
AUTHORS

DETAILS

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.  
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.

Copyright © National Academy of Sciences. All rights reserved.

THE NATIONAL ACADEMIES PRESS

Visit the National Academies Press at NAP.edu and login or register to get:

–  Access to free PDF downloads of thousands of scientific reports

–  10% off the price of print titles

–  Email or social media notifications of new titles related to your interests

–  Special offers and discounts





BUY THIS BOOK

FIND RELATED TITLES

This PDF is available at    SHAREhttp://nap.edu/11530

Principal-Investigator-Led Missions in the Space Sciences

132 pages | 6 x 9 | PAPERBACK

ISBN 978-0-309-10070-0 | DOI 10.17226/11530

Committee on Principal-Investigator-Led Missions in the Space Sciences, National

Research Council

http://cart.nap.edu/cart/cart.cgi?list=fs&action=buy%20it&record_id=11530&isbn=978-0-309-10070-0&quantity=1
http://www.nap.edu/related.php?record_id=11530
http://www.nap.edu/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/11530&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=11530&title=Principal-Investigator-Led+Missions+in+the+Space+Sciences
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/11530&pubid=napdigops
mailto:?subject=null&body=http://nap.edu/11530


Committee on Principal-Investigator-Led Missions in the Space Sciences

Space Studies Board

Division on Engineering and Physical Sciences

Principal-Investigator-Led
Missions in the
Space Sciences

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


THE NATIONAL ACADEMIES PRESS 500 Fifth Street, N.W. Washington, DC 20001

NOTICE: The project that is the subject of this report was approved by the Governing Board of the
National Research Council, whose members are drawn from the councils of the National Academy
of Sciences, the National Academy of Engineering, and the Institute of Medicine. The members of
the committee responsible for the report were chosen for their special competences and with regard
for appropriate balance.

Support for this project was provided by Contract NASW-01001 between the National Academy of
Sciences and the National Aeronautics and Space Administration. Any opinions, findings, conclu-
sions, or recommendations expressed in this material are those of the authors and do not necessarily
reflect the views of the sponsor.

International Standard Book Number 0-309-10070-4 (Book)

Cover: (front) Explorer missions and (back) Discovery, New Frontiers, and Mars Scout missions.
Images courtesy of NASA.

Copies of this report are available free of charge from

Space Studies Board
National Research Council
The Keck Center of the National Academies
500 Fifth Street, N.W.
Washington, DC 20001

Additional copies of this report are available from the National Academies Press, 500 Fifth Street,
N.W., Lockbox 285, Washington, DC 20055; (800) 624-6242 or (202) 334-3313 (in the Washington
metropolitan area); Internet, http://www.nap.edu.

Copyright 2006 by the National Academy of Sciences. All rights reserved.

Printed in the United States of America

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance of
science and technology and to their use for the general welfare. Upon the authority of the charter
granted to it by the Congress in 1863, the Academy has a mandate that requires it to advise the
federal government on scientific and technical matters. Dr. Ralph J. Cicerone is president of the
National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National
Academy of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its
administration and in the selection of its members, sharing with the National Academy of Sci-
ences the responsibility for advising the federal government. The National Academy of Engineer-
ing also sponsors engineering programs aimed at meeting national needs, encourages education
and research, and recognizes the superior achievements of engineers. Dr. Wm. A. Wulf is presi-
dent of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure
the services of eminent members of appropriate professions in the examination of policy matters
pertaining to the health of the public. The Institute acts under the responsibility given to the
National Academy of Sciences by its congressional charter to be an adviser to the federal govern-
ment and, upon its own initiative, to identify issues of medical care, research, and education. Dr.
Harvey V. Fineberg is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 to
associate the broad community of science and technology with the Academy’s purposes of
furthering knowledge and advising the federal government. Functioning in accordance with
general policies determined by the Academy, the Council has become the principal operating
agency of both the National Academy of Sciences and the National Academy of Engineering in
providing services to the government, the public, and the scientific and engineering communities.
The Council is administered jointly by both Academies and the Institute of Medicine. Dr. Ralph J.
Cicerone and Dr. Wm. A. Wulf are chair and vice chair, respectively, of the National Research
Council.

www.national-academies.org

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


iv

OTHER REPORTS OF THE SPACE STUDIES BOARD

The Astrophysical Context of Life (SSB with the Board on Life Sciences, 2005)
Earth Science and Applications from Space: Urgent Needs and Opportunities to Serve the Nation (2005)
Extending the Effective Lifetimes of Earth Observing Research Missions (2005)
Preventing the Forward Contamination of Mars (2005)
Priorities in Space Science Enabled by Nuclear Power and Propulsion (SSB with the Aeronautics and Space

Engineering Board [ASEB], 2005)
Review of Goals and Plans for NASA’s Space and Earth Sciences (2005)
Review of NASA Plans for the International Space Station (2005)
Science in NASA’s Vision for Space Exploration (2005)

Assessment of Options for Extending the Life of the Hubble Space Telescope: Final Report (SSB with ASEB,
2004)

Exploration of the Outer Heliosphere and the Local Interstellar Medium: A Workshop Report (2004)
Issues and Opportunities Regarding the U.S. Space Program: A Summary Report of a Workshop on National

Space Policy (SSB with ASEB, 2004)
Plasma Physics of the Local Cosmos (2004)
Review of Science Requirements for the Terrestrial Planet Finder: Letter Report (2004)
Understanding the Sun and Solar System Plasmas: Future Directions in Solar and Space Physics (2004)
Utilization of Operational Environmental Satellite Data: Ensuring Readiness for 2010 and Beyond (SSB

with ASEB and the Board on Atmospheric Sciences and Climate [BASC], 2004)

Assessment of NASA’s Draft 2003 Earth Science Enterprise Strategy: Letter Report (2003)
Assessment of NASA’s Draft 2003 Space Science Enterprise Strategy: Letter Report (2003)
Satellite Observations of the Earth’s Environment: Accelerating the Transition of Research to Operations

(SSB with ASEB and BASC, 2003)
Steps to Facilitate Principal-Investigator-Led Earth Science Missions (2003)
The Sun to the Earth—and Beyond: Panel Reports (2003)

Assessment of Directions in Microgravity and Physical Sciences Research at NASA (2002)
New Frontiers in the Solar System: An Integrated Exploration Strategy (2002)
The Sun to the Earth—and Beyond: A Decadal Research Strategy in Solar and Space Physics (2002)

Astronomy and Astrophysics in the New Millennium (Board on Physics and Astronomy with SSB, 2000)
Microgravity Research in Support of Technologies for the Human Exploration and Development of Space

and Planetary Bodies (2000)

Limited copies of SSB reports are available free of charge from

Space Studies Board
National Research Council

The Keck Center of the National Academies
500 Fifth Street, N.W., Washington, DC 20001

(202) 334-3477/ssb@nas.edu
www.nationalacademies.org/ssb/ssb.html

NOTE:  Listed according to year of approval for release.

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


v

COMMITTEE ON PRINCIPAL-INVESTIGATOR-LED MISSIONS IN THE SPACE SCIENCES

JANET G. LUHMANN, University of California, Berkeley, Chair
JAMES S. BARROWMAN, NASA Goddard Space Flight Center (retired)
MARY CHIU, Johns Hopkins University, Applied Physics Laboratory
HUGH H. KIEFFER, U.S. Geological Survey (retired)
JOHN W. LEIBACHER, National Solar Observatory
GARY J. MELNICK, Harvard-Smithsonian Center for Astrophysics
H. WARREN MOOS, Johns Hopkins University
KATHRYN SCHMOLL, University Corporation for Atmospheric Research
ALAN M. TITLE, Lockheed Martin Advanced Technology Center

National Academy of Public Administration Liaisons

CAROLE P. NEVES
MALCOLM L. PETERSON

Staff

PAMELA L. WHITNEY, Study Director
EMILIE W. CLEMMENS, Christine Mirzayan Science and Technology Policy Graduate Fellow
AMANDA SHARP, Research Assistant
CARMELA J. CHAMBERLAIN, Senior Project Assistant
CATHERINE A. GRUBER, Assistant Editor

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


vi

SPACE STUDIES BOARD

LENNARD A. FISK, University of Michigan, Chair
GEORGE A. PAULIKAS, The Aerospace Corporation (retired), Vice Chair
SPIRO K. ANTIOCHOS, Naval Research Laboratory
DANIEL N. BAKER, University of Colorado
RETA F. BEEBE, New Mexico State University
ROGER D. BLANDFORD, Stanford University
RADFORD BYERLY, JR., University of Colorado
JUDITH A. CURRY, Georgia Institute of Technology
JACK D. FARMER, Arizona State University
JACQUELINE N. HEWITT, Massachusetts Institute of Technology
DONALD INGBER, Harvard Medical Center
RALPH H. JACOBSON, The Charles Stark Draper Laboratory (retired)
TAMARA E. JERNIGAN, Lawrence Livermore National Laboratory
KLAUS KEIL, University of Hawaii
DEBRA S. KNOPMAN, RAND Corporation
CALVIN W. LOWE, Bowie State University
BERRIEN MOORE III, University of New Hampshire
NORMAN NEUREITER, Texas Instruments (retired)
SUZANNE OPARIL, University of Alabama, Birmingham
RONALD F. PROBSTEIN, Massachusetts Institute of Technology
DENNIS W. READEY, Colorado School of Mines
HARVEY D. TANANBAUM, Smithsonian Astrophysical Observatory
RICHARD H. TRULY, National Renewable Energy Laboratory (retired)
J. CRAIG WHEELER, University of Texas, Austin
A. THOMAS YOUNG, Lockheed Martin Corporation (retired)
GARY P. ZANK, University of California, Riverside

JOSEPH K. ALEXANDER, Director
TAMARA L. DICKINSON, Associate Director

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


vii

Preface

In response to a request from the National Aeronautics and Space Administration (NASA), the National
Research Council (NRC) established the Committee on Principal-Investigator-Led Missions in the Space
Sciences in the summer of 2004 to conduct a study of Principal-Investigator (PI)-led missions in the space
sciences. (Appendix A includes brief biographies of the committee members and staff.) Whereas previous
committees of the NRC’s Space Studies Board (SSB) considered aspects of PI-led mission lines in the course
of other studies (the recommendations of these related NRC studies are provided in Appendix B), the
charge to this committee requested an analysis of the issues facing PI-led space science missions today, in
particular those issues affecting cost and schedule. Specifically, the committee was charged to

1. Examine and assess the selection process and objectives for PI-led missions, including the balance
between science objectives and cost and management criteria.

2. Examine the roles, relationships, and authority among members of a PI-led team—for example, the
PI, the university, industry, and NASA centers—in past missions.

3. Identify lessons learned from the scientific and technical performance of previous PI-led missions.
4. Investigate and analyze the factors contributing to cost overruns of missions, including any require-

ments that are imposed on PI-led projects during their development.
5. Identify opportunities for knowledge transfer to new PIs and sustained technical management

experience throughout the program.
6. Identify lessons learned and recommend practices and incentives for improving the overall conduct

of future PI-led missions.

The study was conducted in collaboration with the National Academy of Public Administration (NAPA),
which is under separate contract to provide an in-depth analysis of cost growth and relevant management
aspects of PI-led missions (material from NAPA’s report is reprinted in Appendix I).1 NAPA study authors
attended committee meetings and shared information for the study.

1National Academy of Public Administration (NAPA), 2005, NASA: Principal Investigator Led Missions in Space Science, Washing-
ton, D.C.: NAPA.
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The committee held three data-gathering meetings, during which it obtained perspectives and input from
PIs, project managers (PMs), program managers, and representatives of NASA centers, NASA Headquarters,
and industry, with the aim of gathering a complete picture of PI-led missions and the processes, procedures,
and pressures they face. Throughout these interviews, the committee maintained the perspective of the
prospective participants in and beneficiaries of PI-led missions in the space science and engineering commu-
nities on the one hand and, on the other, the ultimate customers of NASA: the tax-paying public, which
supports NASA and its endeavors for their inspirational value, technical innovation, and contributions to
human knowledge of space from Earth’s upper atmosphere to the edges of the universe. The committee also
used several electronic newsletters that are widely distributed by professional societies, including the Ameri-
can Astronomical Society’s Division of Planetary Sciences and its Solar Physics Division and the American
Geophysical Union, to solicit written inputs on the views of the larger community, including those PI-led
mission proposers and participants not interviewed due to time constraints.

The following report contains the committee’s consensus on the evolution and current status of the PI-
led mission concept, the ways in which certain practices have affected the performance of PI-led missions,
and the steps that can be taken to help ensure the successful conduct of PI-led missions into the future.
These views are based on the committee’s analysis of the information gathered, including additional data
obtained from NASA and PI-led mission program managers and from PIs at the committee’s request.

STUDY APPROACH

Of the four PI-led mission lines within NASA’s space science program—Explorer, Discovery, Mars
Scout, and New Frontiers—the Explorer is the oldest PI-led mission line, followed by Discovery. Mars Scout
and New Frontiers have not yet launched missions. For this reason, the committee focused on the Explorer
and Discovery mission lines.

Since 2003 when it commissioned this NRC study, NASA has reorganized and merged its space
science and Earth science programs. The Earth System Science Pathfinder (ESSP) program, the PI-led
mission line for Earth sciences, is now housed in the the Science Mission Directorate along with NASA’s
space science mission line. Although part of the overall NASA science program, the ESSP program was not
directly within the scope of the committee’s charge and therefore is not analyzed in depth in this report. The
committee did, however, take into consideration the ESSP program and also drew on the results presented
in the recent report Steps to Facilitate Principal-Investigator-Led Earth Science Missions (NRC, 2004).

The committee did not address the specifics of the early Explorer and Discovery missions, which were
not conducted as PI-led missions, or of the PI-led program Missions of Opportunity (MoOs). However, the
committee’s information-gathering efforts turned up valuable input from PIs on early Explorer and Discov-
ery missions and MoOs that reinforce the conclusions of this report.
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1

Executive Summary

Beginning in the early to mid-1990s, NASA moved toward mission lines that offer scientists the
opportunity to lead their own space science missions. Before that, scientists had taken responsibility for
science instruments and data analysis on a mission but NASA had managed the projects and developed the
spacecraft.1 As a first step, NASA introduced the Discovery Program and developed it into a competitive,
peer-reviewed mission line moving toward planetary science exploration under the principal investigator
(PI) mode.2 Then it transitioned the Explorer Program, the oldest of its competitive mission lines, to the PI-
led mode as well. Explorer missions are focused on goals in solar and space physics and in astrophysics;
Discovery missions address solar system exploration and the goals of NASA’s Origins and Astrobiology
programs. The PI-led approach gives scientists more autonomy and freedom in the decision making and
management of a developing space mission but at the same time enforces a strict cost cap that constrains
competition for the selection and subsequent development of the PI-led mission. In the last 5 years, NASA
has introduced two additional PI-led mission lines: Mars Scout provides mission opportunities for the Mars
Exploration Program, and New Frontiers invites proposals for targeted solar system exploration.

Thirteen PI-led projects have successfully achieved—or are about to achieve—their mission, and eight
others are currently in various stages of development. Two suffered technical failures and one was canceled.
In addition, the PI-led mission lines have had to adjust to the changing environment at NASA and in society
as a whole. Recently, PI-led mission costs and schedules have increased so much that NASA is considering
what lessons might be learned from the different PI-led programs and whether the programs can be
improved. To that end, NASA asked the Space Studies Board of the National Research Council to explore
the factors contributing to the successes and challenges of PI-led missions. The Committee on Principal-
Investigator-Led Missions in the Space Sciences undertook this task with the understanding that such
missions are an essential, scientifically productive component within NASA’s suite of missions that comple-
ments the strategic missions emerging from the decadal survey and roadmap processes. The importance of

1Spacecraft projects that are managed and developed by NASA are referred to as core missions throughout this report.
2In this report, program refers to a PI-led mission line and project refers to an individual PI-led mission.
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2 PRINCIPAL-INVESTIGATOR-LED MISSIONS IN THE SPACE SCIENCES

these small and medium Discovery- and Explorer-class missions was noted in several previous NRC
reports;3,4,5 one of them, a 2004 report,6 stated:

The Explorer program contributes vital elements that are not covered by the mainline . . . missions. Explorers
fill critical science gaps in areas that are not addressed by strategic missions, they support the rapid imple-
mentation of attacks on very focused topics, and they provide for innovation and the use of new approaches
that are difficult to incorporate into the long planning cycles needed to get a mission into the strategic
mission queues. . . . The Explorers also provide a particularly substantial means to engage and train science
and engineering students in the full life cycle of space research projects. Consequently, a robust . . . science
program requires a robust Explorer program.

