measured in cecurrences per mil-
lion hours ol operation) of unscreened commercial-grade items with Class-B
and Class-S screenced components (Plum, 1990).°

*4 thorough review of past and current government practices for designing ahd resting eleciromic
parts, as well as & case far restructuring these practices, can be foud in Pecht {18564,

Tresults of U8, Army study as quoted in Pecht (1386&1, p. & Note that ceramic parts arc also used
conmercially, mainly in high-power applicutions.

iy is imypertant o note that measuremernts of praduction quality and reliabitity may nor refleet the
figures obtained in applications where parts are handled and assernbled by human fabricators.

BThe analvsis used in this essay was based nn the controversial Military lfandbaok 217 and should
be cunsidored conservative. MIL HIBK-217 predicts failure rates for spaceeraft electronies using
terresirial analogs  a constant stress enviropment and a resultant exponential failure rate, Data
fram space missions have shown that failure rates arc not as severe as those predicted by these
models and that failure rates decrease over time, as shown in Figure B4 As a result, spacecralten
gincers rely on MIL-HDBK 217 mainly for comparative analysis. The mnost recent edition of MIL-
1IDEK-217, Rev. F, continues 1o use exponential failure rates as a basis for prediction, Excessively
eonservative predictions can lead w design and selection decisions that are unnecessariiy custiy.
See Appendix B of Pecht et al, (1992} for a discussion of the shortcomings of MIL-HDBK-217.
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As shown carlier in Figure B.2, part- and quality-related [ailures now conslitule
approximately 11 percent of reported incidents. Part [ailures, when they do
occur, are believed to be more frequently due to problems in handling and
assembling subsystems than to inherent Maws in the quality of the Item.

Availability and Performance of Commercial Parts

Sales to the government dominated the early market for semiconductors, but
demand from other sectors grew as the power and reliability of components
improved. Today, the government represents less than 2 percent of the domes-
tic market (Table 1,13, The microelectronics markel is characterized by lierce
competition; manufacturers must maintain cost-effective production facililies,
and many have chosen to bypass the dwindling military markerplace. Among
those that have chosen to drop dedicated “military grade” product lines are
AMD), Mortoroly, and [ntel. For mosl ol these, Executive Order 12931 and Secre-
tary Perry’s decision were important factors in the strategic decisions of the
firms to cease production. Importantly, however, olher manufacturers, such as
Texas Instruments and Analog Devices, have chosen to remain in what is still a
billion-dollar military market. In other cases, "sunset manufacturers”have
emerged that specialize in the production of critically needed components that
leading-cdge producers would no tonger handle.

Component performance is another important lactor. Space-rated compo-
nents typically represent older technology, since manufacrurers will first dedi-
cate resources to production of parts for the broader consumer market. In
today’s small spacecraft, one can still find radiation-hardened Intel 386-class
microprocessors, More-advanced radiation-hard processors are available, but
it will likely prove increasingly difficult to keep pace with the growth of com-
mercial technology. Spacecraft engineers are being driven, therefore, to
embrace commercial ELE parts, finding ways to ensure proper functon in what
is arguably the harshest environment ol all.

Table .1

Domestic Fnd Use Demand for Semiconductors

Sector 19740 1986 19496
Communications LG 12 157
Cnnsumer 1> 3] 2.8
Industrial B 16 8.4
Auln 3 I &}
Computer 12 %) 617
Crovertment Bl 20 1.9

SOURCE: Semiconductor Indusiry Association (1996, Used with
permission.



142 The Cosmos an a Shocestring

Spacecraft Application of Commercial Par(s

The use of commercial parts in spacecraft has spawned debate and research
within the community, much of it focusing on the use of PEMs as replacement
for military and space-grade ceramic encased parts.” Attention centered
around fears that commercial parts could not

* provide adequarte resistance to the effects ol lonizing radiation
* survive therigors of testing and subsequent launch
* demonstrate the reliability demanded of aerospace ceramic paris

* survive long-term storage in the period prior to [aunch or during the long
cruise period on deep-space missions.

PLMs have proven to be extremely reliable in demanding applications. The
automobile industry, for example, has made extensive use of plastic parts in
harsh environments. In 1995, Delco, a major supplier of automotive electronics
(8 billion devices in 1995), reported an under-the-hood reliability for micropro-
cessors of approximately 40 failures per million devices in the 5-year, 50,000-
mile warranty period, an order-of-magnitude improvement from 1993 (Servais,
1997).% The amaleur satellite community embraced the use of PEMs early, with
a high degree of success, It was such successlul applications that invited space-
craft engineers 1o take advantage of the ready availability ol high-performance
microelectronics.

F'or NASA, the migration to commercial EEE parts began in the late 1980s, well
before the 1994 executive order. The SAMPEX small spacecrafl, built by engi-
neers at NASA GSFC, was a pathlinding mission in many respects. It was an
carly user of solid-state recorder (S5R) technology, which was built around
comrnercial static random access memory (SRAM)Y Other data points, such as
the Total Ozone Mapping Spectrometer (TOMS) and the Cosmic Ray Upset
xperiment (CRUX), confirm that commercial parts provide an acceptable
alternative to traditional design options.

Yel the use ol cornmercial PEMs in small spacecralt presents some challenges.
Higher fevels of integration and greater packaging density on the spacecraft

“For a detailed account of PEMs, see Pecht et al. (19925, Atreatise on the use of PEMs in space ap-
plications can be found in Baluck et al. (1995,

BServais's notes provide an excellent compendium of the latest information related 1o the use of
commercial plastic components.

Qs - . -

T8RS are now widely used in small spacecraft. Replacing bulky tape recorders, they affer the
benefits of lower power, lighter mass, faster access to data, and improved reliability. The perfar-
warice of the SAMPEX S5R was exemplary, as documenied in Seidleck et al, (1995,
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mean that PEMs must often survive in a higher-temperature environment.
Tlecironic subassemblies containing PEMs must also be designed to survive an
environment usually beyond the shock and thermal boundaries for which com-
ponents were originally intended. Table D.2 examines some of the pros and
cons of using commercial parts in small spacecralt.

The success of missions using commercial FEE parts is a clear indication that
engineers have found ways to overcome any shortcomings associated with their
use. Rescarch has shown that many of the early concerns, such as component
outgassing, are not imitations. Yet some Lmportant areas ol ongoing rescarch
remain.

Remaining Areas of Concern

Radiation tolerance remains a concern for PEMs, despite the [act that discrimi-
nate use of non-radiation hardened, commercial-grade components has met
with demonstrated success in several applications.!? SELs can cause serious
malfunctions, and PEMs are of concern in regard to their susceptibility Lo these
types of failures.