Input from PIs, project managers (PMs), and others led the committee to the following overall finding:

Finding. The space science community believes that the scientific effectiveness of PI-led missions is largely
due to the direct involvement of PIs in shaping the decisions and the mission approach to realizing the
proposed science concepts.

In this report the committee recommends practices and incentives for improving the overall conduct of
PI-led missions. In particular, it recommends adjustments to the selection and implementation processes
that aim to strengthen the mission-line programs so that they can continue to provide one of the best
science returns per taxpayer dollar for NASA, the scientific community, and the public. The committee’s
findings and recommendations are presented below and organized into five themes: the selection process,
funding profiles, international contributions, program management, and project management.

SELECTION PROCESS

Information gathered by the committee indicates that the scientific and technical communities invest
excessive effort in preparing proposals for PI-led mission programs and that few institutions can or should
maintain the infrastructure support (administrative, management, cost estimation) that is required for
responding to announcements of opportunity (AOs) for PI-led missions. The review panels involved in
evaluating and selecting PI-led mission proposals need to be able to make their decisions based on a more
concise set of essential information and in the end to select from proposals that have made a short list and
that have been better developed because proposers received funding to prepare mission concept studies.
As a result of the large number of detailed proposals submitted in response to AOs, for which NASA
conducts separate science and technical merit reviews, the selection process can be inefficient and
ineffective. The administrative, management, and cost analysis efforts and the time involved in preparing
proposals (for which the chance of success is only 10 percent or less) are unnecessarily exhausting
proposers and reviewers, depleting their resources, and resulting in selections that in some cases are
destined for cost and schedule problems from the start. NASA may wish to reconsider the basic ideas
behind the technical, management, cost (TMC) experiment of 1999, TMC-lite, which tried out a selection

3National Research Council (NRC), 2004, Review of Progress in Astronomy and Astrophysics Toward the Decadal Vision, Letter
Report, Washington, D.C.: The National Academies Press, p. 10.

4NRC, 2003, New Frontiers in the Solar System: An Integrated Exploration Strategy, Washington, D.C.: The National Academies
Press, pp. 191-192.

5NRC, 2001, Astronomy and Astrophysics in the New Millennium, Washington, D.C.: National Academy Press, pp. 194-195.
6NRC, 2004, Solar and Space Physics and Its Role in Space Exploration, Washington, D.C.: The National Academies Press, p. 20.
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EXECUTIVE SUMMARY 3

process aimed at reducing the information required in a proposal and, thus, the burden on the proposer.
NASA may also wish to consider emphasizing certain scientific targets or concept areas in the AOs as a
means of reducing the number of proposals submitted—and another means of reducing the burden on
proposers. On the other hand, the concept studies that will be required after the provisional selection
round of competition need to be more mature in project design definition and TMC planning in order to
provide a sound basis for final evaluation and selection.

Proposals and Reviews

Finding. The PI-led mission selection process could be made more efficient and effective, minimizing the
burden on the proposer and the reviewer and facilitating the selection of concepts that become more
uniformly successful projects.

Recommendation 1. NASA should consider modifying the PI-led mission selection process in the follow-
ing ways:

• Revise the required content of the mission proposals to allow informed selection while minimiz-
ing the burden on the proposing and reviewing communities by, for example, reconsidering the TMC-lite
approach and eliminating the need for content that restates program requirements or provides detailed
descriptions such as schedules that would be better left for postselection concept studies,

• Alter the order of the review process by removing low- to medium-ranking science proposals
from the competition before the TMC review, and

• Allow review panels to further query proposers of the most promising subset of concepts for
clarification, as necessary.

Finding. The still-competitive but already funded concept study stage (Phase A) of selected, short-listed PI-
led missions is the best stage for the accurate definition of the concept details and cost estimates needed to
assist in final selection.

Recommendation 2. NASA should increase the funding for and duration of concept studies (Phase A) to
ensure that more accurate information on cost, schedule, and technical readiness is available for final
selection of PI-led missions.

Finding. Community-based studies of science opportunities and priorities can be used to focus AO propos-
als on specific topics of great interest and to guide the choices of selection officials.

Recommendation 3. NASA should make explicit all factors to be considered in the selection of PI-led
missions—for example, targets and/or technologies that are especially timely and any factors related to
allocating work among institutions and NASA centers.

Proposing Team Experience and Leadership

The committee finds that the importance of team experience and interpersonal and institutional
interactions cannot be overstated. The officials who select PI-led missions need to be able to evaluate and
duly weigh the teaming aspect of a proposed mission. Along the same lines, the members of a chosen
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4 PRINCIPAL-INVESTIGATOR-LED MISSIONS IN THE SPACE SCIENCES

mission, especially the PI and the technical PMs, need to seek out experienced teammates, especially
individuals who have worked on other PI-led missions, suborbital projects, core missions, and/or technol-
ogy development projects such as complex technical systems or instruments. NASA can help to make these
experiences available to younger scientists and engineers and also to foster the transfer of information from
active mission teams to potential proposers.

Finding. The combined relevant experience of the PI and the PMs in PI-led missions is critical to mission
success. Programs can emphasize the importance of experience in their selections and create opportunities
for prospective PIs and PMs to gain such experience.

Recommendation 4. NASA should develop PI/PM teams whose combined experience and personal
commitment to the proposed implementation plan can be evaluated. NASA should also provide opportu-
nities for scientists and engineers to gain practical spaceflight experience before they become involved in
PI-led or core NASA missions. These opportunities could become available as a result of revitalizing
some smaller flight programs, such as the sounding rocket and University-class Explorer programs.

Technology Readiness

Based on its interviews and data-gathering efforts, the committee identified underdeveloped technolo-
gies as a major source of cost and schedule problems for PI-led missions. At the same time, the committee
found that opportunities—for example, availability of competed funds—for developing technologies for PI-
led missions outside the actual mission were limited. Explicit, competed technology development compo-
nents for each PI-led program (Discovery, New Frontiers, Explorer, Mars Scout) could help ensure that a
pipeline of technology developments, from the breadboard to the brassboard levels (closer to flight-ready
design), will be available for use on future PI-led missions. Such competed technology development efforts
would diminish the likelihood that untested technologies will be used in a PI-led mission.

Finding. As a rule, PI-led missions are too constrained by cost and schedule to comfortably support signifi-
cant technology development. Those missions that include technology development inevitably have cost and
schedule problems. Regular technology development opportunities managed by PI-led programs could lead
to a technology pipeline that would help to enable successful mission selection and implementation.

Recommendation 5. NASA should set aside meaningful levels of regular funding in PI-led programs to
sponsor relevant, competed technology development efforts. The results from these program-oriented
activities should be made openly available on the program library Web site and in articles published in
journals or on the World Wide Web.

FUNDING PROFILES

Project funding profiles—schedules for spending a project’s funds for development, implementation,
and operations—have been mandated in some AOs, resulting in funding increments that force the PI to
follow a development schedule that may be inefficient or even risky. For instance, funds spent early on
instrumentation or systems technologies can ensure that the instruments have been tested sufficiently
before being integrated onto the spacecraft. The selection process could include an evaluation of the
funding profile established by the proposer(s). NASA could consider adjusting a project’s cost caps if it
cannot secure funds on the schedule proposed for the selected mission.
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EXECUTIVE SUMMARY 5

Finding. Funding profiles represent a special challenge for PI-led missions because they are planned at the
mission concept stage with the goals of minimizing costs and achieving schedules. However, like all NASA
missions, PI-led missions are subject to the availability of NASA funding, annual NASA budgetary cycles,
and agency decisions on funding priorities, all of which can disrupt the planned funding profiles for PI-led
missions.

Recommendation 6. NASA and individual mission PIs should mutually agree on a funding profile that will
support mission development and execution as efficiently as possible. If NASA must later deviate from
that profile, the mission cost cap should be adjusted upward to cover the cost of the inefficiency that
results from the change in funding profile (see Recommendation 10).

INTERNATIONAL CONTRIBUTIONS

International contributions have an important impact on the science capabilities of PI-led missions,
often providing major pieces of the science instrument payload. Yet these collaborations are viewed as risky
because it is difficult to get foreign entities to commit funds before a proposal has been selected and to
conduct technical exchanges in the face of International Traffic in Arms Regulations (ITAR) requirements.
While the increased national emphasis on ITAR, with its sometimes poorly defined restrictions on technol-
ogy and technical information exchange, has hurt many NASA mission programs, its impact on the highly
cost-constrained PI-led missions can be even more damaging, especially as it discourages the involvement
of international team members. University and student participation in PI-led missions, ostensibly an
advantage of the PI-led approach, can also be compromised because, based on ITAR concerns, NASA in its
contracts with universities, private industry, or other entities restricts the access of some individuals to
certain technical information.

Finding. International contributions have an important positive impact on the science capabilities of PI-led
missions but are faced with an increasingly discouraging environment, in part due to ITAR. In addition,
logistical difficulties associated with foreign government budgetary commitments and the timing of propos-
als and selections persist. The result is both real and perceived barriers to teaming and higher perceived risk
for missions including international partners.

Recommendation 7. NASA PI-led-mission program officials should use recent experiences with ITAR to
clarify for proposers (in the AO) and for selected projects (e.g., in guidance on writing technical assis-
tance agreements and transferal letters7) the appropriate application of ITAR rules and regulations.

PROGRAM MANAGEMENT

Role of the Program Office

The PI-led mission program offices provide support and oversight functions for PI-led projects. Each of
the offices, which are staffed by NASA personnel, has a different location, style of operating, and approach
to assisting the PI-led projects in its program. The Explorer Program Office at Goddard Space Flight Center
(GSFC) has, through its long history and NASA center infrastructure, provided substantial project assis-

7Transferal letters are documents that describe relationships between NASA and non-U.S. institutions or funding agencies, for
example.
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6 PRINCIPAL-INVESTIGATOR-LED MISSIONS IN THE SPACE SCIENCES

tance. The Discovery Program Office has been relocated on more than one occasion and is in a state of
flux, which has led to difficulties for some Discovery missions. A recently merged Discovery and New
Frontiers Program Office is in the process of being reestablished at Marshall Space Flight Center (MSFC),
and the relatively new Mars Scout Program Office at the Jet Propulsion Laboratory is managing its first
mission.

Finding. The PI-led program offices can play a critical positive role in the success of PI-led missions if they
are appropriately located and staffed, and are able to offer enabling infrastructure for projects and NASA
Headquarters from the proposal through the implementation stages.

Recommendation 8. NASA should ensure stability at its program offices, while providing sufficient
personnel and authority to enable their effectiveness, both in supporting their missions and in reporting
to and planning with NASA Headquarters.

Program Oversight Practices

NASA oversight of all missions, including PI-led missions, has been increasing over the past decade,
largely in response to the failures of non-PI-led Mars missions in the 1990s, followed by the Columbia
shuttle disaster. This increase in oversight has meant cost and schedule difficulties for PI-led missions and
has challenged their style of management by adding formal technical and management reviews by NASA-
appointed review teams. PI-led mission PMs argue that such reviews can introduce risk into PI-led projects,
because they repeatedly distract the team from the planned implementation tasks. Even when compen-
sated for the costs of these reviews, PI-led project managers view NASA-mandated reviews as less useful to
their projects than informal peer reviews of subsystems in which small numbers of experts external to the
project provide technical assessments and advice. NASA needs to consider both the appropriate level of
oversight for PI-led missions and adjustments to the cost caps to cover the cost of additional reviews. Such
actions would be especially timely in view of the recent establishment of the Independent Technical
Authority (ITA), a new technical oversight organization whose impact on NASA science missions is still
undetermined, according to NASA interviewees.

Finding. NASA oversight of PI-led missions, as well as of all missions, increased following a string of
mission failures in the late 1990s and is again increasing following the Columbia shuttle disaster. Some of
the added oversight, and especially the style of that oversight, appears excessive for robotic missions as
small as the PI-led missions. Increases in oversight also strain project resources and personnel to the point
of adding risk rather than reducing it.

Recommendation 9. NASA should resist increasing PI-led mission technical and oversight requirements—
as, for example, on quality assurance, documentation, ITA-imposed requirements, or the use of indepen-
dent reviews—to the level of requirements for larger core missions and should select missions whose
risks are well understood and that have plans for adequate and effective testing.

Finding. There is confusion about the processes in place for adjusting PI-led mission cost caps and
schedules to accommodate oversight requirements introduced after selection.

Recommendation 10. NASA should clarify the change-of-scope procedures available for projects to
negotiate the cost and schedule impacts of any changes in requirements initiated by NASA Headquarters
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or a PI-led program office, including the addition of reviews, documentation, reporting, and/or increased
standards. The schedule impact of negotiating changes of scope should also be evaluated.

Threat of Cancellation

If a PI-led mission is projected to exceed its cost cap for reasons that NASA Headquarters judges to be
within the project, the PI-led program office (Explorer, Discovery/New Frontiers, Mars Scout) and NASA
Headquarters may call a termination review. The Program Management Council of NASA Headquarters’
Science Mission Directorate conducts these reviews to determine the cause of the cost overrun and the
appropriate response. Possible responses to overruns include allowing the mission to proceed, often at
additional cost; changing project management and/or contractors in consultation with the PI; descoping
the mission (removing systems or instruments); or terminating it. The committee learned that termination
reviews are no longer regarded as mission-threatening, because very few missions have been canceled
even though some PI-led (and most core) missions do grow beyond their initial cost cap. Moreover,
canceling a mission after substantial investment has been made is not reasonable if the mission has no fatal
technical issues or additional cost or schedule requirements. However, a PI-led mission is more vulnerable
than a core mission to cancellation or descopes because its cost cap was a key factor in its winning the
competition. The committee considers termination reviews as an effective management tool for missions
that overrun their cost caps, provided that both NASA and the project teams recognize that such reviews
raise the prospect of Headquarters-mandated changes to the mission capability. Lessons learned from these
reviews should be used to inform other active PI-led program and project leaders. A related concern is
science instrument descopes that have been decided without the PI’s agreement and outside the termina-
tion review process.

Finding. The threat of cancellation in a termination review is no longer an effective way of keeping PI-led
missions within their cost caps, because few missions have been canceled as a result of exceeding their
cost caps. Nevertheless, a termination review is taken seriously because it reflects negatively on project
management performance and raises the possibility of science descopes. Project leaders need to be made
aware of problems that lead to termination reviews so that they can avoid them.

Recommendation 11. NASA should continue to use the existing termination review process to decide the
fate of PI-led missions that exceed their cost cap. It should develop lessons learned from termination
reviews and make them available to other PI-led projects.

Finding. High-impact decisions such as descopes made by NASA outside the termination review process
undermine a PI’s authority and can cause a mission to lose science capability.

Recommendation 12. NASA should not descope mission capabilities (including science instruments)
without the PI’s agreement or outside the termination review process.

PROJECT MANAGEMENT

Technical and Programmatic Failures

The committee found that potentially valuable lessons learned in both the technical and management
areas of PI-led missions are neither easily located nor widely discussed despite being resources of which
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8 PRINCIPAL-INVESTIGATOR-LED MISSIONS IN THE SPACE SCIENCES

every PI-led mission leader should be aware. The PI-led program offices can help disseminate lessons-
learned information. For example, the well-regarded engineering practice “test as you fly,” which replicates
in-flight conditions as closely as possible in ground subsystems tests, can be reinforced, useful peer
reviewer names shared, and design and parts information quickly aired. Such practices could allow a
return to fewer technical requirements, such as prevailed in the early days of PI-led missions.

Finding. Lessons learned from experience in both PI-led and other missions can be extremely valuable for
reducing risk and inspiring ideas about how to do things better. Much useful lessons-learned documenta-
tion is available on the Web but is not collected in a coherent library or directory. A modest effort by the
program offices to locate these distributed documents, provide a centralized Web site containing links, and
advertise its existence would allow these lessons to be more widely used.

Recommendation 13. NASA PI-led program officials and PI-led mission teams should study lessons-
learned documentation to benefit from the experiences of previous PI-led missions. NASA should make
such lessons learned easily and widely available and update them continuously, as is done on the
Discovery Program Web site posted by the Langley Research Center.