IMigh-performance complementary metal-oxide silicon (CMOS) parts are typi-
cally built with extremely small feature sizes—0.35 pm, for example, in the casc
of Intel’s Pentium® processor. Hadiation susceptibility increases as feature size
decreases. (See Lauricnte et al., 1996, p. 3; LaBel ct al., 1996.) A plastic part’s
resistance to the effects of radiation depends on many factors, including the
manufacturing process, materials uscd, and technology used in its design. Yct
many [ear that PEMs, operating without the protection of a ceramic shell, will
be prone to SEL-type failures or rapid degradation. Additicnally, there are
some indications that traditional testing methods might render parts more sus-
ceptible to radiation later on. (Jordan et al,, 1996, p. 16.)

Some of these considerations hecome amplified in a small spacecraft applica-
tion, A large spacecraft offers natural shielding, and engincers concentratc
sensitive electronics deep within the structure. By its nature, a small spacecralt
offers less natural shielding, and the internal organization of subsystems often
requires mounting elecironics at or near the outer structure. Added shielding
for the PIMs adds mass, always a precious resource on a small spacecraft.

101 e risks associated with using non-radiation-hardened electrunics depends an the spacecrafr
application. A memory device, in which a fast proton may temporariiy flip & bit, is in a different cat-
cgory that a system controller that might, for example, operare the primary propulsion system. For
more information on radiation eflects, see Lauricnre et al. (19986) and LaBel et al. (194961,
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Table12.2

The Pros and Cons of Commercial Parts

Much less expensive—saving can be passed on to design and 1est.

Lighter than ceramic components.

State-of-the-art perforenance, allowing a more robust design and a greater capacity to deal
with unexpected failures,

Widespread avaitabiling &

In sume cases, commercial parts offer greater reliability and resistance to overstress,

Reduce the burden of tracking and qualifying Class-S standards, reducing venduor certifica-
tion and thus saving time.

More choiee of suppliers.

Greater product variety.

surface mount technology allows manufacture in slimmer packages.

stringent quality and reliability monitoring,

Commercial users continuously driving for improved performanec and better quality and
reliability.

{inny

Significanrt redesign is often necessary. Designers have sometimes found that the cost of
modifying commercial components exceeds the purchase cost al space-grade equivalents
or the cost of designing cusiom components.

Quality and reliability data are not easily used in spacecraft design—MTBE is less relevarn
than "time to firse failure.”

Operating characteristics (internal wiring specifications, physical dimensions, etc.! are
often changed on short notice, mainly in response w the needs of the compuoter market.
Equipoent and procedures used 1o test and integrate these components can quickly
hacame obsolete.

Performurce data might not be available, or might be considered proprietary by the manu-
facturer.

Greater sensitivity to radiation desages neeessitates extensive testing and protection
schemes,

Long-term performance of plastic parts in space is uncertain—longevity is 4 patential
issue,

Competition can cause component manufacturers 1o advertise higher performance for
commercial than for equivalent military-grade components.

Parts can suddenly be made obsaleir and disappear from the marker.?

Automated processes are usually used to assemble commercial parts. Spacecraft are hand-
built, which increases the potential for mishandling sensitive electronic devices.

Requires mare careful assembly,
Is more sensitive to mechanical and thermal stresses,

“Due o lack of parts availability, it Is not uncommon for subsystemn assemblics, such as
printed circuit boards, to he delivered for integrativn into a spacecraft sans key electronic
camponents. The inahility to condiret tull tests of such assemblies carly in a program js a
source of technical and cost risk in spacecrafr developments.

PSSR marnufacturers must closely monitor market developments and dedicate resources to

the ongeing process of evaluating new cumponents to remain flexible in the face of supply
changes.
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Other factors, such as thermal degradation, are not well understood. Long-
term storage of commercial EEE parts is also of some concern. Many PA per-
sonnel interviewed during the course ol this study feit that factors associated
with the long-term storage of commercial {plastic) components were not a seti-
ous issue for spacecraft, since parts are usually procured fresh, used quickly,
and then delivered for launch, This perspective overlooks the puossibility of
unexpected storage, such as occurred on the Galileo and SWAS missions,!
Additional rescarch will evaluate these factors and provide the information
needed for accurate assessments ol risk,

IMPLICATIONS FOR FUTURE SPACECRAFT

Increasing reliability at the component level should create parallel improve-
ments in the overall reliability of spacecrafl. Smaller spacecralt offer additional
reliability advanlages, since reliability generally goes up as [eature size dimin-
ishes. This trend is manifested in several ways:

« Tligher levels ol integration, while requiring more complex designs and an
increased attention to thermal management, generally lead to increased
reliability by reducing the number ol subassernblies and the wiring needed
to connect them. This transiates into lewer points for failure and a reduced
testing workload.

» Spacccraft are, increasingly, digital microelectronic assemblies. The
increasing reliability of these components should translate into higher
overall system reliabifity and the development of long-lived spacecratt.

*  As spacecraft get smaller and lighter, siructural loads are reduced, espe-
cially during launch and injection mancuvers. If electrical loads are also
reduced, power systems have to do less work and less heat has to be
rejected.

Components used in all spacecralt are also likely to be “smarter” and more fail-
ure-tolerant than past units. Fault-tolerani components and operating soft-
ware will become more readily available for incorporation into spacecrafl sys-
tems. Spacecraft automation developments are especially importaut in this
regard.

SUMMARY

The civil, military, and commercial space scctors are focusing attention on the
development of high-reliability space systems. Processes designed to identify

L rhe $WAS spacecraft was originaliy planned to be Jaunched in June of 1985 but was delayed.
SWAS is not expected to be launched until carly 1989,



146 The Cosmos on a Shoestring

and apply high-reliability components, aided by insights gained from the reli-
ability practices of other industries, promise continued reductions in the num-
ber and severity of spacecrafl [ailures,

Designing lor reliability has a corollary effect: Spacecraft tend to live well
beyond original design points. Longer-lived spacecraft create a challenge in
terms of operating budgets; however, longevity can be beneficial in terms of
offering new approaches (o conducting space rescarch, observing the unex-
pected, having resources on-hand to view emergent phenomena, supporting
other missions, having greater mission planning flexibility, and training.

The increasing use ol commercial components is ol concern in terms of the
luture reliability of space systems. High-quality commercial parts are more
available than their space-rated alternatives and typically offer greater perfor-
mance. Alissue is the long-term reliability ol electronic devices encapsulated
in plastic instead of traditional ceramics. Recent experience has shown that
these components can mect the rigors of spaceflight, but certain areas, princi-
palty radiation resistance, remain (hat must be addressed through ongoing
research. [t is likely that supplies of space-rated components, especially high-
performance microelectronics, will dwindle. Commercial electronic pacts will,
thercfore, be increasingly important to the performance and reliability of future
space systems,

Parts and componeuts that are more reliable should translate into significant
improvement in overall system reliability. Additionally, by their nature, small
spacecralt offer advantages in terms of reliability, since smaller, more inte-
grated systems have historically demonstrated higher reliability. The increasing
proportion of microelectronic systems onboard furure spacecraft should also
lead 1o improved reliability, as should decreases in structural loads. Tt is possi-
ble, therefore, to envision future spacecrafl that achieve unprecedented levels
of performance through the use of systems designed expressly for high reliabil-
ity.