Team Interactions

The ability of PI-led mission team members, especially the PI and the PM, to work together has a
critical impact on the progress of these projects. PIs need to choose a PM they can acknowledge as
a technical lead and on whom they can rely. If unresolvable differences arise and appropriate efforts
at resolution fail, the PI should have the authority to replace the PM with the concurrence of the relevant
program office. Similarly, project leadership and the relevant NASA center and/or industrial teammates
should communicate openly and be able to ensure that all team members function in their designated
roles. NASA should enable and support PIs in adjusting the composition of project leadership and teams if
that becomes necessary. Similarly, the supporting institution supplying the PM, including a NASA center,
should not have the authority to replace the PM without the PI’s agreement.

Finding. The leaders of PI-led missions occasionally find they must replace a manager or a key team
member to reach their goals. While the cost and schedule impacts of such a major change must be
considered, a change in project management needs to be allowed if it is for the good of the mission. The PI
should make all final decisions on project management personnel.

Recommendation 14. NASA and the PIs should include language in their contracts that acknowledges
the PI’s authority to make the final decisions on key project personnel.

Cost, Schedule, and Science Performance

The committee encountered difficulties in obtaining a consistent set of mission cost performance
summaries, a situation that apparently stems from differences in the ways in which the different PI programs
and projects keep cost and budget records. While many records contain useful mission budgetary and
schedule information, the committee was unable to obtain the kind of moderately detailed data that would
normally be expected to be readily available for NASA’s own internal use or for an analysis of historical
trends. Consolidating records into a few standard templates for mission programs, including PI-led mis-
sions, would facilitate analyzing the cost and schedule performance of those missions.
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The information that could be obtained on cost and schedule performance in PI-led missions
indicated that they face the same cost growth drivers as core or strategic missions but that any such growth
in PI-led missions is more visible within NASA because the cost caps are enforced so much more strictly.
The cost growth, in percent, of PI-led missions is in any case documented as being, on average, less than
that for core missions (see Chapter 5). The perception of a cost growth problem specific to PI-led mission
lines is thus not supported by the records. On the other hand, their science performance appears to be
competitive with that of core missions, although more highly focused, with science analysis phase (Phase E)
investments in PI-led projects averaging around 10 percent of the mission cost. The guest investigator
opportunities funded by some PI projects, as well as supplemental resources from NASA supporting
research and technology and data analysis programs, benefit science outcomes.

Finding. The summary cost and schedule performance records for PI-led and other missions are not kept in
a consistent way, making external comparative analyses difficult. Science activities on PI-led missions seem
to be competitive with those on core missions to the extent that the data sets are made available and
science analysis is supported.

Recommendation 15. NASA should maintain and make available for assessment consistent and official
documentation of project costs and reasons for cost growth on all PI-led (and other) missions.

PI-LED MISSIONS AND THE VISION FOR SPACE EXPLORATION

In considering the recommendations provided here in their entirety, the committee recognizes that
NASA is already at least partially implementing (or attempting to implement) some of the items, such as
moderating ITAR impacts on space science missions and considering enhanced concept study phases
(Phase A’s). The Discovery/New Frontiers Program Office is currently undergoing changes, and the technol-
ogy development issues for space science missions are under scrutiny. Nevertheless, the committee be-
lieves these issues should be emphasized here.

As the committee completes this report, NASA Headquarters and its programs are undergoing signifi-
cant change in response to the President’s Vision for Space Exploration. The Science Mission Directorate
now consists of four subdivisions: Heliophysics, Planetary Science, Earth Science, and Astronomy and
Physics. Earth Science has its own line of PI-led missions.8 The space science PI-led mission lines described
in this report have the potential to address some of the high-priority science recommended in NRC decadal
surveys. They also have the potential for application to the Vision for Space Exploration, particularly for
missions related to the exploration of the Moon and Mars and for characterizing the solar-activity-related
radiation environment. Subjects relevant to the Vision that match or complement the objectives and/or
instrument capabilities of desirable missions in the decadal surveys may be especially strategic targets for
PI-led missions at this time in NASA’s history. The committee believes that its report provides some useful
suggestions and recommendations that would help NASA administrators, agency program managers,
centers, and the science community as they continue to exploit this most grass-roots of NASA mission lines.

8NRC, 2004, Steps to Facilitate Principal-Investigator-Led Earth Science Missions, Washington, D.C.: The National Academies Press.
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1

Introduction

A principal investigator (PI)-led mission is a complete cost-capped, focused space or Earth sciences
mission whose concept, including design, development, launch, operations, and scientific analysis, is
proposed by a single principal investigator.1 PI-led missions represent an alternative to NASA’s agency-
managed missions for carrying out investigations from space-based platforms. PI-led mission programs in
the space sciences, which are the subject of this report, include Explorer, the oldest of the programs, with
opportunities in the heliophysics and astronomy and physics subdisciplines (Figure 1.1). The remaining
three PI-led programs are shown in Figure 1.2: Discovery, with opportunities for solar system exploration,
extrasolar planet searches, and astrobiology subdisciplines; New Frontiers, for larger solar system explora-
tion missions in designated science areas; and Mars Scout, which is dedicated to Mars exploration goals.

NASA does not provide a definition of a PI-led mission other than to describe the role of and require-
ments for PIs and PI-led missions in the announcements of opportunity (AOs). The definition provided in
this report is derived from a consideration of the most recent AOs for the Discovery, Explorer, Mars Scout,
and New Frontier mission lines (see Appendix C) and the committee’s interviews with and inputs from PI-
led mission program and project participants.2

The primary characteristic of PI-led missions is that NASA entrusts the scientific, technical, and fiscal
management to a single PI and his or her teams. The PI has the responsibility for defining the mission
concept and controlling its cost, schedule, and targeted scientific investigation. PIs are usually the origina-
tors of the mission concepts they lead but may be recruited by a concept development team at a NASA
center, university, or other entity to lead an effort. The PI chooses and organizes the implementation team
and decides how the project resources can best be used to accomplish the mission’s scientific goals. The
management arrangements established by a PI can and usually do vary significantly both from program to

1The earlier Explorer and Discovery programs adopted the PI-led style gradually—for example, by selecting PI-proposed mission
concepts and/or having a PI manage the scientific aspects of a mission while maintaining NASA center technical management. They
are thus distinguished in this report from the current cost-capped, fully PI-managed missions of today.

2In this report, “program” refers to a NASA PI-led mission line, such as the Explorer Program, the Discovery Program, the Mars
Scout Program, and the New Frontiers Program, and “project” refers to an individual PI-led mission.
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INTRODUCTION 13

program and from mission to mission within a PI-led program. The launches are typically supplied by
NASA, though the PI may arrange for a launch through commercial, defense establishment, or international
partnering. Mission operations may or may not utilize NASA facilities. In some cases, the PI’s home
laboratory or university takes direct responsibility for creating the mission development team as well as for
integrating and testing the spacecraft and instruments. In other cases, an outside laboratory, a NASA center,
or an industry teammate implements the mission, with the PI providing oversight and decisions in trade
studies and adjustments of scope. Some PIs take a very hands-on approach to all aspects of the mission and
may be deeply involved in the nuts and bolts of implementation. Others delegate day-to-day responsibili-
ties and technical authority to a project manager and focus on the scientific aspects of the mission or high-
level matters such as managing the interfaces with the Program Office or the teaming organizations. The
mission concept study is expected to discuss the prime mission data analysis and interpretation plan. In all
cases the PI is considered responsible for the success of the project and is recognized by NASA as the
leader of the project. NASA also considers the management of cost particularly important in a PI-led
mission, because the mission has been competed for on that basis. The cost cap is fixed at confirmation3 by
mutual agreement between NASA and the PI. This accountability for an entire NASA mission on the part of
a member of the scientific community, rather than for just a specific instrument or a specific scientific study,
is what distinguishes PI-led missions from other missions.

While the primary goal of PI-led mission lines is to provide more frequent flight opportunities for
important focused scientific investigations, secondary goals include the infusion of advanced technolo-
gies into PI-led missions and the involvement of the public, especially students, in the NASA mission
experience.

PI-led missions stand in contrast to strategic, or “core,” missions, whose concepts are defined through
NASA’s strategic planning process and are not competed for openly in the science community. Such
strategic planning now generally involves the use of (1) NASA and community roadmapping exercises that
identify high-priority science questions as well as the missions and technologies required to address those
questions and (2) National Research Council decadal surveys, for which representatives of the astronomy
and astrophysics, planetary sciences, and solar and space physics communities are convened to achieve
consensus on priorities for future science research and missions in the particular discipline. Core missions,
such as the Solar Terrestrial Probes4 in the Sun-Earth Connections discipline, Cassini in the solar system
exploration discipline, and the great observatories (Hubble Space Telescope, Compton Gamma Ray Obser-
vatory, Chandra, and Spitzer5) in the astronomy and astrophysics disciplines, engage scientists first in
mission definition and then as competitively selected instrument providers and PIs for data analysis and
interpretation. NASA Headquarters and the program and project offices at NASA centers handle the top-
level management for core missions. In a PI-led mission, the PI selects his or her own team, which may or
may not involve NASA personnel, to manage the mission. For core missions, NASA center project manage-
ment makes all budgetary and major management decisions in negotiations with NASA Program officials,
allowing flexibility with respect to team membership and costs and schedules; such flexibility does not

3Confirmation is the point in a PI-led mission at which NASA agrees to allow the mission to go forward into the final design stage
(see Chapter 3).

4Solar Terrestrial Probes account for most of the medium-sized solar and space physics missions and are included as a mission line
in NASA’s budget. See NRC, 2000, Assessment of Mission Size Trade-offs for NASA’s Earth and Space Science Missions, Washing-
ton, D.C.: National Academy Press.

5Great observatory missions include astronomy and astrophysics missions such as the Hubble Space Telescope, which observes in
the visible spectrum; the x-ray observatory, Chandra; the infrared observatory, Spitzer; and the Compton Gamma Ray Observatory,
which completed its mission and was deorbited in 2000. The missions reflect the priorities of the astronomy and astrophysics
community as described in the NRC decadal surveys on astronomy and astrophysics.
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14 PRINCIPAL-INVESTIGATOR-LED MISSIONS IN THE SPACE SCIENCES

exist for cost-capped PI-led missions. The critical decision makers on core missions do not typically include
members of the science team, although the latter may be consulted.

PI-led missions are conceived and promoted by smaller groups in the scientific and technical commu-
nities in order to carry out space-based measurements that are not being carried out by the agency-
managed core missions.6 The science community is the chief advocate for PI-led missions, which appear in
virtually every NASA roadmap and NRC decadal survey (see Appendix D). Most PI-led missions have been
very successful, validating this approach to the management of small to medium-sized NASA flight projects.
In spite of these benefits, however, PI-led missions, like most space missions, are not without problems. The
ability of the PI-led mission selection process, which has become increasingly competitive as more con-
cepts are proposed and reproposed, to chose projects with the greatest chance of success from among a
large number of proposed missions is questionable. In addition, while straightforward on the surface, PI-led
missions present special challenges to both NASA management and the proposing community. These
challenges have become increasingly apparent as experience with such missions and ongoing changes in
programmatic, social, and technical climates and priorities have led to a redistribution of responsibility and
authority in PI-led missions and a redefinition of the processes of mission selection and implementation.
For example, PI-led mission cost caps foster cost control but also contribute to marked differences in the
management philosophies, practices, and pressures of core and PI-led missions. These differences, together
with other factors related to mission selection, PI authority, the interactions of the PI and NASA Headquar-
ters, and the partnering of the PI teams and centers, are addressed in this report.

The number of PI-led mission programs has continued to grow. The two newest mission lines, Mars
Scout7 and New Frontiers, were spawned by a combination of scientific community advocacy8 and
recognition of the potential for achieving some identified high-priority exploration goals sooner and at
considerably lower cost than agency-managed core missions. The belief of former NASA Administrator
Goldin in the concept also played a large part in NASA’s decision to expand PI-led mission lines.

Who proposes PI-led missions? The PI of a PI-led mission is typically a scientist affiliated with an
academic institution, the aerospace industry, or a NASA center, including federally funded research and
development centers (FFRDCs). The PI is responsible for defining the mission’s science goals and imple-
mentation concept (including team responsibilities and management organization of the project) within
the bounds set out first in the announcement of opportunity for a PI-led mission and then in the selection
notification of the mission. In addition to completing its project from spacecraft and instrument design
through data interpretation within the cost-capped award, the proposing team must adhere to NASA
standards and program requirements in the areas of risk management, quality assurance (QA), cost and
schedule management, and reporting and review requirements. The PI may elect to share these responsi-
bilities in consultation with a teaming organization, often a NASA center, but he or she is ultimately
accountable for the mission’s success.

6For the purposes of this report, the term “core mission” is used to describe all those not in the PI-led class. These missions are
typically assigned to a lead NASA center for overall management, including the appointment of a project scientist. Instruments and
spacecraft are often competitively selected for these missions via a NASA Research Announcement (NRA) process, but “facility class”
instruments may be assigned to specific providers.

Core missions are directly overseen by NASA Headquarters through core mission program offices (if part of a core mission line)
and/or project offices and personnel. The university and aerospace industry participants in these missions function as contractors
and subcontractors to the lead NASA center. Core missions, also known as “strategic missions,” are based on Agency or national
strategic priorities, National Academies studies, and community roadmaps.

7NRC, 2002, New Frontiers in the Solar System: An Integrated Exploration Strategy, Washington, D.C.: The National Academies
Press, p. 7.

8Ibid., pp. 7-8.
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PI-led mission concepts are sometimes extensions of successful ground-based, airborne, suborbital, or
other spacecraft investigations that have been developed over years. Concepts can also take form from
studies conducted by groups of scientists and mission developers who band together for that express
purpose. In either case, each PI-led mission team brings with it a different combination of management and
technical experience and participating institution experience and roles. The great variety of experience and
expertise among teams makes evaluation and selection of PI-led missions difficult because reviewers must
weigh each team’s experience and composition for merit while comparing very different competing mis-
sion concepts. In particular, reviewers must take into account the cost caps while determining, within the
limits of the information provided, the ability of the PI and proposing team to successfully complete the
mission given the organization and approach they offer. On the other hand, because the PI-led approach
stresses the development of an entire mission concept, through science data analysis, the selected PI team
is motivated to trade effectively between science, mission design, schedule, and cost. Ideally, full mission
responsibility leads to optimized mission concepts yielding the greatest scientific content and return, and
technical insight enables a PI to identify and address problems early and directly. The prevailing perception
is that PIs are especially able to ensure that the originally proposed science return is part of every
engineering decision.

The answer to the question Why should NASA fly PI-led missions? is straightforward. NASA and the
scientific community benefit from opportunities to fly missions of high scientific merit as frequently as
resources permit. PI-led missions enable these opportunities because (1) they solicit mission ideas from the
broadest possible community, including ideas that are not included in NASA’s long-term strategic plans, (2)
they foster the formation of focused investigation teams based on the unique science and engineering skills
required to achieve a particular mission’s science objectives, and (3) they encourage an efficient and
minimum-cost implementation approach to a mission concept and offer the possibility of a rapid response
to new discoveries. The science return for a given cost is maximized by obtaining a unique scientific data
set that is made widely available to the scientific community.

The greater difficulty of implementing the proposed investigations, coupled with increasing scrutiny of
the performance of all NASA missions at every stage of development and shifting ground rules, has
conspired to create the occasional technical, cost, and schedule crises that spawned the call for the present
study (see the Preface). In this report the committee first summarizes the basic facts about PI-led missions,
from the NASA Headquarters level to the team levels, and from the AO through launch and science
analysis, as determined from the information it collected. Next, the committee considers the following:

1. PI-led mission cost, schedule, and technical performance, including the reasons for cost growth,9

schedule extensions, and mission failures or cancellations when they occur.
2. The role of the PI-led mission selection process.
3. The role of management at all levels in performance.
4. Practices at the program and project10 levels that make significant differences in overall outcome.

The committee concludes with recommendations and suggestions at levels from NASA-wide and
program-wide, to the level of projects and individual PIs. These recommendations and suggestions repre-
sent the committee’s best effort to respond to its charge.

9Further analysis of cost issues and growth is provided in the National Academy of Public Administration (NAPA) report NASA:
Principal Investigator Led Missions in Space Science, Washington, D.C.: NAPA, October 2005.

10Throughout this report, “program” refers to the mission line, for which there is a NASA Headquarters executive and a designated
Program Office resident at a NASA center (Explorer at Goddard, Discovery and New Frontiers now at Marshall, and Mars Scout at
the Jet Propulsion Laboratory), and “project” refers to the mission itself.
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2

PI-Led Programs, Roles, and Relationships

PI-LED MISSION LINES

Each PI-led mission line in the space sciences serves a different community and targets an area of
space science, as described in the announcements of opportunity (AOs).1 (Program descriptions from
recent AOs are summarized in Appendix C.) The missions that have been selected to date under the
Explorer and Discovery programs and their status are summarized in Tables 2.1 and 2.2, which also include
a brief description of the key science goals and accomplishments of each mission.

The Explorer Program

The Explorer Program is NASA’s oldest flight program dedicated to science investigations—Explorer 1
was launched January 31, 1958. Swift,2 the most recent (it launched successfully on November 20, 2004),
is the 84th Explorer and the third mission in the Medium-class Explorer (MIDEX) line.

The purpose of the Explorer Program is to provide frequent flight opportunities for spaceborne scien-
tific investigations that meet the objectives of the Astronomy and Physics Division and the Heliophysics
Division of NASA’s Science Mission Directorate. Initially an essentially core mission program with PI-
provided instruments, the Explorer Program was active during the 1960s and 1970s but became relatively
inactive during the early 1980s. Activity decreased when NASA anticipated that the space shuttle would be
the preferred launch vehicle for most Explorer-class investigations. Following the loss of the shuttle Chal-
lenger, this strategy was reconsidered, and in 1988 the Explorer Program was reconstituted. At the same

1An announcement of opportunity (AO) formally announces the opportunity for scientists to propose a principal-investigator-led
mission. The AO provides background on the program, outlines the opportunity, the goals, objectives, constraints, guidelines, and
requirements, and provides instructions for submitting a proposal.

2Swift is an Explorer mission whose objective is to study gamma-ray-burst (GRB) science. Using three instruments together, the
platform will observe GRBs and afterglows in the gamma-ray, x-ray, ultraviolet, and optical wavebands. For more information on
Swift, see <heasarc.gsfc.nasa.gov/docs/swift/swiftsc.html>.
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time, NASA also transitioned from large facility-class Explorers, such as the Cosmic Background Explorer
(COBE), the Advanced Composition Explorer (ACE), and the Rossi X-Ray Timing Explorer (RXTE), in which
the implementing NASA center was assigned the primary technical management role, to smaller and
competed PI-led Explorers, in line with the PI mode established for the Discovery Program. The introduc-
tion of cost caps on the RXTE and ACE missions was part of this transition. NASA Goddard Space Flight
Center (GSFC) participated in the development of a series of Small-class Explorer (SMEX) missions that
allowed for increased levels of PI leadership but maintained project management responsibility at GSFC—
for example, Transition Region and Coronal Explorer (TRACE), Submillimeter Wave Astronomy Satellite
(SWAS), and Wide-Field Infrared Explorer (WIRE). Once its development phase was complete, the Far
Ultraviolet Spectroscopic Explorer (FUSE) became the first mission fully led by a PI and cost-capped. There
are currently three categories of Explorer missions: University-class Explorers (UNEX),3 SMEX, and MIDEX.4

The UNEX, SMEX, and MIDEX mission lines presently have cost caps of $15 million, $120 million, and
$180 million, respectively, adjusted for inflation at the discretion of NASA depending on the circumstances
of selection timing or delays. The cost cap for each of these mission lines has been adjusted over time with
each new AO. Each AO also solicits proposals for missions of opportunity (MoOs).5 Since 1988 there have
been one UNEX AO, five SMEX AOs, and three MIDEX AOs. The selection of additional UNEX missions is
on hold pending the availability of a suitable small (<$10 million) U.S. launch vehicle. The currently
operational PI-led Explorers include FUSE, Cosmic Hot Interstellar Plasma Spectrometer (CHIPS), Galaxy
Evolution Explorer (GALEX), Imager for Magnetopause-to-Aurora Global Exploration (IMAGE), Ramaty
High Energy Solar Spectroscopic Imager (RHESSI), Swift, and Wilkinson Microwave Anisotropy Probe
(WMAP), along with High-Energy Transient Explorer-2 (HETE-2), a mission of opportunity. Programs now in
development include Time History of Events and Macroscale Interactions during Substorms (THEMIS),
Wide-field Infrared Survey Explorer (WISE), Aeronomy of Ice in the Mesosphere (AIM), Interstellar Boundary
Explorer (IBEX), and Nuclear Spectroscopic Telescope Array (NuSTAR), along with Coupled Ion Neutral
Dynamics Investigation (CINDI), Two Wide-Angle Imaging Neutron-Atom Spectrometers (TWINS), and
Astro-E2 as missions of opportunity. The Explorer Program has a strong association with the Explorer
Program Office, which is located at GSFC (see Chapter 4).

The Discovery Program

The Discovery Program was created in the early 1990s era of faster-better-cheaper. Its goals, as stated
in 1992, were to “increase flight rates and launch schedule certainty, complement large missions to keep
a steady rate of incoming planetary data, broaden university and industry participation in solar system
exploration missions, and increase public awareness of solar system exploration missions.”6 Discovery
Program rules are very similar to those of the Explorer Program but have additional constraints—namely,
predefined budgetary profiles and launch within a defined time frame. The cost cap for the Discovery
Program remained fairly constant at approximately $330 million but then increased to $360 million for the
2004 AO and to $425 million in 2006 in real-year dollars.7 In 1999, NASA Headquarters created a

3The UNEX program was originally called the Student Explorer Demonstration Initiative (STEDI).
4National Research Council, 1996, Assessment of Recent Changes in the Explorer Program, Washington, D.C.: National Academy

Press, pp. 4-6.
5A mission of opportunity (MoO) investigation is a NASA-funded hardware or service (e.g., DSN support, science support, launch

support) contribution to a non-NASA space mission at a total cost to NASA of up to $35 million. MoOs are conducted on a no-
exchange-of-funds basis between NASA and the organization sponsoring the mission, foreign or domestic.

6NASA, 1992, Discovery Program Handbook, Washington, D.C.: NASA, November.
7See <discovery.larc.nasa.gov/discovery/> to locate the Discovery Program documentation.
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TABLE 2.2 Discovery Missions, 1996-Present

Cost
Launch (millions Principal

Mission Date of real $) Investigatora Notes

Near Earth Asteroid 2/17/1996 234 Early-style Asteroid Eros orbit/landing; bonus science
Rendezvous (NEAR) PI mission achieved by careful  maneuvering and vehicle

stability.

Mars Pathfinder 12/4/1996 262 Early-style Mars landing to demontrate low-cost equipment
PI mission delivery possibilities; imaging and minimal

atmospheric/geological science; lander and rover
both outperformed design expectations.

Lunar Prospector 1/6/1998 64 Alan Binder, Lunar landing, mapping, search for water, volatiles;
Lunar Research good data, but water question left unanswered
Institute despite efforts.

Stardust 2/7/1999 209 Donald Brownlee, Wild 2 comet exploration; first extraterrestrial/
University of extralunar sample  return.
Washington

Genesis 8/8/2001 213 Donald Burnett, Probing solar wind at L1; origins of solar system;
Caltech sample return; parachute, parafoil failed to deploy

upon return yet some components
intact; data collection under way.

Comet Nucleus Tour 7/3/2002 141 Joseph Veverka, Flyby and image two comets; contact with
(CONTOUR) Cornell University spacecraft lost 8/15/2002.

Technical failure.

Mercury Surface, Space 8/3/2004 423 Sean Solomon, Orbit Mercury (2011); provide first image of entire
Environment, Geochemistry, Carnegie Institution planet and explore geology/atmosphere.
and Ranging (MESSENGER) of Washington

Deep Impact 1/12/2005 332 Michael A’Hearn, 350-kg smart impactor to collide with comet on
University of 7/4/2005, forming a football-field-sized crater;
Maryland flyby spacecraft will image impact.

Dawn n/a n/a Christopher Russell, Explore asteroids Vesta (2010) and Ceres (2014)
UCLA because surfaces represent early solar system

conditions.

Kepler n/a n/a William Borucki, Detect Earth-sized extrasolar planets; track
NASA Ames planetary transits with photometer; step toward

Terrestrial Planet Finder.

aCaltech, California Institute of Technology; UCLA, University of California at Los Angeles.

Discovery Program Office staffed by civil servants and located at the Jet Propulsion Laboratory (JPL) and
then, in 2004, moved it to the Marshall Space Flight Center (MSFC) (see Chapter 4).8

To date, 10 Discovery missions have been selected for flight. The first two Discovery-class missions,
Near Earth Asteroid Rendezvous (NEAR) and Mars Pathfinder, were carried out as predefined facility-class
style missions and managed by NASA Headquarters. These two missions had scientific leadership by PIs
but do not fit the definition of PI-led missions used for the present analysis. The remaining eight Discovery-
class missions were competed PI-class missions. The currently active Discovery missions include Stardust,

8The Aerospace Corporation supported the Discovery Program Office for a period of time between 1999 and 2003.
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Messenger, and Deep Impact. The first two of these missions have been launched but their prime data sets
have yet to be returned. Deep Impact reached its cometary target and its results are under analysis. Two
missions now in development include Dawn and Kepler. (See Table 2.2 for a list of all Discovery flight projects.)

The New Frontiers Program

The New Frontiers Program was introduced in 2002 to further enable PI-led missions to explore the
solar system and/or return samples for study. A recent decadal survey of the NRC9 recommended five
Medium-class mission investigations as an initial target set for New Frontiers missions: Comet Surface
Sample Return, South Pole Aitken Basin Sample Return, Venus In Situ Explorer, Jupiter Polar Orbiter with
Probes, and a Pluto/Kuiper Belt mission, now awaiting launch at Kennedy Space Center. The first New
Frontiers competition led to New Horizons, a Pluto/Kuiper Belt mission. The other four investigations
comprised the possible set of solar system targets for the 2003 New Frontiers AO. NASA recently selected
Juno, a Jupiter Polar Orbiter with Probes, as the second New Frontiers mission. The NASA Science Mission
Directorate budget through mission completion for each of these missions can be up to $700 million, in
FY 2003 dollars, the largest cost cap for any PI-class mission. These missions may employ radioactive
power sources and evolved expendable launch vehicles, such as the Atlas V or Delta IV. The New Frontiers
rules are very similar to those of the Discovery Program except for the larger cost cap and the constraint
that missions should launch within 4 years of NASA approval of the concept and preliminary mission
design studies.10

Program management for New Frontiers resides within the joint Discovery/New Frontiers Program
Office at MSFC.

The Mars Scout Program

The Mars Scout Program, which had its start following the post-Mars mission loss program re-
evaluation,11 has as its primary goal the launching of scientifically focused missions to Mars. Mars Scout
missions are intended to augment or complement, but not duplicate, major missions being planned as
part of NASA’s Mars Exploration Program or those currently under development by foreign space agen-
cies. The first Mars Scout mission opportunity requires a launch before December 31, 2007, and has a
cost cap of $325 million (FY 2003 dollars). NASA selected the Phoenix Lander, which will search for
water and complex organic molecules in the northern polar regions of Mars,12 to be the first Scout
mission for the 2007 opportunity. The Scout mission after that is planned to launch in 2011, though no
AO has been issued. Future Mars Scout opportunities are also planned to occur quadrennially—that is,
at every other favorable Mars launch opportunity.13

The Mars Scout Program follows many of the rules established for the Discovery Program, except that
it is restricted to Mars science. NASA’s Jet Propulsion Laboratory manages the Mars Scout Program within
the Mars Exploration Program for the NASA Science Mission Directorate.

9NRC, 2003, New Frontiers in the Solar System: An Integrated Exploration Strategy, Washington, D.C.: The National Academies
Press.

10The confirmation review is a formal milestone in the development of a PI-led mission. It occurs at the end of the preliminary
design phase (Phase B). Successful completion of this milestone allows the project to proceed to Phase C, final design.

11NASA, 2000, Mars Program Independent Assessment Team, Summary Report. Available at <appl.nasa.gov/pdf/47305main-
FBCspear.pdf>.

12For additional background on the Phoenix mission, see <phoenix.lpl.arizona.edu/>.
13See Mars Science Program Synthesis Group. NASA, 2004, Mars Exploration Strategy 2009-2020, JPL 400-1131. Available at

<www.hq.nasa.gov/office/apio/pdf/Mars_Exp_Strat.pdf>.
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EVOLUTION OF PI-LED MISSIONS

In the early years of the Explorer and Discovery programs, there were facility-class or hybrid missions
in which the spacecraft and mission operations were provided by the Explorer Program itself.14 Solar
Anomalous and Magnetospheric Particle Explorer (SAMPEX), Fast Auroral Snapshot Explorer (FAST), WIRE,
SWAS, COBE, RXTE, and ACE (see Figure 1.1) are examples of facility or hybrid missions developed under
the Explorer Program. NEAR and Mars Pathfinder are examples of facility or hybrid missions from Discov-
ery. During the development of these missions, the competitively selected PIs were responsible for one or
more instruments, the science operations, and the data analysis. The PIs set the requirements for the
spacecraft and worked closely with the program office to ensure that the spacecraft and mission operations
met the scientific requirements. PI costs were capped and the PIs were responsible for devising the best
organizational approach to accomplishing their responsibilities; in many ways these missions resemble the
PI-led missions discussed in this report. Although missions of this type are not the present concern of the
committee, this study has benefited from some of the lessons learned from such missions.15

KEY PI-LED MISSION LEADERSHIP ROLES

Principal Investigators

To date, the PI-led missions listed in Tables 2.1 and 2.2 have involved PIs from academia, industry,
nonprofit organizations, and NASA centers. The PIs have had a range of experience in the technical/
engineering and management areas. As mentioned above, some PIs run their projects in a hands-on mode
and are as much technical managers as they are project scientists, interacting on a daily, if not hourly, basis
with the hardware development effort. These PIs have typically gained experience by playing key roles in
major instrument investigations on core missions or by leading major suborbital projects. They are often
located at laboratories that specialize in flight hardware design and provision. Other PIs have significant
technical management experience from high-level home institution and/or interinstitutional teaming activi-
ties that involve various types of scientific and technical organizations. These PIs often have access to local
infrastructure geared toward supporting large projects. Others are traditional space scientists—physicists,
astronomers, planetary geologists, or astrobiologists—who reside in college and university environments
where they teach, advise graduate students, and carry out research. Even if their own research has empha-
sized experimental technology, these PIs rely heavily on technical expertise available at other institutions in
putting together their PI-led mission team. Of course most PIs overlap all three of these categories to some
extent.

Project Managers

Project managers (PMs) are the PI-appointed (or agreed-on) technical leads for mission implementa-
tion. A PM may be at the same institution as the PI or may be part of the teaming agreement with a NASA
center or other institution. The PM is not always named or even known at the time the mission is selected
by NASA for development. (Explorers do not require a PM to be named in the proposal; Discovery and

14NRC, 1996, Assessment of Recent Changes in the Explorer Program, Washington, D.C.: National Academy Press, pp. 4-6; See also
D.N. Baker, G. Chin, and R.F. Pfaff, Jr., “NASA’s Small Explorer Program,” Physics Today 1991 (December): 44-51.

15The committee does not address the specifics of the PI-led MoOs, though the information it gathered included valuable input
from both the early program-led mission PIs and the MoO PIs, which reinforced the conclusions of this report.
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New Frontiers mission lines do require naming a PM in the concept proposal). The backgrounds of PMs,
like those of PIs, are diverse. Some PMs segue into projects from other but similar mission roles, some
come from other flight projects or large technical projects, and some are new to such tasks. To a large
extent, the appropriateness of a PM’s preparation lies in his or her institutional affiliation. Much of the
experience necessary for fulfilling project management responsibilities is available and can be obtained at
a NASA center that routinely provides PMs for PI-led missions, an aerospace company that builds space
hardware, or a government or academic laboratory with a history of delivering major instruments for
missions. The supply of experienced PMs is, however, limited, and PIs must compete for a good PM (see the
section “Proposing Team Experience and Leadership,” in Chapter 7). A NASA center, or any other institu-
tion, will provide a PM only if that is the agreed-on role of that organization on the PI’s team. A PI who
intends to use a NASA center PM must arrange to do so as early as possible.