Appendix T

INTRODUCTION

The design phase les at the core of any complex system. In relation (o space-
craft, it encompasses not only the development of actual flight hardware and
software bul also the preceding mission definition, the procedures for test and
operation, and, ultimalely, a strategy for synthesizing data from the mission
into usetul scientific knowledge. Design is, therefore, a comprehensive process,
the outcome of which depends on cooperation among a leamn of experts under
the guidance ol seasoned management.

Engineers have fong experimented with new ways ol designing systems, but the
pressures thal have resulted from shrinking the cost and size of spacecraft have
greatly accelerated natural process improvement. The design process is now
expected to deliver less-expensive, more-capable spacecraft. Achieving this
while improving performance and reliability presents significant challenges 1o
design teams.

This appendix will first review how constrained budgets have influenced ap-
proaches Lo design. It will then describe what steps have been taken to develop
new, lower-cost design processes. The implications ol new design approaches
will also be discussed.,

DESIGNING WITHIN CONSTRAINLED BUDGETS

The primary driver for improving the design process is cost. Design engincer-
ing is the largest element in the overall cost of building space systems.
Typically, 60 percent of the budget for building a spacecralt is expended prior o
fabrication. (Wong, 1992, p. 731.) As discussed in Appendix A, the small space-
craft NASA is currently building retain much of the complexity of their larger
predecessors. Not surprisingly, nonrecurring costs remain typically 50 to 60
percent of the cost of a small spacecraft. (Bearden, 1986, p. 44.)
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Because design is a major factor in the cost equation, managers must be espe-
cially careful to avoid growth in this area. One element of a “design-to-cost”
strategy is to maintain a lirm cutofl' in the amount of engineering allowed for a
given spacecrafi, Designs are frozen early, and attention is shifted to the test
phase. “Testing the hell out of the design” has always been an element of
spacecraft enginecring, but many small spacecraft rely on testing to an excep-
tional degree. Trading design costs for additional testing can help mitigate risk,
as demonstrated in the recent Mars Pathfinder mission., Mars Pathfinder's de-
sign was high risk in that it was single-string and relied extensively on new de-
sign approaches, (Muirhead, 1996, pp. 7-9.) To improve (he probability of suc-
cess, Lhe spacecraft was rigorousiy tested prior Lo launch.

Controlling design costs is mandalory in a small spacecralt program, but (o re-
duce costs, the design effort must be reduced. For example, many small pro-
grams forgo the development ol the engincering test units that have tradition-
ally been used to work out design and system-level bugs prior to comunitting
to actual flight hardware. In the past, these lest units took various forms--
structural models, protoflight units, proel test models, cte.—hbut today they
have been replaced by less expensive analytical models,

Reductions in the design effort can work against other mission objectives.
Shortening the design phase can, for example, limit the ability of a program to
ncorporate advanced technology. When all mission elements are considered,
advanced designs are sometimes rejected—not because of fear thal new com-
ponents will fail, but hecause ol the time it takes to in tegrate them. This is po-
tentially limiting in thar future small spacecraft are expected to deliver increas-
ingly impressive performance. Less attention to design can also adversely affect
refiability. Appendix B showed that design errors are the major source of failure
in spacecralt systems. This suggests that the design phase should be the focal
point for risk reduction and urges more, not less, attention to design.

Close monitoring of design costs and keeping the design phase as bricf as prac-
teal are strategics that have helped bring down the cost of building spacecraft,
To reduce costs further, however, new processes are needed thal reduce the
time required to perform the engineering [unction and speed the incorporation
of new technology. 1o reduce risk, new processes also need to integrarc (a) the
knowledge gained from advanced failure-analysis efforts, (b) the results of im-
proved test sirategics, and (¢) information related to high-reliability parts and
COMpPONENts,

RETHINKING THE DESIGN PROCESS

Rethinking the design process means changing not only the drawing-hoard
phase, when actual engineering drawings are prepared, hut also the earlier
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. mission planning phase, when critical trades and selections are made. The
SMEX program, enc ol NASA's premier small spacecraft programs, recognizes
that “the mission design, not just the spacccraft, must be optimized to reduce
the workload and to shorten the development/integration/test activities.”
{(Watzin, 1996h, p. 2.)

One approach to living with limited budgets while attempting to mitigate risk
and increase performance is to attempt to spread design costs across a verti-
cally integrated program, achieving some degree of cost recovery. NASA'S
Explorer program employs this approach. Each new Explorer spacecrall, re-
gardless of size, builds on the heritage of the past; each new design introduces
features with the next unit in mind. Purposely designing systems to scale up or
down helps to minimize the time, and thus the cost, of maturing a design for
use on a new mission. Errors in design can also be eliminated in future versions
ol a given design. This approach has paid dividends, as demonstrated by the
history of performance and reliability of Explorer spacecrafl.

Collaborative Approaches to Design

One of the most important improvements related to design is a greater degrec
of collaboration within design teams. Underlying this shift is a fundamental
change in how engineers view spacecraft systems. A traditional definition of &
spacecraft would be based on a hierarchical view of discrete systems that com-
municate through predefined interfaces. A current definition might view
spacecraft systems as interrelated, dynamic, and reconfigurable.

I'he traditional view of spacecrali relied heavily on a work breakdown structure
(WRS), a top-down strategy for approaching the design task. Each WBS clement
represented a discrete design element, and engincers were given budgets {(both
cost and technical, in terms of mass, power, etc.) that they were expected to stay
withir. Expert teams solved the design challenges of each element of the WBS
in relative isolation, At predefined points in the schedule, the overall team, or
subsets of the team at the systemn level, would gather to check un progress and
share relevant information. There were sorme drawhacks to this approach:

» The WBS approach tended to focus on designing spacecrafl systems; how it
was 10 be operated and even how it was to be tested were often not consid-
ered until the design was nearly complete.

«  Optimization was difficult and usually occurred only locally within the de-
sign.

» Scgregaling the design effort ignored the obvious interconnectedness of
spacecraft systems and subsystems.
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*  Agood deal of internal documentation and communication was required to
define interfaces.

* Communication failures within the design team, formal or informal, often
caused critical items (o be overlooked, later necessitating expensive fixes
and workarounds,

The presence of @ WBS usually influenced the organization of the design (eatn.
Teams formed in a hierarchy found it inherently difficult to communicate, and
they often acted competitively rather than cooperatively. Perhaps the biggest
problem with the traditional model, however, was that elerments of the design
came together only periodically. This meant that managers could get an accu-
rate picture ol the overall progress only at prescribed review points defined by
NASA’s program management guidelines, {Casani et al., 1994, p. 230.)

Despite these limitations, the traditional approach worked and produced dra-
matic successes. Eventually, however, a more collaborative view of the design
process began Lo take hold. System engineering became rooted in spacecraft
design practices, an improvement that began to broaden the focus of the effort
to include life-cycle considerations.!  Fstablishing the system engincering
tunction to integrate across the design and development processes was an im-
portant innovation, but it concentrated on improving the technical aspects of
design and retained the inherent hierarchical organization of the effort.

When viewed collaboratively, the importance of subordinate elements shrinks
in relation to the increasing importance of the whole system. This approach
focuses on broad-scale goals; nat just technical performance, but cost, tisk, op-
erability, manufacturability, and end use, are optimized within the design pro-
Cess.

Concurrent engineering and the corollary innovation, integrated product reams
{1PT's]), are manifestations of collaborative design. These lechniques place less
emphasis on hierarchical team organization and linear approaches to design.
Formal design phases (mission concept to preliminary design to final design)
are replaced by an ilerative process in which designers, lest engineers, opera-
rors, and mission planners communicate directly and form multidisciplinary
teams. This approach is well suited o the small spacecraft environment, in
which many variables must be optimized. Indeed, many of the small spacecraft
programs in this study have experimented with or wholly adapred concurrent
engineering practices and the use of IPTs.

IMost of the small satellite programs reviewad in this study treated svstem engineering as a discrete
element of the design process with its own budger.
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Computer-Based Design Environments

Use of computer-based tools has expanded rapidly, helping to control design
costs and reducing the need for test models. The majority of small spacccraft
builders now use advanced design tools, such as the Computer-Aided Three-
Dimensional lnteractive Approach (CATIA) platform Boeing used to design the
777 aircraft. Although this capability is expensive, it is cost-effective in rerms of
reducing design time. Stand-alone design tools like CATTA can be limited, how-
ever, in their ability to interact with modeling and simulation (M&S) systerns,

Advanced M&S systems began to reach a high state of fidelity in the early 90s
and are a natural evolution of independent computer-hased design tools.
Collaborative approaches to design have proven to be well matched to ad-
vances in the M&S ficld. JPL and the then-Martin Marictla Corporation were
both innovative in the creation of spacecraft design environments with exten-
sive M&S capabilitics. Martin Marietta’s Spacecraft Technology Center (STC) in
Denver promoted an intensive team environment in which aspects of mission
design, spacecraft design, manufacturing, and operation could be quickly eval-
uated. The STC also made use of the Internet to exchange informartion and
connect designers in remote locations into interactive design sessions. The ini-
tial STC was reconfigured with more advanced equipment and is now operating
as the second-generation STCIL

A1 JPL, two related elements were created: (he Project Design Center (PDC) and
the Flight System Testbed (FST). These facililies were construcled with a stated
goal of “recrafting” the engineering design process. JPIL began by reevaluating
all internal processes, breaking them down into four areas: project planning
and implementation; mission and system design, fabrication, assembly, and
test; and validation, integration, and operation. (Smith, 1996, p. 4.)

The PDC, shown in Figure E.1, is dedicated to what has traditionally been called
mission design, the refinement of a science concepl into a viable engineering
design. ‘T'o encourage team invelvement, the PDC consists of one large room
with peripheral support arcas. An assortment of computers throughout the
area allows cngineers to run a suite of software tools and models, many of
which are commercial tools, and to project results on large screens. As fitting
the mission-design role of the PDC, these tools are sclected to allow the team fo
perform trajectory studies, asscmble power and mass budgets, generate salid
models of the spacecrafl, and estimate resulting costs. JPL relies en an expert
technical body called the Advanced Projects Design Team, or Team X, made up
of senior technical personnel, to assist in the initial design of a mission. Team X
makes extensive use of the PDC Lo ensure that such issues as cost and
operability are included in the overall mission design.
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Figure E.|—Team X in the Project Design Center

The FST, shown in Figure E.2, is a functional, system-level simulation of a pro-
posed spacecralt. It conlains computer-based analogs lor cach of the primarv
systems on the spacecralt, including the instruments. Simulations of the
ground-control systems and the data-communication nelworks are also pro-
vided. The goal of the FST is to deliver a ready-(o-build design that can be pro-
duced at reduced cost and schedule risk, This form of advanced simulation also
allows new technology 10 be evaluated in modes similar to what will be experi-
enced on the spacecraft.

To the extent that designs exist only inside of a computer {the lerm “silicon
spacccraft” is often used), a virtual design environment is possible, one in
which team members need not be physically colocated, Lockheed Martin
Missiles and Space Company’s Pale Allo Research Laboratory is pioneering (his
type of capability under the support of DARPA. What is called the Simulation
Based Design (SBD) Laboratory is actually a geographically disperse collection
of tecams collaborating on the design of a product through Internet connections.

Members of the design leam communicate electronically, making individual
contributions o the overall design, Tigh-performance computers render de-
signs, perform structural analysis, calculate performance against objectives,
and coordinate and update design information.

One of the principal challenges of such approaches has been the difficulty of
linking together advanced design toals and simulation models into a single, in
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SOURCE: TPI.

Figure E.2—Design Team in JPL's Flight Systems Testbed

teraclive environment. Such linkage requires creating interface standards that
allow disparate models to exchange information and operale interactively.
Standards are emerging, such as the Common Object Request Broker Ar-
chitecture [(CORBA)., Extensive use is also being made of current Internet
standards, such as the yperText Markup Language (HI'M1) and Virtual Reality
Modeling Language (VRML), and interfaces that are familiar 1o a broad user
community, such as WWW browsers like Netscape.

In the future, the SBIY environment will likely be Jinked to data archives con-
(aining a corpmon set of information on the parts and components used to
build spacecraft. The result will be an enclosed design process where a com-
plete spaceeraft team can quickly close on a desired design solution and enter
the fabrication and rest phase with a high degree of confidence.

Many organizations are getting involved in the process of creating new design
environments. NASA GSIC, for example, has recently established the
Integrated Mission Design Center (IMDC). DARPA and the National Institute of
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Standards and Technology are also funding extensive studies in manufacturing
that are tied to virtual design environments.

Remaining Challenges

Advanced design processes are an impartant development in terms of helping
builders deliver less-expensive, more-capable, and more-reliable spacecraft.
Yet, these capabilities are costly to develop, and their availability could be a
facior constraining use. Cultural factors must also be addressed to achieve
widespread acceptance of the computer-based approaches.