NASA Centers

NASA centers play the third key leadership role in the PI-led mission organization. Each PI-led mission
line—Explorer, Discovery, Mars Scout, and New Frontiers—encourages the involvement of NASA centers.
PI programs deal with unique challenges related to the high-level partnering between a PI and the NASA
center and the associated divisions of responsibility for the technical management of the mission. The
Explorer Program Office has been located at GSFC for nearly the entire history of the program. Explorer PIs
can consult or engage GSFC in their project management and technical support functions, although other
institutions or centers can be contracted to manage a project or to provide the spacecraft. The Applied
Physics Laboratory (APL) and JPL were originally designated as participating centers for the Discovery
Program. Such restrictions have recently been relaxed. Although Discovery, Mars Scout, and New Frontiers
PIs may now propose with any NASA center, company, or academic institution in a lead role, they often
partner with JPL (a federally funded research and development center) or APL (a not-for-profit organization)
because the capabilities available at those institutions make them strategic, attractive, and convenient
partners. The combined Discovery/New Frontiers Program Office was recently relocated from JPL to MSFC,
in part because some PIs competing on those programs are located at JPL. The Mars Scout Program Office
is currently located at JPL, which is also the home of NASA’s Mars Exploration Program Office. (Chapter 4
describes program offices in detail.) Because of the high demand for and limited resources available to
support PI-led proposals, some organizations limit the number of proposals they participate in. Various
internal selection practices are used for this purpose, depending in large part on the special interests or
expertise of the NASA center or the company in the topic or concept being proposed. Thus there is likely
to be an element of preselection associated with the role of a NASA center or a company in PI-led missions.

Regardless of the institutional choices and arrangements for PI-led missions, the PI, the PMs, and the
lead center must work closely to organize all aspects of the project, from proposal to launch. From the
beginning they must have a total understanding of the mission and of their own responsibilities and
authority. When a partnering NASA center or company is asked by the PI to provide a PM, it is often the
case that one individual acts as PM during the proposing phase and another takes over after selection. In
such cases the second PM inherits the cost cap, basic implementation scheme, and partners engaged by the
proposing team. His/her agreement with the original plans is not guaranteed, so that working relationships
and strategies must often be adjusted during the postselection phases of the mission.
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3

The Selection Process

Announcements of opportunity (AOs) for the PI-led missions are released on a cycle that ranges
between 2 and 4 years, depending on the program and the availability of funding for that mission line.1 The
AOs evolve at each opportunity in response to NASA’s experience with the program and also in response
to changes in priorities and practices driven by a range of matters—from administration initiatives to
congressional concerns to the performance of missions inside and outside the PI-led programs (including
human space missions). For example, the AOs issued after the investigations of the Mars failures of the late
1990s2 included requirements for additional reviews. More recent AOs require increases in budget reserves
(from approximately 10 percent of mission costs to 25 to 30 percent through mission development)3 in
response to the cost growth that occurred in recent Discovery missions and some Explorer missions (see
Appendix E). With the exception of New Frontiers missions, the science area of a mission concept must stay
within the basic program scopes (e.g., Sun-Earth Connections, astronomy and astrophysics, solar system
exploration) mentioned in Chapter 2 but is not otherwise restricted. New Frontiers AOs specify several
targeted science goals chosen by NASA Headquarters from community-based and agency prioritization
studies—for example, the NRC decadal survey, New Frontiers in the Solar System, and NASA roadmaps.

MISSION PHASES AND MAJOR MILESTONES

For the purposes of the remaining discussion, it is necessary to understand that missions are generally
broken up into phases. Figure 3.1 shows the basic stages of virtually all of NASA’s robotic spacecraft missions.
Phase A (also known as the concept study) is the first stage after a proposal has been selected and reviewed.
In a core mission, for which the PI is usually proposing an instrument or instrument suite, Phase A is typically

1Recent AOs can be found on the NASA Web site at <research.hq.nasa.gov/code_s/code_s.cfm>.
2NASA, 2000, Mars Program Independent Assessment Team, Summary Report. Available at <appl.nasa.gov/pdf/47305main-

FBCspear.pdf>; NASA, 1999, Mars Climate Orbiter Mishap Investigation Board Phase I Report. Available at <ftp.hq.nasa.gov/pub/
pao/reports/1999/MCO_report.pdf>.

3NASA Announcement of Opportunity for Explorer Program, Discovery Program 2004, and Missions of Opportunity, NNH04ZSS002,
April 16, 2004.
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Critical Design Review
CDR
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PHASE B
Mission Design and Definition
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Final Design

PHASE D
Fabrication and Integration

PHASE D
Test

PHASE E
Mission Operations and Science Analysis

Launch
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FIGURE 3.1 Life cycle of a PI-led mission.
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a noncompetitive activity during which the technical designs, costs, schedules, and management details
are firmed up. In a PI-led mission, however, Phase A has similar goals but the competition for mission
selection is still alive, as described below. Phase B (mission design and definition) is a postselection phase
dedicated to making sufficient progress in technical designs and management of the mission concept; it
ends with the technical preliminary design review (PDR) and programmatic mission confirmation review
(MCR). Successful completion of the MCR allows the project to proceed into Phase C, the final design,
which ends with the critical design review (CDR). The CDR is the last major engineering oversight hurdle
before the flight hardware is built. Phases C and D then proceed with fabrication, testing, and delivery of
flight hardware, ending in integration with the spacecraft and launch vehicle. After launch and a checkout
period of 30 days or more, the mission operations phase begins. The operations plus science data analysis
constitute Phase E, although the data analysis may not begin immediately if a long cruise is part of the
mission. The duration of each and all of these phases is part of the proposed mission concept and is
sometimes constrained by the AO requirements for a PI-led program.

PROPOSAL PROCESS

The selection of PI-led missions is a two-step process. In Step 1, a short list of proposed concepts is
selected for a Step 2 competition, the equivalent of a Phase A definition study. (Figure 3.2 shows a generic
selection process.) Step 1 proposal deadlines are typically preceded by a program-sponsored preproposal
conference at which information is exchanged. Prospective proposers, including PIs and teaming institu-
tions, usually attend these conferences to obtain clarifications on the AO and program requirements.

For PI-led programs, except New Frontiers, several tens of Step 1 proposals are typically submitted; two
to four usually make the short list of Step 2 concepts. Finally, one or two missions are selected for further
support, and the intent is to carry them to completion following a satisfactory final definition phase
(Phase B). Thus the probability of having one’s proposal succeed is usually 5 to 10 percent at the outset (see
Tables 3.1-3.4; mission names are given in full in Appendix H).

The AOs ask for a large amount of organizational, scientific, and technical detail within a strict page
limit (typically 40 pages for the main body of the proposals). Proposers must state their science goals, team
structure and responsibilities, management approach, including risk management and quality assurance
(QA), spacecraft, payload integration plans, launch vehicle, mission operations, and data processing,
archiving, and analysis plans. An education and public outreach (EPO) plan of specified minimum cost
(presently at least 2 percent of mission cost) must be laid out and sometimes submitted and evaluated
through separate NASA channels. PIs must also arrange and budget for the involvement of a small business,
a minority institution, and (optional) a guest investigator or similar postlaunch science activity. To complete
the proposal with the required detail, PIs must engage accounting and engineering professionals from their
own organization or a teaming organization to construct a work breakdown structure (WBS), which is a set
of budgetary spreadsheets showing all planned expenditures according to a proposed schedule for mission
development, from selection through design definition (Phase B), design finalization, fabrication, integra-
tion, and testing (Phases C and D) to launch, mission operations, and science analysis (Phase E). The all-
inclusive bottom-line budget for the mission, with launch vehicle and any Deep Space Network (DSN) or
other antenna time included, must fit within the cost cap stated in the AO. Budgetary reserves, usually 25
percent of remaining mission costs at confirmation, are now a standard requirement for PI-led missions, as
specified in the AOs.4

4See, for example, the AO for the Discovery PI-led mission issued on April 16, 2004, p. 18.

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


THE SELECTION PROCESS 27

The PI’s management job starts before selection. A WBS for team members and consistent, detailed
estimated budgets for multiyear efforts must be created and formally approved by all of the participating
institutions, requiring additional intensive interaction at administrative levels of the teaming institutions. At
the same time, instrument, spacecraft, and subsystem descriptions must be sufficiently comprehensive to
allow in-depth technical review by a panel of experts to assess whether the concept can be developed at
the proposed cost and on the proposed schedule. Spacecraft contractors or NASA personnel must be
engaged to provide detailed technical plans, including interfaces to the launch vehicle, the launch vehicle
itself, navigation analysis, and acceptable QA practices, including parts and software standards. In addition
to the flight system, all ground systems and data retrieval, processing, and dissemination activities must be

PI Submits Proposal of 40 Pages
PI Submits Proposal of 40 Pages

NASA Makes
Step 2

Selection of 
1-2 Missions

NASA Makes
Step 2

Selection of 
1-2 Missions

NASA Makes
Step 1 Selection

2-4 Proposals

NASA Makes
Step 1 Selection
           of

2-4 Proposals

NASA Issues
AO

NASA Issues
AO

NASA HQ
Science Review

NASA HQ
Science Review

NASA Langley
TMCO Review

NASA Langley
TMCO Review

Second 
TMCO Review

Second 
TMCO Review

Site Visit to PI
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Site Visit to PI
Institution

PI Assembles Proposal Team
(Industry, University, NASA Center, 

And/or Other Partners)

PI Assembles Proposal Team
(Industry, University, NASA Center, 

and/or Other Partners)

PI and Team Generate Step 2/ Phase A
Study With Detailed Cost and Schedule 

Details 

PI and Team Generate Step 2/ Phase A
Study with Detailed Cost and Schedule 

Details 

Preproposal
Conference

Preproposal
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FIGURE 3.2 Life cycle of a PI mission proposal.
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28 PRINCIPAL-INVESTIGATOR-LED MISSIONS IN THE SPACE SCIENCES

fully scheduled and budgeted. Risk management and mitigation strategies must incorporate a credible
descope plan5 that preserves a minimum set of prime science goals.

Finally, the full proposal package, including subcontractor and teaming agreements, domestic and inter-
national, must be approved by the PI’s institution. These requirements can test the limits of some organiza-
tions’ capabilities.

International contributions require proof of commitment in the form of signed letters from officials of
the providing institutions and/or agencies. Issues relevant to the International Traffic in Arms Regulations

TABLE 3.1 Statistics on Proposals Submitted for Explorer Missions

Year Explorer No. of Proposalsa Phase A Studies Selected Full Missions

1997 SMEX 46 total,  40 full n/a RHESSI, GALEX
1998 UNEX 29 total,  23 full n/a CHIPS, IMEX
1998 MIDEX 31 total,  27 full 5 Swift, FAME
1999 SMEX 33 total,  21 full 7 SPIDR, AIM
2001 MIDEX 31 total,  21 full 4 THEMIS, WISE
2003 SMEX 29 total,  22 full 5 IBEX, NuSTAR

a “Full” refers to full missions.  “Total” number includes proposals for missions of opportunity.
SOURCE: NASA, Science Mission Directorate.

TABLE 3.2 Statistics on Proposals Submitted for Discovery Missions

Year of AO No. of Proposals Phase A Studies Selected Full Missions

1996 34 full 5 CONTOUR, Genesis
1998 30 total,  26 full 6 MESSENGER, Deep Impact
2000 26 total,  23 full 3 Dawn,  Kepler
2004 18 total,  16 full 0 None

SOURCE:  NASA, Science Mission Directorate.

TABLE 3.3 Statistics on Proposals Submitted for One Mars Scout Mission

Year of AO No. of Proposals Phase A Studies Selected Missions

2002 18 4 Phoenix

TABLE 3.4 Statistics on Proposals Submitted for New Frontiers

Year of AO No. of Proposals Phase A Studies Selected Missions

2001 5 2 New Horizons
2004 5 2 Juno

SOURCE:  NASA, Science Mission Directorate.

5NASA requires that PIs include a descope plan when proposing for PI-led missions. This plan outlines the systems, instruments, or
spacecraft components, mission operations, and schedule elements that will be eliminated from the mission should the mission
experience cost or schedule problems. Any eliminations are planned with the goal of preserving the minimum acceptable science for
the mission.
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(ITAR)6 must also be discussed within the proposal. The total cost estimate must be sufficiently accurate that
the mission, if selected at Step 1, will not increase in cost by more than 20 percent of the proposed cost by
the end of a Phase A study and that it will remain within the maximum allowed cost cap.

PROPOSAL REVIEW AND SELECTION PROCESSES

The Step 1 down selection involves two NASA-appointed review panels.7 One, the Science Support
Office (SSO) at Langley, was established by the Office of Space Science (now the Science Mission Director-
ate) in 1996 to provide a neutral organization for the evaluation of Discovery and Explorer proposals. The
SSO also assists Headquarters with AO preparation and other functions that support the mission AO and
selection process. It now reviews the AOs for all NASA missions, including those for core mission programs
and Earth science missions. A standard evaluation process focuses on the technical management, cost, and
other (TMCO) parts of the proposed mission concept, leaving the science evaluation task to the second
review panel, which comprises 20 to 30 scientists drawn from the nonproposing community and is
managed by NASA Headquarters. Typically, 40 to 60 technical evaluators participate in the SSO reviews of
PI-led missions at Step 1, including experts from private industry, government laboratories, and NASA
centers not participating in the proposals. A primary concern of the TMCO panel is risk assessment on all
fronts: leadership; organization; technical readiness (development) level; schedule and cost, with the last
two considered in light of the first two.8

For Step 1 down selections, which reduce the competitive field, the goal of the TMCO review panel is
to identify high-risk proposals regardless of their proposed science. In particular, independent cost assess-
ments, carried out by experienced cost analysts, assess the proposed missions for their potential to grow in
excess of 20 percent of the proposed cost. Such growth is one primary barrier to selection, even if the total
cost remains within the program cost cap. Plenary sessions attended by all the TMCO reviewers balance
the detailed reviews carried out by the various TMCO expert subpanels. The final rankings are reached in
the plenary by consensus. The proposals are evaluated in terms of their major strengths, major weaknesses,
minor strengths, and minor weaknesses in the area of technical management, cost, and other. One ground
rule is that only major findings may influence the TMCO panel’s consensus ranking of implementation risk.
Missions are then categorized by a committee that includes the chairs of the two evaluation panels, the
NASA program scientist for the AO, a scientist from the science review panel, and other senior Headquar-
ters representatives. This will be the first time that science and technical merit are considered together. The
SSO evaluation for Step 1 proposals typically takes several months and costs the program an estimated
1-2 percent of the mission cap. After the results are announced, proposers whose concepts were not
selected are given oral debriefings but not detailed written records of the panel’s technical, management,
cost, and science analyses.9

6ITAR is a regulation pertaining to the export of items on the U.S. Munitions Control List (USMCL). Space science satellites were
added to the USMCL in 2000 and are subject to ITAR, which is administered by the Department of State. ITAR concerns hardware for
scientific satellites, launch vehicles, and defense articles and services such as the know-how, designs, operations, and other informa-
tion associated with the hardware. Licenses are required in some cases for the export of ITAR-controlled technical data, hardware, and
other defense articles and must be obtained from the Department of State.

7The committee’s information on the PI-led selection process was acquired, in large part, from R. Wayne Richie, who at the time
was Mars Acquisition Manager, NASA Langley Research Center.

8R. Wayne Richie, Mars Acquisition Manager, NASA Langley Research Center, presentation to the committee on September 1,
2004.

9R. Wayne Richie, Mars Acquisition Manager, NASA Langley Research Center, presentation to the committee on September 1,
2004.
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Following the Step 1 down selection, in which the mission science is evaluated in parallel with the
TMCO areas, short-listed winners are funded at <1 percent of mission cost to carry out a Step 2 review
(equivalent to a Phase A study) in about 6 months. For the still-competitive Step 2 process, the Step 1
selectees must come up with a more refined and reliable implementation plan, with more accurate cost
and schedule estimates for the final TMCO analysis. It is important at this step to have clearly defined the
minimum science goals and requirements (Level 1 science) to be used in decision making and risk
management. A Step 2 or Phase A concept study report (CSR) of approximately 150 pages is generated for
a second comprehensive TMCO review, which is often conducted by a subset of the same panelists who
carried out the Step 1 review. The panel, along with program and NASA Headquarters representatives, visits
one of the primary teaming institutions as part of Step 2. One purpose of the site visit is to evaluate the
adequacy of the project personnel, physical plant, and support infrastructure for carrying out such a major
effort. Another purpose is to give the proposing team an opportunity to answer questions posed by the
TMCO panel in the wake of its review of the CSR (Phase A report). At the conclusion of this process, one
or two missions are finally chosen for development for flight.
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4

Management of PI-Led Missions

As discussed in Chapters 2 and 3, each PI of a PI-led mission must propose a management organization
and plan within the constraints set out in the AO. That plan is reviewed as part of the selection process and
adjusted during Phase A to ensure compliance with NASA standards and requirements. No two manage-
ment plans are alike because there is such a variety of team structures within these mission lines. This
chapter describes the roles that NASA plays in PI-led mission management activities at both the program
and the project levels. PI management roles and approaches are also discussed.

BACKGROUND

PI-led mission teams respond to an AO that solicits creative management plans. At the same time,
NASA specifies many requirements on programmatic reporting and schedule, cost, and technical imple-
mentation that have developed over the long history of space missions. NASA documented these require-
ments in NPR 7120.5B, revised recently as NASA Procedural Requirements (NPR) 7120.5C: NASA Pro-
gram and Project Management Processes and Requirements. All PI-led missions use the latest version of the
NPR document as either a guide or requirement when responding to the description of project manage-
ment responsibilities contained in the AOs. NPR 7120.5C describes the general responsibilities for project
implementation, including technical and programmatic reviews—for example, peer reviews, a mission-
level PDR, a mission-level critical design review (CDR), a pre-environmental review (PER), a pre-ship
review (PSR), and launch readiness reviews (LRRs) and the general reporting requirements between project
and program offices.1 The individual programs and projects have the responsibility of integrating the details
of these implementation and reporting requirements into their projects. (See Chapter 3 for more details of
the life cycle of a project.)

During the proposal stages, it is the PI’s responsibility to establish the various management roles and
responsibilities for each organizational member of the team and the individual members. These roles and

1Pre-environment review takes place before the hardware is put in a thermal vacuum test environment; a pre-ship review, before the
entire spacecraft is shipped to the launch site.
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responsibilities are typically documented in the final proposal on which selection in based. Each program
office then works out the details with each PI and his or her team soon after selection to ensure that all the
roles are filled and responsibilities assigned. From then on, the individual projects take on a life of their
own, developing along unique paths with their individual casts of players.

NASA PROGRAM OFFICE ROLE

The program offices of the PI-led mission lines participate in managing their projects. At the time the
committee gathered data, all but the Explorer Program Office appeared to be in a state of flux or definition.
In part because of the Explorer Program’s long history, the roles and responsibilities of program manage-
ment are most clearly defined in that program.

Explorer Program Office

The Explorer Program Office is both located at and relies on NASA GSFC. It has about 38 full-time
equivalent (FTE) employees to manage and support three MIDEX missions, three SMEX missions, and
three MoOs. GSFC also carries out major system reviews for the projects, such as the PDRs and CDRs,
through its Office of System Safety and Mission Assurance. The Program Management Council (PMC) at
GSFC evaluates each Explorer project’s readiness to proceed into implementation (see Table 4.1), includ-
ing independent cost estimates through its research analysis office, and makes its recommendation to
Headquarters.

The Explorer Program Office participates in its missions’ development by assigning to each mission a
civil servant mission manager, who is the point of contact with the program, serves as the contract technical
officer, arranges for requested NASA support, and keeps NASA Headquarters familiar with the project. The
Program Office has system engineering, financial, and scheduling/planning experts who support the mis-
sion manager. The mission manager also has a separate budget outside the project cost cap that he or she

TABLE 4.1  Independent Evaluations Related to PI-Led Missions

Review Who Description

Independent NASA, independent, Independent reviews called by PMCs at NASA Headquarters or designated NASA
reviews and NASA-approved centers to monitor the development and implementation of PI-led and other missions

PI nominees via gateway reviews (e.g., PDR, CDR) and other more-focused technical assessment
reviews as needed.

Independent Warrant holders in ITA is a NASA-wide independent process rather than a review for providing authority,
Technical technical areas (NASA accountability, and responsibility for technical requirements, processes, and policy at
Authority (ITA) employees) NASA.  Warrant holders provide program/project managers with technical requirements

and decisions and resolve technical issues.  The application of ITA to PI-led missions has
not yet been fully established.

Independent NASA IV&V Facility, Project software is assessed to locate risks in the development and operation of
verification and West Virginia software for NASA missions and projects.  These assessments can include systems
validation (IV&V) assessments, which focus on basic requirements, design, testing, and system processes

in development; life-cycle assessments, which identify risks and recommend actions for
any software development life cycle aimed at ensuring mission success; startup
assessments, which locate the software elements of higher risk and complexity
pertaining to safety and recommend IV&V. The IV&V Facility reports to GSFC.

Peer reviews Internal and external Working-level, independent engineering reviews that examine subsystems in detail
experts and address problems in advance of system-level reviews.

SOURCE: Available at <ivv.nasa.gov/forprac/asses/assessment.php>.
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can use to bring in technical support from the broader GSFC and NASA community.2 Lines of authority
among the PI, the PM, and the mission manager have to be regularly reinforced, communicated, and
respected throughout the partnership at all times. The PI must be included in every major decision affecting
the mission, where what is “major” must be determined by communication.

In an effort to make all parties aware of the lines of authority for Explorer missions, an “insight
agreement” is written during Phase B and added to the contract between the PI and program. This
document defines the specific roles and responsibilities of the mission manager in providing support to
both the project as well as the program office and includes any reporting and interfacing he or she requires
from the PI and PM and their team to maintain insight into the project. To avoid making the interface with
the mission manager an added burden on the project, it is necessary to create and maintain a real
partnership. It is important for proposers of Explorers to be well aware of practices such as insight agree-
ments as they formulate their mission plan. All projects have different levels of complexity and difficulty,
and project teams vary in their experience and capabilities. The Explorer Program Office independently
assesses the capabilities of the project teams and tailors its management and involvement in each project
accordingly. Examples of mission manager contributions include scheduling/planning support, ground
system development, oversight of local instrument providers, and interfacing with the GSFC test facilities.
In fulfilling these roles, the mission manager is expected to report to the PI or the PI’s PM.

The mission manager also reports to the manager of the Explorer Program, who shares the fiduciary
responsibility to see that each project stays within the PI’s committed cost and schedule. The program
manager supports the mission manager and project, but if problems arise will call for a special review or
recommend a termination review3 (see Chapter 7) to Headquarters if (s)he feels it is warranted. The Explorer
Program Office also reports monthly to the GSFC PMC on all of its projects. In this way it is both a project
supporter and an independent overseer discharging NASA’s fiduciary responsibility.

Conflict is possible when traditionally competing institutions must work as a team. The Explorer
Program Office has been able to work effectively with institutions competing for the same missions as
GSFC PIs and teams, although sensitive information can make this a challenge. A conscious effort must be
made to fence individual projects within GSFC. After selection of a project, any conflicting institutional
management styles must be resolved within the project, but that is necessary regardless of the institutions
involved. In the case of the Explorer Program, the GSFC style of management naturally prevails, but it is
generally accepted at an agreed-on level by PIs and PMs as part of the organization of this mission line.

Discovery Program Office

The Discovery Program Office (DPO) was originally located at NASA Headquarters, with primary
oversight being supplied by the program executive and/or the program scientist, supported by Headquar-
ters personnel. This arrangement changed in the late 1990s, when Headquarters moved many activities and
responsibilities to NASA centers. The DPO was set up at the NASA management office co-located at JPL,
with limited support being provided by non-civil-servant JPL employees. This setup limited the functionality
of the DPO, which needed a noncompeting entity to review nongovernmental organizations’ proprietary
information. For much of the late 1990s and early 2000s, the DPO was staffed with approximately 1.5 to
2 FTE civil servants to oversee all Discovery projects.4 In 2004, it was moved to MSFC as the Discovery/

2Of course this approach must be exercised with much sensitivity with regard to control and decision making in the PI-led projects.
3A mission can be subjected to a termination review if it exceeds the cost cap, excluding cost growth that is beyond the PI’s

control.
4NASA hired the Aerospace Corporation in place of JPL to support the Discovery Program Office for a period of time.
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New Frontiers Program Office. The size and functionality of the Discovery/New Frontiers Program Office at
MSFC were still being defined as this study was under way.

The major difference between the DPO and the Explorer Program Office concerns the role of a NASA
center and its level of involvement in a project’s management. The support system that a NASA center can
provide is significant. In the Explorer Program, GSFC has been used (as reported by PIs and PMs inter-
viewed by the committee) in support of the projects, especially by project teams that are not able to carry
out all of the functions needed to implement a space mission. In the Discovery Program, the emphasis has
been on selecting a PI team that already has the ability to play all the roles for conducting a space mission.
As a result, Discovery projects have not needed as much program support as Explorer projects other than
what they get from certain government facilities—for example, launch vehicles and the Deep Space
Network. NASA oversight was originally envisioned to be minimal and, for many in the scientific commu-
nity, this vision helps to maintain a PI team’s control over its own project. The differences in the roles of the
program offices in the missions are reflected in the AOs for the Explorer and Discovery programs. The AOs
for Discovery contained language that implied less NASA oversight and more freedom for the PI to
independently manage his/her project than was implied by the language contained in the AOs for Explorer
missions (see Appendix C). While the DPO, like the Explorer Program Office, functions as the project
advocate within Headquarters, it has had considerably less influence than the Explorer Program Office,
which has had the backing of GSFC. The DPO still provides the same essential functions as the Explorer
Program Office—interfacing with other NASA and government agencies for facilities support; arranging
independent review committees (in conjunction with Headquarters) for programmatic, technical, quality,
and safety issues; and tracking project schedules and budgets. However, until now, the DPO has provided
these services with far fewer staff and less support from its center, a situation that may change with the
recent relocation of the Discovery/New Frontiers Program Office to MSFC.

As NASA oversight in general increased in the late 1990s and early 2000s in response to a series of
mission failures and mishaps, much of the independence originally enjoyed by the Discovery missions
started to erode. This erosion was noted (and seen as a negative change) by many PIs and PMs for Explorer,
Discovery, and New Frontiers projects. NASA Headquarters’ oversight in the form of independent reviews
(see Table 4.1) appeared to increase the most for those within the Discovery projects, probably because
their program office was less structured. The DPO, with its increasing number of projects, also was viewed
as overburdened. Many Explorer project PIs and PMs interviewed by the committee said that they had
taken advantage of the services provided by the Explorer Program Office. In comparison, Discovery PIs and
PMs indicated that staffing and infrastructure issues reduced the level of support provided by the DPO for
their projects.

Mars Scout and New Frontiers Program Offices

The Mars Scout Program Office is located at JPL and the New Frontiers Program Office was recently
combined with the Discovery Program Office and assigned to MSFC, as described in Chapter 2. Since these
are relatively new mission lines, the committee has no comments on their approaches or organizations.

PI TEAM MANAGEMENT ROLES

Based on its interviews, it was clear to the committee that many different combinations of mission team
leaders and distributions of responsibility can be made to work for the PI-led mission mode. However, a
common theme was the importance of a good relationship between the PI and the PM, and the experience
base of the PM in particular. Chapter 2 describes the PI and PM roles in PI-led missions. Two management
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approaches, one for Explorer (as embodied in the Far Ultraviolet Spectroscopic Explorer) and one for
Discovery (in the Comet Nucleus Tour mission), are presented below.

These two approaches illustrate the unique circumstances faced in the management of all PI-led
missions. PMs and PIs must be prepared to deal with many diverse technical, administrative, political,
economic, and/or personnel-related challenges. The documentation and sharing of lessons learned from
the cases described below relate to overall aspects of PI-led mission management as well as the specific
items confronted.

Far Ultraviolet Spectroscopic Explorer

The Far Ultraviolet Spectroscopic Explorer (FUSE) mission was the first Explorer mission to be devel-
oped in the current (true PI-led) mode (see Chapter 2). However, FUSE differed from later MIDEX and SMEX
missions in several ways. First, its development costs were somewhat higher, perhaps by a factor of 1.5,
than those of MIDEX missions. Likewise, the technical and organizational complexity of the mission was
higher than that of MIDEX missions. FUSE is a spectroscopic observatory with subarcsecond pointing
designed to serve the broad astronomical community. During the prime mission phase, slightly more than
half of the observing time went to guest investigator projects selected by NASA, with most of the remaining
time assigned to the PI science team. During the subsequent extended mission phase, which began in April
2003, all of the observatory time has been made available to guest investigators. The instrument consists of
four telescopes and spectrographs but was built as a single unit. Thus, the common descope option of
deleting an instrument was not an option on FUSE. Both Canada and France contributed flight hardware
before the constraints and rules of International Traffic in Arms Regulations (ITAR) went into effect, produc-
ing a new environment. The satellite was integrated in a series of steps, starting with the construction of the
detectors at the University of California, Berkeley; the integration and checkout of the spectrograph at the
University of Colorado; the integration of the instrument and then the satellite at the Johns Hopkins
University Applied Physics Laboratory (APL); and, finally, environmental testing at GSFC.

During Phase A and most of Phase B, the PI was responsible for only the instrument and the PI science
program (in the spirit of the early facility-class Explorers mentioned in Chapter 2). The decision to develop
the mission in the current PI-led mode was made late in Phase B as part of a substantial restructuring of the
program to reduce cost and schedule. From that point on, the mission was implemented in the same way
as other PI-led missions, with a cost cap and a 35-month schedule for Phases C and D starting in November
1996. Despite these differences between it and other PI-led Explorer missions, the FUSE mission illustrates
one way a PI-led mission can be carried out from a university campus.

NASA assigned responsibility for all aspects of the FUSE mission, including the instrument, spacecraft,
and operations, to the PI, with GSFC taking responsibility for oversight, but not management, of the
development process. In this case, the PI delegated technical, schedule, and budgetary responsibility to the
PM. The PI was the lead scientist with responsibility for all scientific aspects of the mission, except for the
guest investigator program, which was the responsibility of a NASA project scientist assigned to the original
mission. The PI remained deeply involved in all aspects of the mission.

Although the Center for Astrophysical Sciences (CAS) of the Johns Hopkins University had developed
instruments for space missions previously, it had not undertaken a space program of the size and complex-
ity of FUSE. To develop the mission, CAS made extensive teaming arrangements with APL, several commer-
cial firms, and other universities. It took responsibility for mission management, mission architecture,
systems engineering, the telescope optics, science team management, and the satellite control center. In
practice, many of these positions were held by team members at Johns Hopkins. The availability of
experienced engineers and technical managers for dealing with issues was an important factor in the
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success of the development process. The heavy use of Internet documentation, peer reviews, a standing
senior review board, and other generally recognized good practices were followed. Many of the teaming
organizations provided personnel with prior experience with FUSE subsystems for the integration and
testing.

Owing to technical problems, primarily in the spacecraft attitude control system, mission launch was
delayed to June 1999. The development cost was about $118 million, $10 million more than the planned
cost at the beginning of Phases C and D. Although designed for 3 years of operation, the mission is now in
its sixth year. As of early 2005, 51 million seconds of data had been obtained for more than 525 scientific
programs, yielding over 3,600 spectra for more than 2,300 different objects. There are about 300 refereed
publications based on FUSE data in the scientific literature, and they continue to appear at a rate of about
six per month. In addition, more than 40 articles based on the design and development of FUSE instru-
ments have appeared in the scientific literature. FUSE technology was the basis for the design of the Cosmic
Origins Spectrograph, presently awaiting deployment. Overall, the PI-led management system for FUSE
can be said to have succeeded, although it must be noted that the greater investment in development than
experienced by later MIDEX projects could have been a factor in that success.

Comet Nucleus Tour Mission

The Comet Nucleus Tour (CONTOUR) mission was the sixth mission in the Discovery Program. It was
less costly than other Discovery missions, with the exception of Lunar Prospector. CONTOUR was fairly
typical in its management structure. The PI was from Cornell University, which had extensive experience in
providing spaceflight instruments but none in providing spacecraft or in managing space missions. The PI
teamed with APL to provide the spacecraft, mission design, flight operations, and overall project manage-
ment. APL provided an experienced PM, who was approved by the PI. The PI also brought other NASA
centers onto the project team (JPL for navigation expertise and GSFC for spaceflight instrumentation), and
other commercial and academic team members were contracted and managed from APL. Cornell Univer-
sity had the responsibility for education and public outreach, the science team, and science operations
(including data analysis). In accord with the AO, NASA assigned responsibility for all aspects of the mission
to the PI.

During the course of the CONTOUR project, the DPO moved from NASA Headquarters to JPL. Both
the PI and PM interfaced with NASA primarily through the DPO, but there was also a significant interface
with the program executive and the program scientist at NASA Headquarters. NASA funded the project via
a grant to Cornell University and a contract with APL, both administered by GSFC. Other government
funding of institutions (e.g., JPL, GSFC) was handled through internal transfers in NASA executed by the
DPO, as approved by the PI. The PI provided significant oversight of the management of the mission but
delegated day-to-day activities to the PM at APL. There were frequent communications not only between
the PI and the PM but also between the PI and other critical team members at APL, including an APL
mission manager, the mission system engineers, and the optical system engineers. The PI had worked
extensively with these individuals on other projects prior to proposing CONTOUR. The PI also routinely
communicated with upper management at APL during the course of the project.