The development of new design capabilities requires a level of investment that
is likely to be beyond the means of many commercial developers of small
spacecraft. JPL’s management realized that smaller missions could not afford
o contribute to significant improvements in the infrastructure needed to con-
struct the PIXC and FST. (Sander, 1897, p. 4.) The FST and PDC are, therefore,
available at modest cost to in-house design (cams. Pricing and prioritization
policies for use by customers outside of [PI, however, have not vet been estab-
lished.

Most small spacecrall programs have rapid development schedules and com-
mensurately short design imelines. Facility priority is usually given 1o in-house
projects; attractive pricing might, therefore, be of little use because of schedul-
ing problems. A related example, access 1o test facililies, illustrates this point. A
small spacecraft design team cannot usually accept uncerrainty in the avail-
ability of a test facility and will often pay a premium for ensured access. To the
extent that advanced design environmenis represent national asscts, pricing
and availability policies will need to be established.

The creation of new design lacilitics also requires the resources to experiment
wilh alternative structures. ‘The [irst incarnation of the PDC, for example, was
found to be uncomfortable for design teams. Acoustics and lighting were poor,
and the physical layout was not conducive to team operations. Subsequently,
the PDC was moved twice to reach an arrangement that worked.

I'inally, new approaches (o design can encounter cullural barriers. When JPL’s
facilities were first opened in 1994, engineers used the new virtual environ-
ments as extensions ol (raditional practices, and their full porential was not
realized (Smith, 1997, p. 3). Managers, too, can resist change. JPI. project man-
agers, traditionally able to select thelr own design approaches, faced standard-
ization and the subsequent loss of autonomy (Smirh, 1997, p. 1], Also, most
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programs still rely on mission-specific test heds for evaluating designs.? Design
teams will likely require that new design environments demonstrate a clear
advantage over mission-specific test beds before being willing to completely
adopt them,

IMPLICATIONS FOR FUTURE SPACECRAFT

Virtual design environments are the state of the art, and spacecraft builders are
only now starting 1o use them. As they gain acceptance, industry analysts pre-
dict significant cuts in design times and cost, while improving linal component
performance and reliability.

The ability of a virtual environment to help the engineer visualize the effects of
design changes is the real advantage of working in a simulated environment.
l'eedback is rapid, and other tcam members are available to resolve problems
and make the required trades. The goal of TMC’s $BT) system, for example, is to
“reduce salellite design processes from months 1o days.” (Graves et al., 1997,
p. 7.) Such dramatic reductions are often difficult (o achieve in practice, but
there is ample reason to believe that large reductions in design limes are
possible. Intel, while achieving the qualily and reliability targets reporred in
Appendix D, reduced the average component design time from 80 weeks in
1986 1o 23 wecks in 1995. (Intel, 1996, pp. 1-8.)

The existence of computer-based design environments also offers an oppor-
tunily to inlegrate the factors described in Appendixes B and (. New test ap-
proaches, insights into sources of failure, and knowledge gained from research
into high-reliability systems can be brought together in a central location that is
coincident with the design effort.

SUMMARY

The design of space systems is a comprehensive process thal is being recngi-
neered to deliver less-expensive, more-capable spacecraft that perform berter
and offer greater reliability. In regard to space systems, cost is the primary
driver for changing the design process, since the design phasc is typically the
maost expensive cost element in spacecraft TMC.

?Iest heds are a synthesis of computer models and physical elements that simulate the operation of
the spacecraft and its ground control network. As the development of the spacecralt continues,
simulated systems are replaced by actual Right equipment, so the test bed serves as both a design
and test tonl. Test beds are nften built specifically o meet the requirements uf a mission, Advanced
design enviranments scek Lo provide many of the capabilities of the missinn-specific test beds, re-
ducing ur eliminating the need for themn.,
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Builders of small spacecraft are especially pressed to minimize the length, and
thus the cost, of the design phase. Some of the methods used to control design
cost are

* Capping the design effort (design-lo-cost) and [ocusing on testing
« lorgoing the use of engineering test unirs

* Reducing new technology in the design.

These methods can work against ather goals, such as reducing design-related
failures and increasing the performance of spacecraft systems. New design
approaches scek (o improve the cost and technical effectiveness of the design
process.

One of the most important improvements has been a greater degree of collabo-
ration within design teams. The traditional hierarchical design process, built
around the work breakdown structure, has been largely replaced by a collabo-
rative process. RAND found that most of the small spacecralt programs in this
study have reflected rhis shilt by experimenting with or wholly adapting con-
current engineering practices and the use of integrated product teams.

Design process improvement has been paralleled by gains in the performance
of modeling and simulation tools, Initial developments in this arca have cen-
tered around the creation ol design centers in which engineers are immersed inn
a team environment, surrounded by the latest compulter-based tools. JPL’s
Project Design Center and Flight System Testhed are representative of such de-
velopmenls.

A natural extension of such centers is (o connect geographically disperse teams
via the Internet. Such “virtual” design environments connect teams via high-
speed, fiber-oplic links. Engineers can quickly analyze aspects ol the emerging
design by accessing local or remole tools, make changes, and communicale
them (o other team members.

The emergence of a collaborative design process, supported by computer-
based environments containing advanced modeling and simulation tools, is an
important development in terms ol reducing the cost and risk associated with
space systems.
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" SMALL SPACECRAFT WORLD WIDE WEB LINKS

SPACE MISSION INFORMATION

Mission Compilations

Farth Observing System Hume Page

Discovery Program Homepage
Earth System Science Parhfinder
Ioject
MIDEX Program Oitice
Nesw Millennium Prograen (NMP)
Small Spaceeraft Technalogy
Initiative (SST11 Program
I3an's Unmanned Spacecraft Links
Land Ohservation Satellites
Mike's Spacecralt Library
Satellites (Y 149946]
Space Mission Acronym st and
Hyperlink Guide
Sparecraft Data Book - 088
ACE Hame Page
ALEXIS Project
AXAF Home Page
Cassini: Voyage (o Salurn
CATSAT Satellite
Clementine I
Cluster Project
C{BL Home Page
CRRES Mission
Defense Suppott Program
DMSP—Defense Meteoralogical
Satellite Program
12505 Homepage
Larth Orbiter 1 (EO-1)
Tar InfraRed and Submilliznetre
Telescope {TIRST)
FUSE Home Page
FUSE Homepage
Geotail
GGS Project WINDAPOLAR)

en5.Nasa.govs
discovery larc.nasa.govi discovery/home htmi
essp.gsfenasa gov/

www 7 Lhgsienasa.govi Projects/ MIDEXxhome html
nmpjplnasa.goyy
Wi Crspssc.nasa.guvisstiiwelcome hrm

sulu.lere nasa.gov/ dglover/craft.himi
geo.arc.nasagovi esdstaft landsat/wes.tml
levnardo.jplnasagovimsl
wiw.aero.org/activitesssatellites. himl
ranier.oart.ha.nasa goviSensors page/
Missionlinks.himi#NMP