The project conducted an extensive review and test program, as approved and accepted by NASA. In
coordination with the Discovery Program manager, NASA independent assessment team reviews were held
in parallel with the normal project reviews that had been scheduled prior to the new review requirements
(e.g., PDR, CDR). Extensive peer reviews, many with outside reviewers, were also carried out. Around the
midpoint of the program, software independent verification and validation (IV&V) were added to comply
with the new NASA requirements. These new requirements were imposed first and later negotiated for their
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cost impacts. Because of the launch constraints of this deep space mission, schedule impacts were not
allowed. CONTOUR had some early costing problems, but these were resolved before the confirmation
review. After confirmation, the schedule and budget remained on track, with budget adjustments for
changes of scope over the cost cap (for new requirements). Unfortunately, the spacecraft was lost several
weeks after launch on August 15, 2002 (see Chapter 6).

Changes in Management and Oversight

NASA is an evolving organization that learns from past experience, events, and new information and
responds to administrative interests and factors (e.g., ITAR, the Independent Technical Authority (ITA), and
internal initiatives). Particularly in the late 1990s and early 2000s, NASA made many changes to its
oversight philosophy and its views on the acceptability of risk in response to a series of failures and mishaps
(not, however, in PI-led missions). Lessons learned and recommendations from committees5 that studied
these problems were incorporated into new agency-wide requirements that affected all NASA missions,
including PI-led missions. The major changes that NASA mandated and that were incorporated into
subsequent AOs include the addition of software IV&V and new risk management and cost reserve
requirements. These were to be incorporated into all active projects, regardless of their development stage.
Many of these changes were imposed in the middle of the implementation phase of some PI-led missions,
which had very little flexibility to incorporate such changes given the constraints on their budgets and,
often, their launch schedules. The PI project teams worked with their respective program offices to deal
with these impacts, but in general these externally imposed changes meant significant disruptions for the
PI-led missions.

In addition to the new requirements cited above, NASA program offices and/or Headquarters added
oversight in the form of formal reviews beyond those agreed upon after selection (see Table 4.1). As
aversion to risk exposure increased within NASA, projects reported that they were increasingly required to
present formal reviews on various technical or management issues raised by NASA officials. As the
committee learned during its data-gathering process, the impact of these formal reviews on the project
team—the burden of preparing, holding, and following up on action items—was significant in the view of
many PIs and PMs. They said these formal reviews (as opposed to peer reviews) had minimal value and
were burdensome because they took time away from critical project activities.

NASA oversight requirements continue to change. During the committee’s period of analysis, NASA
announced a new oversight group, the ITA. Because ITA was created as a NASA response to the Columbia
shuttle disaster, safety and technical reliability are its two main areas of concern. ITA’s plan is to use
a limited number of NASA-center-affiliated designated experts, called warrant holders, to function as a
clearinghouse for specific safety and reliability requirements. Its impact on the tightly cost- and schedule-
constrained PI-led missions is, as yet, unknown.

5For example, the NASA Integrated Action Team (NIAT) reviewed NASA findings on the failures of the Mars Climate Orbiter and the
Mars Polar Lander, integrated the lessons learned, and augmented them with findings from its own examination of project manage-
ment practices across the agency. For science missions, the NIAT report led to large increases in the amount of documentation
required, additional independent reviews, mandated use of IV&V software, and an intense focus on risk analysis and management
(NASA Integrated Action Team, 2000, Enhancing Mission Success: A Framework for the Future).
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5

PI-Led Mission Performance:
Cost, Schedule, and Science

COST AND SCHEDULE

The committee’s task included assessing the cost and schedule growth in PI-led missions and the
factors contributing to such growth.1 Its approach was to obtain the detailed cost estimates (Phases A
through E) and launch date at the time of confirmation and compare them with the actual mission and
launch costs. With this information, the committee had planned to analyze the sources of cost growth on
PI-led missions and also identify growth that was attributed to the PI nature of the mission versus the growth
that was beyond the PI’s control (e.g., increased cost of the launch vehicle or for use of the Deep Space
Network (DSN)). For example, was cost growth experienced on the spacecraft bus, or on instruments or
software development? Or did it come from increases in scope (additional NASA requirements) of the
mission? This approach would have enabled the committee to provide lessons learned in these areas as
well as recommendations for technology development investments that would benefit PI-led missions.

Unfortunately, the committee was not able to obtain detailed cost data at the spacecraft, instrument, or
subsystem levels, owing to concerns about the proprietary nature of such data for each PI-led mission. The
committee was unable to learn whether increases in cost were due to changes in NASA requirements for
the project, although it was able to obtain data on life-cycle costs2 and on schedule at major milestones in
PI-led missions (e.g., confirmation review, critical design review, and launch). This lack of data necessarily
limited the depth of analysis and diagnostics that the committee could conduct on the factors contributing
to cost and schedule growth in PI-led missions. The committee also referred to the study prepared by the
National Academy of Public Administration (NAPA), which focused more specifically on cost growth and
factors that would contribute to it in PI-led missions.3 The analysis portion of that report is excerpted in

1Although an in-depth budgetary analysis of core missions was beyond the scope of the committee’s task, it considered the cost
performance of PI-led missions relative to that of a subset of core missions as a way to provide context on cost and budget factors
unique to PI-led missions compared with those factors for all NASA missions.

2Life-cycle costs are costs that occur from predevelopment (Phase A) through Phase E (mission operations and data analysis).
3National Academy of Public Administration (NAPA), 2005, NASA: Principal Investigator Led Missions in Space Science, Wash-

ington, D.C.: NAPA.
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Appendix I. The committee compared the data NASA provided to the committee with the cost growth on
other recent non-PI-led NASA missions and the data in a recent Congressional Budget Office (CBO) study.4

The five successful PI-led Discovery missions that have been launched to date (Lunar Prospector,
Stardust, Genesis, MESSENGER, and Deep Impact) had average life-cycle cost growth of 13.7 percent and
development cost growth of 12.4 percent based on the project’s confirmation acceptance review (CAR)
(see Table 5.1). Cost growth for the most recent Discovery missions (Genesis, MESSENGER, and Deep
Impact) appears to be due to a combination of factors, including ambitious technical expectations and the
increased oversight and management requirements following the Mars mission failures of the late 1990s.

The committee also examined five Explorer missions (RHESSI, Swift, IMAGE, GALEX, and WMAP)
(Table 5.2); on average, their development cost increased 30.8 percent. Two of the missions, Swift and
GALEX, showed particularly large increases in development costs, 68.8 percent and 52.8 percent, respec-
tively, over their selection cost caps. Both Swift and GALEX encountered problems related to immature
technology, which probably contributed to the cost and schedule overruns (see, also, Chapter 6). One
specific problem for Swift involved the Burst Alert Telescope (BAT), which ultimately cost more than had
been estimated and contributed to a delay on the order of 17 months. Intense schedule pressure during
development caused the BAT flight detector array to be built before prototype testing was complete. This
attempt to save schedule led to further delays and cost increases. (One key delay occurred when parts
showed unexpected susceptibility to radiation, necessitating the complete disassembly of the 256 BAT
detector array modules to replace the susceptible parts.)5 GALEX faced a number of extraordinarily chal-
lenging technical developments in the fabrication of exceptionally large detectors—for example, they
included the largest sealed-tube microchannel plate detectors ever flown, the first-ever dichroic beam
splitters, and the largest UV grism ever fabricated. In the end these new hardware developments suc-
ceeded, but schedule delays and cost overruns could be directly attributed to them. One result was that
resources taken from other planned (and needed) project activities contributed to several serious problems
with other less challenging systems in the mission that had impacts on the cost and schedule.6

The RHESSI case shows how factors beyond the PI’s control contributed to cost growth of 22.8 percent
(see Table 5.2). RHESSI suffered severe damage during vibration testing at JPL. The project, which was
within budget and on schedule before the testing, was not held accountable for the accident or the
resulting damage. It was provided with additional funds to repair the damage caused by the testing
equipment. In addition, the slip in launch date for RHESSI was attributable to factors related to the Pegasus
launch vehicle and not to the RHESSI project itself.7

When evaluated against a set of recent core NASA missions (Table 5.3), the Discovery Program
compares favorably (average life-cycle costs growth of 13.7 percent versus 18.3 percent for the other recent
missions). In the case of the Explorer Program, the comparison is not quite as favorable. The average
increase in development costs for PI-led Explorers is 30.8 percent compared with the 18.3 percent for the
other recent missions, though just two cases—Swift and GALEX—are the cause of the high average (see
Table 5.2).

The CBO report estimated that cost growth in 72 programs since 1977 averaged 45 percent when
adjusted for inflation.8 The CBO analysis suggests that “NASA’s more expensive, and possibly more complex,

4Congressional Budget Office, 2004, A Budgetary Analysis of NASA’s New Vision for Space Exploration, Washington, D.C.
5Neil Gehrels, principal investigator, GSFC, “The Swift GRB MIDEX mission,” presentation to the committee on September 2,

2004.
6Chris Martin, principal investigator, Caltech, “GALEX lessons learned: PI perspective,” presentation to the committee on February 1,

2005.
7Justin Ray, 2002, “The Saga of HESSI,” Spaceflight Now. Available at <spaceflightnow.com/pegasus/hessi/020203preview.html>.

Accessed on September 23, 2005.
8Congressional Budget Office, 2004, A Budgetary Analysis of NASA’s New Vision for Space Exploration, Washington, D.C., p. xii-xiii.
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programs tend to experience greater cost growth than less expensive ones.”9 Using the CBO data, the
committee looked at programs in which the initial estimated costs were less than $300 million, roughly
comparable to the Explorer and Discovery mission sets. From 1990 to 2000, the average increase in costs
for these missions was 28 percent.10 In contrast, for missions between $300 million and $1 billion, the
average cost growth was 49 percent, according to the CBO.

While the cost growth in PI-led missions does not seem out of line with those of other similar core
missions, particularly when compared to the CBO report, there is one disturbing trend. Recent missions in
both the Discovery and Explorer programs appear to be experiencing greater cost overruns than the earlier
PI-led missions. Without financial data on individual instruments, the spacecraft bus, software develop-
ment, and other elements that make up the development cost, the committee has not been able to identify
the factors actually contributing to cost growth, at what stage in the project problems occurred, or whether
the cost growth was within the PI’s control. Moreover, the data NASA provided to the committee were often
inconsistent. NASA does not appear to have established procedures for summary cost record keeping and
documentation in either the Explorer or the Discovery programs, as evidenced by the lack of agreement
among numbers from different source documents (e.g., preliminary design reviews, critical design reviews,
project plans, program operating plans).

Despite the paucity of actual financial data, the committee notes several factors that may contribute to
cost and schedule problems. In particular, recent missions are more technically challenging, which may
signify that cost cap levels need to be reexamined as mission complexity increases. For example, the Deep
Impact mission was the first to probe beneath the surface of a comet and so required a complex delivery
system; the MESSENGER mission included a challenging thermal design. While NASA has increased the
cost caps on both the Explorer Program and the Discovery Program, these increases may not be sufficient
to support the ambitious missions being proposed. Other known sources of mission cost growth in recent
years are rising launch vehicle costs (Figure 5.1), implementation of full-cost accounting at NASA, reduced
risk tolerance, the increased number of NASA-required reviews, and general economic inflation (Figure 5.2).

SCIENCE

PI-led mission AOs require the proposer to describe how the science investigations are to be analyzed
(Phase E). This analysis must pass the scrutiny of the original selection review panel (see Chapter 3). The
concept of a science floor, embodied in “minimum science requirements” or a “performance floor,” is
required for the Explorer and Discovery programs. When the resources required to meet these minimum
science requirements exceed the resources available, termination reviews and cancellations are triggered,
although these reviews rarely end in termination. However, science floors are usually specified in terms of
data to be delivered and not science to be achieved. Quantitative metrics of scientific return are many,
varied, and sometimes contradictory. Peer-reviewed publications from PI-led missions (see Appendix F),
NASA’s Performance and Accountability Reports,11 and Annual Performance Goals,12 as well as senior
reviews for extension of mission operations beyond the baseline, are all attempts to somehow measure

9Ibid., p. 35.
10The CBO cost growth figure did not break down costs that were beyond the PI’s control (e.g., increases in launch vehicle costs,

use of DSN).
11NASA’s FY 2004 Performance and Accountability Report is available at <www.nasa.gov/about/budget/>.
12NASA’s 2005 document The New Age of Exploration: NASA’s Direction for 2005 and Beyond, includes the agency’s national

guiding objectives and its strategic objectives.
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science productivity.13 One study14 suggests that large missions have twice as much impact as smaller
ones, and another, by Mosher et al.,15 suggests that the faster-better-cheaper missions, which include the
PI-led mission lines, are approximately 57 percent more cost-effective than core missions based on the
authors’ instrument-months-of-operation metric.
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13NASA’s senior review process considers whether to provide funding to extend mission operations and data analysis for any of the
operating space science missions beyond their planned mission lifetimes. The senior review process prioritizes those missions that
should be extended, based on their scientific value and return, within NASA’s available funds. Senior reviews are available at
<science.hq.nasa.gov/universe/docs/SenRev04.pdf>, <science.hq.nasa.gov/universe/docs/SenRev02.pdf>, <science.hq.nasa.gov/
universe/docs/SenRev00.pdf>, and <science.hq.nasa.gov/universe/docs/SenRev98.pdf>.

14The Science News metric asserts that “An analysis of 1990-1999 data by this metric (performed in January 2000) indicated that
OSS’s large missions had twice the science productivity per dollar as smaller missions, and if anything, the past three years have
seen an even higher contribution from large observatories.” For further details on the Science News metric, see <opostaff.stsci.edu/
~carolc/reports/2002SciNews.pdf>.

15Todd Mosher et al., 1999, Evaluating Small Satellites: Is the Risk Worth It?, 13th Annual AIAA Conference on Small Satellites, pp. 1-13.

FIGURE 5.1 The Delta 2925H launch vehicle used for Discovery, Mars Scout, and New Frontiers missions from 1998 to 2004
increased in cost by 57 percent over the 6-year period.  The Discovery 2004 AO allowed for a 2009 or 2010 launch and the two
different prices are shown. SOURCES: Discovery 1998, KSC letters of endorsement for Deep Impact and INSIDE Jupiter;
Discovery 2000, KSC letters of endorsement for Dawn and INSIDE Jupiter; Mars Scout 2002, KSC letter of endorsement for SCIM;
New Frontier 2003, New Frontiers AO ELV Launch Services Information Summary, dated 10/09/03, found in the New Frontiers
Program Library; and Discovery 2004, Discovery AO ELV Launch Services Information Summary, dated April 19, 2004.
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Science productivity, in any case, is difficult to measure. In addition, a mission may be completely
successful from a technical standpoint but fall short of exploiting the science results for budgetary or
management reasons. Tables 5.4 and 5.5 provide a partial overview of the science activities (Phase E) for
recent Explorer and Discovery missions16 (one example of an activity is a guest investigator (GI) program).

The science activities noted in Tables 5.4 and 5.5 represent commitments to and investments in the
mission science on the part of both the PI and NASA. PIs make the decisions on what portion of the cost
cap to allocate to Phase E. The missions in Tables 5.4 and 5.5 allocate approximately 10 percent to Phase E
activities. The exceptions, Stardust and Genesis, invest nearly a quarter of their mission caps to cover the
extra costs of analyzing and curating returned samples. The relative amounts of Phase E funds invested in
mission operations (MO) as opposed to data analysis (DA) were unavailable. All Explorer and Discovery
missions have an open data policy, and data are deposited in a public data archive at the earliest practical
opportunity. As in all missions, the bulk of the data analysis and interpretation is done by community
scientists who are not project team members through competitive proposals to the supporting research and
technology (SR&T) program and data analysis programs (DAPs), such as the Discovery DAP, which are
separate (budgetarily and, in the case of SR&T, programmatically) from the PI mission lines. In at least one
case (e.g., RHESSI), the PI budgeted funds for a dedicated GI program that was administered by NASA
Headquarters. The source of the funds will determine when these GI and/or DAP funds become available
and who may apply for them. A study of the effectiveness of these approaches to exploiting the science
achievements of PI-led (or other) space science missions is beyond the scope of this report. However, the
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FIGURE 5.2 Impact of inflation on Discovery AO cost caps. This chart was taken from a cost study done by the Earth and
Space Sciences Support Office (ESSSO) in 2002 and resulted in Headquarters raising the cost cap in Discovery AOs in 2004.