www.he. nasa.goviofflice/ ossfenterprise/ index himl
wiww.gsfe.nasi goviace/ace himl

nis-www. lanl.gov/nis-projects/alexis/
hea-www.harvard.cdudase/axal-welcome himnl
wwew Jplnasagoy cassing/

burst.unheda/CATSAT catsat.himl

nssde gsfe nasa.goviplanclary! lunardclementine] hrml
www istp.gsicnasa.gov/ ST eluster_project.heml
www.gslc nasa.goviastro/cobe/ cobe_home.html
tdel.spaceswriedu/erres.html

www laatbal il SM O PAY Fact_Sheetsi/dsp_fs.hun
www.aero.arg/ dmsp/

wwew laalb.afmil SV MG DSCS/Y
wwwi] Lgsfo.ousa.govieo-1f
astro.cstoc.esa.nliSA-general{ Prajects/ First/ fiest.homl

fuse.pha.jhu.edu/

profuse.plia.jhu.cdu!
www-spobgslenasagov/istpd geotail/index.huml
wivw-istp gsfe.nasa.gov  TSTP/ ggs project.himl
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GLAST: The Gamma Ray Large Area
Space Telescope

Global Geopsace Science {GG:S)
Program

GPS/MET HOME PAGE

Grravity Probe—B (GP-B) Home Page

GSFC Space Science Mission
Descripticons

HESl—High-Encrgy Solar Imager

High Throughout X-Ray
Spectroscopy (HTXS)

HIRDLS Home Page

HTXS—Scivnce

INFIATABLE ANTENNA
EXPERIMENT

international Space $tation

ISTP Program

JPL Scatterometer

Landsat Program

LP—TLunar Prospector @ LMC

LP-—Lunar Praspeclor @ Ames
Hesearch Center

Magellan Mission to Venus (J1°L)

Mars Pathiinder

Meteorological Satellite Page

MGS—Mars Global Surveyor Project

MIDEX Home Page:

MSX Home Page

M&X Satellite

MTPE FQS AM-1/2

MTPE EOS Chemn-1

MTPL LOS PM-1

NEAR Mission

NMP Deep Space 1

NMP Deep Space 2

Plute Express Missian

SAMPEX

SH/MPS On-Line Htome Page

SIM—S5pace Interferometry Mission

S5{RTF Home Pagc

SMLEX Program Office

SNOE Spacecraft

SOFIA Home Page

SO0 Mission

SPARTAN HOME PAGE

S8TI/ Lewis

STARDUST Missinn

TERRIERS Spacecraft

TIMED Spacecralt

TiPS: Tether Physics and
Survivability Satellite Experiment

TOPEX/Poscidon

TOPHAT

TRACL Spacecraft

www glast.stanford.edu/
gesfol.gste.nasa.gov!

pocc.gpsmet.ucar.eduf
stugyro.stanford.edu/RELATIVITY/ GPR/GFR himl
marconi.gsfe.nasa.gov/gsic/spacesct/sentinel/
spacesers.htm

winbra. nascom.nasa.govi solar_connections/1HESLhtml
hiss.gsfo.nasa.gov/

eos.acd.ucar.edu/hirdls/home.html
hixs.gsfe.nasa.govidocs/ xray/hrxs/sciance himl
wiww. jpl.nasa. goviiae/

stativn.nasa. gov!

wiww-istp.gsfo. nasa. govs

winds.jpl.nasa.gov
geo.arc.nasa.gov/esdstaff/landsat/landsat. htmd
juggler.msc.lockheed.com/lunars
pyroeis.are.nasagovilunar_prospector/home.html

wivw jpl.nasa.gov/mageltan/

mpfuwww jplnasa. gov/

wwir.met. nps.navy.mil/bob/sat/met sathtmi
mgs-www.jpl.nasa.gov/

midex.gsic.nasa.govi

sd-wwnw fhuapl.edu! MEXMSX _Overview himl
msx.nrl navy.mil/

[pd-ba-0001 gsfe.nasa.gov/421/421proj.htm
{pd-b8-0001 gslo nasa.gov/424/424proj.him
fpd-b8-000t gefc nasa.gov/422/422proj.him
hurlbut jhuapl.edu:RG/NEAR/
nmp.jpl.nasa.govi Missions/ ST/
nmp.jpl.nasa gov! Missions/DS2/

wiw, jpl.nasa.goviplute/f
lepsam.gsfe.nasa. goviwww/ sampex.html
www.micrnprase.com/

huey jpl nasa.goviBo/sim/
sirif.jpl.nasa.poy/sirt home.hunt
sunland.gsfe.nasa.govismexismexhomepage.himl
miranda.calerado.edu/snoe/
sofia.arc.nasa.govy
SOHOWWW.IESCOITL s OV
spartans.gsle.nasa.govy
ersphorme.sse.iasa guyv/ sstii welcome.htm
pdesrvajpl.aasa gov/stardust/home. htmi
net.hLedufrerviers/ terriers html

umbra nascom.nasa.govisolar_connections!
TIMED himl

hyperspace.nrlnave.mils TIPS/

podaac-www.jpl.nasa.gov/ weed! pop.htm
cobi.gsfe.nasa. gov/ msam-tophat html
www.space.lockheed.com TRACLE welcome.humnl



Tropical Rainflall Measuring Mission
{TRMM)

TRMM Office Home I'age

UARS

UARS PROJECT DEFINITION

Wake Shield Facility
WIHLE
XTE Home Page

NASA ORGANIZATIONS

Ames Research Center
ARC Center for Mars Fxplaration
NASA Ames Research Center

Souall Spaceeraft World Wide Web Links

fpd- bB-U00 Lgsfu.nasa.gov/ 490/ 490hume. him

trmmnpsfc.nasa.gov/trmm  ofiice/index.hunl
uarsfol08.gsfo nasa.gov/ UARS_ITP.himl
daac.gsic.nasa.govi CAMPAIGN_DOCS!
UJARS project.html
www.svec.uh.edu/wsbhtml
suntand.gsic.nasa.govs smeg/wire/ index himl
heasarc.gsic.nasa.govi docsixte/xte_lsthtml

CIMex- WL AT CUIIES . B OV !
WIWW ATC. 1854 80V i

Goddard Space Flight Cenier

NASA/Goddard Projects and
Organirations

Cade 400—Flight Projects firectorate

Code 500—Mission Operations & DS
Directorate

Code 600—Spauce Sciences
Direclorate

Code 700—Engineering Directorate

Code 704—Systems Engineering
Welcome Page

GSFC—Mission To Planet larih

GSFC Library top homepage

Autonomaus Spacecralt
Operations—GSEC

FExplorer Program Office

G4 Mission Qperations

Goddard Space Flight Center Home
Page

GSFC— FEE Parts Link

GSTC Spacecraft Reliability Page

GTRS—Goddard Technical Report
Server

Mission to Planet Earth

NASA Mission Design Process Page

NASA/GSFC Assurance Technologies
Division Homu: Page

Small Satellite Technology Page

System Reliahility Office

www.nasa gov! GSFC argp age.html

fpd-1hR-000 1.gsfe.nasa.gov/ 400/ 400home. htm
joy.gsfocnasa.gov/

ssdoo.gsfe.nasa.goyv/co00/cs00.humnl

server?0t.gsfe nasa.gov/homepage html
www? 10 gsfonasa govi8di 704/

mtpe.gsfe.nusa. gov!
www-library.gsfe.nasa. gov/!
talos.stel.ecom?

wiww? 10 gsfenasa.goviProjects/ EXPLORERS
ggsfot.psfe.nasa.gov/
pao.gste.nasa. gov/gsfe hrml

ariuch.gsfe.nasa.govieee_links/vol 01/no 03/cecl-
03.html

arioch. gafe.nasa.govi 302/ relhp htm
www-library.gsfe.nasa.gov! Grrs/ Gus-home him t

mercury.hg.nasa.gov/office/mipes
www’ iO_gsfc.nasa.gmff?U’i.f'grnhouk;‘gmbouk,html
arioch.gsfe nasagov/310:310.html

wyww, gsfe nasa gov/gsfe/small sat/small satiitind
arinch.gsfe.nasa.gov! 302/ srsohpd.hun
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Headquarters
Office of the Administrator
The NASA Homepage
NASA Headguarters Iome Page
NASA Materials and Processes
Humepage
Office of the Chief Financial Officer
Code B Home Page
[ntegrated Financial Management
'roject
NASA FY 1997 Budget
Office of Headquarters Operations
NASA Headguarters Library Home
Page
NASA Technical Report Server
(NTRS), v 2.0
Office of Procurement
NASA Office of Procurement Home
Page
NASA HQ Procurement - NATS
NASA Acquisition Forecast
Olfice of Mapagement Svstems and
Facilities
Manugement Instructions and
lHandbooks
Office of Space Flight
O8I Iome Page
Mixed Fleet Manifest Home Page
Space Launch List
Office of Public Affairs
NASA Phato Gallery
NASA Public Affairs
NASATmage eXchange (NTX)
Office of Safety and Mission
Assurance
OSMA Hame Page
Office of Space Scicnce
088 Advanced Technology &
Mission Studies Division
Advanced Technolopgy and Mission
Studies
Astrophysics Main Page
lyiscovery Program Oifice
085 Homepage
Solar Connectlons Program
Solar System Fxploration Theme
Page
Space Physics Homepage
Office of Space and Advanced
Technology
OSAT Advanced Concepts Office
OSAT Spacecraft Systems Division
Office of Mission to Planet Earth

www.nasa.gosindex hunl
venus.ha.nasa.gov!
nasa-mp.jpl.nasa.goviipl-mp/homepage.htm

venus. hq.nasa.gov/olfice/ codeh:
boaster nasa.govi443/
www.hg.nasa.govieffice/codeb/budgets
www hq.uasa.govi officeliglibrary/

techrepeorrs larc.nasa.govicgi-hin/NTRS

www hig.nesa.gov/office/procurement fweleome.hrml
procurement. nasa.gov’
procure.msic.nasa.goviforecast/index.html

lincoln.gsfe.nasa.gov:B0irmd  Welcome html

www,osf hg.nasa.gov/
wiviw ust.hq nasa.govimanifest/
www.nsf.hg.asa.gov! 1997 launch®7 hunl

WWW.IHQ NASA GOV office/pao/Library/ photo hitiml
www.gsle.nasa govihgpaoshgpao_home. himl
nix.nasa.gov/

www.hg.nasa.gov/office/codey/
www.hy.nasa.gov/office/oss/osstechftechhome him
venus.hg nasa.govioflice/ oss/osstech/techhome.him
venus. g nasa.gov/ office/astrophysics !
mercury.hg.nasa.gov! office/ discovery s

wiww. hgnasa.gov/officef oss/

umbra. nascom. nasd.govisolar_connections.himl
venus hg.nasa govioltice/vss/solar_system/
umbra.nascomnasa.gov/spd/spd.himl

www hq.nasa.gov/office/acrp/oac.himl
ranicr.oact.hg. nasa.gov/SCRS_Page/!SCLHP.htnl



Mission ta Planet Earth
Mission ro Planet Larth Strategic
Enterprise Plan 19496-2002
{ffice of Policy and Plans
aeP llome Page
NASA Policy Page

Jet Propulsion Laboratory

Tet Prapulsion Laboratory Home
Page

Technical Reports Server (JPLTRS)

Center for Space Microelectrenics
Technology

Ilight System Testhed

Comnet Hale-Bopp Home Page (JIPL)

Flight Systems Project Office
Project Design Center

Space and Larth Seience Directorate
New Millennium Program

Second Generation MicroSpacecraft

Johnson Space Center

ISC Hame Page

NASA—)SC Digital Tmage Callection
tHome

Kennedy Space Center
NASA Expendable Launch Vehicle
Infa
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www. hq.nasa.gov/office/ mtpes
www hanasa.gov/ office/ mipesstratplan/ stratplan.html

wivw big.nasa.govioffice/ coder!
www . hg.nasa.gov/office/codes/ poliey.himl

wwww jpl.nasa.gov/

techreports.jpl.nasa.gov/index.hrmi
mishkin.jpl.nasa. gov/ newesmt.himl

fatjplnasa.goy/

www jptnasa.gov/comet/indes. himl
techinfo.jplnasa. goviwww/tpa/fpa.himl
atlas2 jpl.nasa.gov!

pde.jplnasa.gov!

www.jpl.nasa. govisespd/

nmp,jpl nasa.gov!

cdms. jpl.nasa.govimse’

www jst.nasa. gov/
images.jst.nasa.gov/himl/home.htm

wiww ksc.nasa.govielvielvpage him

Marshall Space Flight Center

MSEC Safety and Mission Assurance
(S&MA)

msfesma3.msfo.nasa. gov:B001/s_ma html]

MILITARY SPACE ORGANIZATIONS

Advanced Rescarch Projects Agency

AFSMC Chief Engincer's Page

Air Force Link—Official web site of
the United States Air Force

Air Foree Phillips Laboratory

Alr Force Rome Laboratery Home
Page

Air Foree Spuace Command

Ariny Missile Defense and Space
Technology Center

Army Space and Strategic Defense
Command

Army Space Cammand

WwwL A el
sdf laatb.af.mil! ~gowerj! chief_engineer htm!]
wiwwe al.mil!

www.plkalmil/
www.rLal mil/

wiww . spacecont.al.mil/hgalspes
www.ssde.army. mil/SSDC/ MBS T him)

www.ssdoarmy. mil!

ArMySPAace.com i
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BMDOLINK

College of Air and Space Doctrine
CADRE

DARPA

Defense Information Systems Agency
(DISA)

DoctrineLINK—Military Analysis
Network

DUSD Space

Future Warfare @ DTIC

Infurmation Warfarc

Los Alamops—XNIS IHvision

MILSATCOM Homepage

NATIONAL RECONNAISSANCE
OFFICE

Nava] Center For Space Technelogy

Naval Space Command Home Page

NAVSTAR GPS LIOMEPAGE

NORAD Space Objects Data Rase

North American Aerospace Delense
Command

Office of Naval Research

OS8D Acquisition and Technology

051 Open Systems Task Foree

Space Testhed —SMC/TE

SPAWAR's Home Page

The Naval Research Lahoratory

U5 Navy SPAWAR

US Space Command llome Page

Wright-Pattersan Air lorce Base
Bulletin Board

www.aey.osd.mil/bmdo ! bindalink/ html bmdalink il

www,cdsaralanil!

www.arpaamili
www.disa. mil/disahome hrml

www. fas.orgdman/doctrine.itm

wivw aegosd.anilf space/
www.dtic.mil/dactrine/ 2010/
www.infowar.com/
nis-www.lanl.gov/

www Juafhal mil/ SMC M
www.nro.odelgovs

www. nrt navy.milinrl/direct/ code 8000, html
www. navy.milihomepages/navspacecom/
wiw Jualb.af. mil/SMC/CZ homepage/
cigsvsop.atse.allied com/

wiww, spacecontalmil/norad/s

www.anrnavy.mils

www.dcg.osdomily

wiww,dcg.osd.milf osjtt!

wiww L plkealnily

WWW Spawar.navy.mily

www . nrl.navy.mil/

www nosc.mil/ spawarfwelcome. page
www.spacecontal.miliusspace/!
wiwwowpatb almil/

SPACECRATT MANUFACTURERS

Hughes
Hughes Communications
WebStation
Hughes Space and
Communications
Hughes 5TX Corporation
Hughes-5TX Software Engineering
[ab
Lockhecd Martin
Lockheed Martin—Astronautics
Lockheed Martin Curporation
Lockheed Martin Missiles and
Space (Sunnyvale)
Lockhecd-Martin Solar and
Astrophysics
TRW
TRW Inc.
TRW Products & Services:
Space/Sutellites
TRW Smallsat Main Page
Aeruspace Corpocation

wivlwv heisat com/findex.humnl
www.hughespace.com/
WOWWL.SEX, R

info.stx.com/

www linco.comi Astroshome.himi
wiww lockheod. cam
www.Imsc.lockheed.com/!

www.space lockheed.com/9 E30 humt
wenw L Ew.commn/
Wit rwcond prod_servispace/index htm]

marvirLsedd. tnv.com: 1254
www.aero.org index himl



AGI—Satellite Tool Kit

Allied8ignal Aerospace

Rall Aerospace & Technalagies Cormp.

Boeing Company

COMSAT Corparation

Corporate Satellite Links

CTA, Inc,

ITHACO [,

TTRI Sutellite Communications
Technology Panel

Jackson and Tull

Littan Amecom

Malin Space Science Systems

Microcosin, Inc.

Motorola Space

New Space Network

QOrbiial Sciences Corporation’s
((3SC's) Home Page

$AIC Space Physics Group

satellite Tool Kit {STK) by Analytical
Graphics

Schaeffer Magnetic, Inc,

Software Technology, Inc.

SoHar

Spacehab

SPACENAB HOME PAGL

Spectrum Astro

Swales & Assoclates Inc,

Small $paceeralt World Wide Web Links

www stk.com/

wwwalliedsignal.com/aernspace/ index. htm)
www.hall.com/bhome/hspacebu.huml

www. hoeing.cum/
wiww.comsat,com/corp/home! Comsat.himl
www.pxi.com/public/links/links orgs him]
www.cLLcom/

www.newspace.com’ Industry/Ithaco/heme.lun!
iteiJoyola.edussatcom/toc.him

W jnt.com/

WWW. AN ecun. eony
harsoom.msss.con

wwnv.sblink contimicrocosm
Www,Tnot.com/

www. newspace.com/home-hihtinl
wiww orhital. com/

WWW. IIw.sdic.com/ spaceprp.hunl
www.stk.com’

www schaeffer.com!

s mibsticomet.comdsti hist2.bun
fermi.sohar.coin/ spacesys.himl
www.spacchab.com eorporate’
208.196.1538.200¢
WWWLSPECTIIIMASLTD. COm

www swales.com!

UNIVERSITY SPACECRAFT ORGANIZATIONS

Boston University Center for Remote
Sensing

Boston University Center fur Space
Physics

Center fur Space lelemetering at
New Mexico State University

CU Struciural Dynamics and Control
l.ah

High Lnergy Astrophysics—Harvard

1SU—Interonational Space University

JLIU Applicd Physics Lab

MIT Cenier for Space Research

New Mexico State—Physical Science
l.ab

Smithsonian Astrophysical
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"$mall spacecraft have become an important element of the space program. They are the
instruments which allow us ta continue the expansion of humankind's understanding of
earth and space within the confines of o limited budget. To employ small spacecretft with
greatest effect, policies and plans must inspire confinuing innovation in spacecralt design
while maintaining realistic expectations of what can potentially be achieved. The Cosmos
on a Shoestring provides a comprehensive review of small spacecralt and how they con
best be used to centinue this nation's legacy of success in space exploration,”

Richard DalBello

Vice President—Government Affairs, ICO Global Communications
{former Assistant Director for Aeronautics and Space, White House Office
of Science and Technology Policy)

Traditionally, the development of research spacecraft has been costly. In the 1970s
and 1980s, major research spacecraft grew to cost more than $1 billion and take
nearly a decade to develop. But recent innovations in management and technology
allow spacecraft to be built smaller, at less cost, and in less time.

What roles are these small spacecraft currently playing in the civil spoce program?
Whot strategies have proven effective in reducing cost and increasing performance
of small spacecrafi2 What role does advanced technology play?

The Cosmos on a Shoestring provides a comprehensive review of practices
related to the management and engineering of small spacecraft. Author Liam
Sarsfield examines spacecraft development trends and highlights new strategies for
reducing cost and increasing performance. He reviews the role that small spacecraft
play in the U.S. civil space program, the significance of advanced systems, and the
implications for future developments in the field.

As small spacecraft take on a more central role in lean budget times, it is critical that
decisionmakers appreciate the dynamics of smaller programs and maintain realistic
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