16The committee has not assessed the science productivity of PI-led missions. Such a task is beyond the scope of the committee’s
charge.
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TABLE 5.4   Science Activities (Phase E) of Selected Explorer Missions

Mission % of
Cost Mission Cost

Mission (million $) for Phase Ea Comments + Any Science Activities Other Than Putting Data in the Archive

IMAGE 152.1 15 Launched in March 2000 for a 2-year prime mission. Approved for extended mission
in the 2001 Senior Review. Data analysis software made available.

WMAP 161.8 9.5 Does not include DSN services; does not include archiving. Neither were required in
the AO before full-cost accounting. Extended twice through Senior Reviews.

RHESSI 93.6 14 Supposed to launch in July 2000 for a 2-year prime mission. Actually launched in
February 2002. Approved for extended mission in 2003 Senior Review. Funds a GI
program.

GALEX 108.2 Proposed, 10; Original Phase E funding used to supplement Phase C/D. Additional Phase E money
Actual, 14 granted through 2004 Senior Review.  Phase E underestimated by about $10 million.

Swift 241.3 6 This is projected cost (Swift prime mission runs through 2006). Proposed and selected
Phase E was for 3 years. One year was reprogrammed into Phase C/D. This is the full
cost (includes GSFC manpower).

NOTE:  DSN, Deep Space Network; GI, guest investigator; GSFC, Goddard Space Flight Center. The senior review evaluates operating
space science missions against one another and creates a priorities list for funding extended science activities and mission operations.
aIncludes MO&DA.
SOURCE:  NASA Headquarters and mission Web sites.

TABLE 5.5  Science Activities (Phase E) of Selected Discovery Missions

Mission % of
Cost Mission Cost

Mission (million $) for Phase E Comments + Any Science Activities Other Than Putting Data in the Archive

Lunar 69.4 11
Prospector

Stardust 209.1 26 Projected costs. Will provide returned samples to the community.

Genesis 272.3 24 Does not include additional funding for hard impact recovery. Will provide returned
samples to community.

SOURCE:  Mission Web sites and NASA Headquarters.

17See Appendix D.
18NASA, 2003, Space Science Enterprise Strategy, NP-2003-10-317-HQ, Washington, D.C.

good standing of PI-led missions in recent senior reviews and decadal surveys17 and their inclusion in
recent NASA roadmaps and strategic plans18 suggests that PI-led missions are broadly viewed as scientifi-
cally valuable and productive ways of carrying out space science missions.

The committee learned from its interviews that the science results from PI-led missions are most affected
by the presence of a PI in the implementation phase. Specifically, in several cases the PIs played a role in
preventing a decision that would have reduced the science output of their mission or even terminated the
mission. PIs have found creative solutions to prevent descoping of one or more instruments when cost or
schedule growth raised the specter of forced descopes or termination. For example, both the IMAGE and
MESSENGER missions faced threatened descopes of science instruments, which they were able to avoid by
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reconsidering instrument details and/or changing other budgeted activities. Similarly, the PI can apply man-
agement solutions to ward off threats to his or her project science goals. The Dawn mission was able to
maintain both of its targeted destinations in part through a PI-driven management change, which brought with
it a different approach to implementation. The PIs sometimes convince the program and NASA Headquarters
that additional investment beyond the original cost cap is warranted by the potential science return (e.g., as
in the case of Swift, where the PI preserved the detector area, or GALEX, where the mission proceeded to
launch in spite of large technology-development-related cost and schedule overruns).

The science return is in fact much broader than just the new knowledge about space science enabled
by a specific mission, and the PI-led programs play a particularly important role in these crucial, ancillary
aspects: (1) training the next generation of scientists and engineers, (2) strengthening the scientific and
technical infrastructure, including instrument and spacecraft developers, launch services, and the institu-
tions that manage this complex enterprise, and (3) generating excitement in the science and larger commu-
nities via the PI-led project team’s enthusiastic promotion of the mission.

EXAMPLES OF SCIENTIFIC ACHIEVEMENTS

Figures 5.3 through 5.7 show a sample of scientific accomplishments from PI-led missions.

FIGURE 5.3 The Imager for Magnetopause-to-Aurora Global Exploration (IMAGE) Explorer mission (PI James L. Burch, SWRI)
obtained the first global images of Earth’s plasmasphere, a region of magnetically confined plasma that corotates with
Earth. These images, taken in ultraviolet emissions excited by exposure of the plasma to sunlight, allow studying the
response of the near-Earth space environment to solar disturbances, a part of our space weather. Shown is an ultraviolet
image from IMAGE, with Earth in the center obscuring part of the glowing dayside plasmasphere. Available at
<image.gsfc.nasa.gov/press_release/>.
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FIGURE 5.4 The Wilkinson Microwave Anisotropy Probe (WMAP), an Explorer mission (PI Charles Bennett, Johns Hopkins
University (formerly GSFC)), revealed new detail of the cosmic microwave background (CMB), better constraining the age of
the Universe (at 13.7 byr) and the early onset of star formation (within ~200 Myr of the big bang). Shown are all-sky images
of the microwave intensity comparing earlier Cosmic Background Explorer (COBE) mission results (top), with the higher
(35×) spatial resolution WMAP images (bottom). Available at <www.nasa.gov/centers/goddard/news/topstory/2003/0206
mapresults.html>.
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FIGURE 5.5 Lunar Prospector, an early Discovery mission (PI Alan Binder, Lunar Research Institute), obtained data on the
rate of ~0.25 to 10 eV (electron volts) energy neutron emission from the lunar surface. The dark blue and purple areas on the
maps indicate low counting rates. These low rates support the idea of hydrogen-rich deposits covered by regolith. These
data were used to produce the two-color coded maps, which show evidence for water ice at the north (left) and south
(right) lunar poles. Available from <lunar.lanl.gov/pages/water.html>.
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FIGURE 5.6 The Ramaty High Energy Solar Spectroscopic Imager (RHESSI) Explorer mission (PI Robert Lin, University of
California, Berkeley) captures images of the hard (>10 keV) x-ray emitting regions in solar flares. Shown are sample RHESSI
x-ray images in two energy or wavelength ranges (red and cyan), superposed on coronal ultraviolet and white light images
obtained by instruments—the Large Angle and Spectrometric Coronagraph (LASCO) and the Extreme ultraviolet Imaging
Telescope (EIT)—on the Solar and Heliospheric Observatory (SOHO) spacecraft and the more prominent extreme ultravio-
let (EUV) image from the Transition Region and Coronal Explorer (TRACE) spacecraft. SOHO Michelson Doppler Imager
(MDI) magnetograph information is also included at the photosphere for context. The flare shown occurred on April 21,
2002, in a solar active region much larger than Earth. In the composite image, the limb or edge of the Sun is clearly seen
beneath an arcade of loops that look bright at the TRACE EUV wavelengths. Images like this locate the sites of energetic
particle acceleration in the low corona and in so doing help to solve the long-standing problem of the flare energization
process. SOURCE: Available at <cse.ssl.berkeley.edu/hessi%5Fepo/html/rhessi_gallery_main.html>.
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FIGURE 5.7 The Swift Explorer mission caught a supernova in action in March 2005. The ultraviolet image shows it as a
bright point on the edge of the galaxy NGC2811. This is one of the first detailed observations of a developing supernova in
ultraviolet light. The time history of its brightness can be used to calibrate the use of supernovas to measure distance in
observations of galaxies. Available at <heasarc.gsfc.nasa.gov/docs/swift/results/releases/images/SN2005am/
SN2005am.html>.

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


52

6

Lessons Learned from
PI-Led Mission Experiences

Spacecraft missions are intrinsically complex: Success requires literally thousands or millions of things
to go right. This chapter describes the types of events that can go wrong and the potential for either the
cancellation or the loss of a spacecraft and/or its science goals and the potential for development to far
exceed the proposed and accepted cost and schedule envelope set for the mission. In most failures the root
cause can be traced to decisions made and/or events that took place, or should have taken place, before
launch or even at selection. In most cases of technical failure, the failure was traced to a single item that
was not noticed because the testing program was faulty or inadequate. In all cases, management decisions
played a role, but the question remains whether those decisions were affected by the fact that the mission
was led by a PI—for example, cost and/or schedule constraints associated with PI-led missions, divisions of
authority and responsibility unique to such missions, and oversight practices for them.

TECHNICAL FAILURES

Although summary information provides a broad picture of the PI-led mission experience and outcome,
specific examples help to put the issues into a real perspective. The examples described here are not the only
cases of technical problems in the PI-led missions but were perhaps the most visible and documented.

Comet Nucleus Tour

The Comet Nucleus Tour (CONTOUR) was a Discovery mission with Joseph Veverka of Cornell
University as PI.1 CONTOUR’s goals depended on its traveling to several comets to obtain comparative sets
of data on their composition and appearance. The spacecraft was built by APL. CONTOUR was launched
July 3, 2002, into an eccentric Earth orbit. On August 15, 2002, the integral solid rocket motor (SRM) was
fired to leave Earth orbit. The anomaly causing the loss of the mission occurred in association with that
event. The mission design did not provide for telemetry coverage of the SRM burn, nor was there optical

1Information in this section is based on the Mishap Investigation Board Report, May 31, 2003.
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coverage of it. No telemetry was received from CONTOUR following the SRM burn. From August 16 to 21,
large ground-based telescope images revealed three objects near the expected CONTOUR trajectory. A
Department of Defense analysis supported the conclusion that the spacecraft had broken apart.

The Mishap Investigation Board was unable to determine with certainty the cause of the failure
because no data were available from the SRM burn but concluded that the probable cause was overheating
of the spacecraft by the SRM exhaust plume. CONTOUR’s spacecraft design had the SRM embedded
deeply in the structure. The root causes were identified as project reliance on analysis by similarity, an
inadequate system engineering process, and an inadequate review process. The board listed a number of
significant factors, including the lack of telemetry during a critical event (the board was unanimous that this
was unacceptable unless absolutely unavoidable); significant reliance on subcontractors without adequate
oversight, insight, and review; inadequate communications between the prime contractor (APL) and the
SRM vendor; and limited understanding of SRM plume heating and operating conditions for CONTOUR.
The board also noted a lack of rigor in the engineering process and documentation and an inadequate level
of detail in the technical reviews. In addition, the board made recommendations on the standards for
reviews, including their depth and timing. It also recommended against relying heavily on previous
analysis unless it has been shown to be applicable and appropriate to the current use and recommended
recognizing and addressing the limits of critical expertise and experience within a project team.

Genesis

Genesis, a solar wind sample return mission, launched August 8, 2001. The PI is Donald Burnett of
Caltech. The mission’s main problem occurred during the scheduled aircraft “snatch” of the sample return
capsule with its parachute on September 8, 2004. The parachute failed to deploy on reentry, and the
capsule crashed in the Utah desert. In a preliminary report,2 the Mishap Investigation Board identified a
probable cause of the mishap as incorrect orientation—it had been installed upside down—of the “gravity
switch,” which should have triggered parachute deployment during deceleration in Earth’s atmosphere.

 “This single cause has not yet been fully confirmed, nor has it been determined whether it is the only
problem within the Genesis system,” said the board chair.3 The board is working to confirm this proximate
cause and to determine why it happened and why it was not caught by the test program.

TERRIERS

The Tomographic Experiment using Radiative Recombinative Ionospheric EUV and Radio Sources
(TERRIERS) mission was led by Daniel Cotton of Boston University as part of the Student Explorer Demon-
stration Initiative (STEDI) administered by the University Space Research Association (USRA) for NASA.
(STEDI missions were the predecessors of the UNEX line of Explorers.) TERRIERS launched successfully
from Vandenberg Air Force Base on May 18, 1999. It achieved a nearly perfect orbit (550 × 530 km and an
inclination of about 98 degrees).

TERRIERS operations began with the first contact of the spacecraft around 9 hours after launch. Then,
after the first three contacts it became clear that the spacecraft’s attitude control system was not functioning
properly, since the solar array was pointing away from the Sun and the system was nutating. Sometime
shortly thereafter the spacecraft ran out of battery power. Within a week or so the list of possible causes was

2Genesis Mishap Investigation Board, 2004, Interim Report, October.
3Amir Alexander, 2005, “Investigation uncovers likely cause of Genesis mishap: Stardust team confident of safe return.” Available

at <www.planetary.org/news/2004/genesis_stardust_1015. October 15, 2005. html>.
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pared down to one lone cause of failure: a sign flip in one of the three torque coil actuators. The fix for this
problem was fairly simple given the flexibility of the flight software. Numerous attempts to contact the
spacecraft continued through December 1999, with no positive results.

Failures of Core Missions

The technical failures of PI-led missions are similar to the failures of core missions. For example, there
have been three failures in the Mars program during the era of PI-led missions. Two faster-better-cheaper
(FBC) Mars missions failed, resulting in the end of that concept. For the Mars Polar Lander, hindsight
revealed several potentially fatal problems; the most likely root cause was software responding to an
erroneous early touchdown signal from the legs, causing engine shutoff. For the Mars Climate Orbiter, the
root cause was the use of English rather than metric units in a navigation routine. Only Mars Observer, a
pre-FBC core mission, appears to have had a specific hardware cause: probable catastrophic failure of the
propulsion system during Mars orbit insertion. Mishap investigation boards for these core missions re-
ported conclusions in line with those for the PI-led mission technical failures. A reader unaware of the
difference in management approaches would, in the committee’s view, not be able to distinguish between
the PI and core mission mishap reports.4

PROGRAMMATIC AND PROJECT MANAGEMENT FAILURES

PI-led missions are selected for final formulation, development, and flight at the end of their concept
(Phase A) study, which specifies a proposed total mission cost (below or equal to the program cost cap) that
the PI agrees not to exceed, and that becomes the cost cap for the mission. The PI also commits to a
schedule associated with the cost in the Phase A report. The key date in the schedule is the mission launch
date. The launch date is allowed to shift during development as long as the cost cap is not exceeded. Of
course, the planetary launch windows must be achieved. Normally, any significant slip in the launch date
will also increase cost. Thus, adherence to the cost cap is the figure of merit for program management.

When project and/or program managers project that a confirmed mission will exceed the cost cap,
NASA considers the reasons for the overrun, any extenuating circumstances, and whether to hold a
termination review. (A mission can be canceled before the confirmation review.) This criterion is the same
as that for core missions. NASA recognizes that certain cost increases are beyond any reasonable control of
the project—for example, launch vehicle cost increases and launch slips caused by conflicts with other
missions. In such cases, a termination review may not be called and the project cost cap may be adjusted
to cover the costs of the delay. If a termination review is called, it is conducted by the NASA Headquarters
Program Management Council (PMC), using information provided by the project and the program. The
PMC may solicit advice from NASA’s scientific advisory committee prior to its review. Information provided
to the committee from its interviews with NASA personnel indicated that in termination reviews cost caps
are taken more seriously for PI-led missions than for core missions owing to the competitive nature of the
PI-led mission program. The decision to terminate rests with the associate administrator of the Science
Mission Directorate. To date, only two PI-led missions, the Full Sky Astronometric Mapping Explorer
(FAME) and the Cooperative Astrophysics and Technology Satellite (CATSAT) mission, were terminated
because their projected costs unacceptably exceeded the cap. Similarly, the STEDI mission SPIDR was
canceled for technical reasons and never confirmed. Inner Magnetosphere Explorer (IMEX) was canceled

4NRC, 2000, Assessment of Mission Size Trade-offs for NASA’s Earth and Space Science Missions, Washington, D.C.: National
Academy Press, pp. 27–30.
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when it began to experience unsupportable cost growth. That growth stemmed, in part, from problems in
securing a piggyback position on a U.S. Air Force launch and from increasing NASA requirements during
Phase A development. IMEX was canceled after the Phase A (concept study) review and did not undergo
formal confirmation review.5 (See Figure 3.1, which outlines the key milestones for PI-led missions.) Thus,
although termination reviews typically apply to confirmed missions, a mission can be canceled prior to
confirmation. Several other missions have been through one or more termination reviews, resulting in
adjustments to the mission or cost cap rather than termination. However, one mission (Dawn) lost a key
science instrument by an executive decision made outside the termination review process.

Experience with spaceflight projects has shown that it is extremely rare that a mission, either PI-led or
core, is completed within its estimated cost. According to data published by the Congressional Budget
Office (CBO),6 overruns of several tens of percent are commonplace (Tables 5.1 and 5.2 show overruns for
a subset of PI-led missions and core missions). The CBO data indicate that core missions have a higher
frequency of cost overruns and that the overruns are greater, percentage-wise, than those of PI-led missions.
The vagaries of space systems development—including parts failures, unexpected problems with new
technology (usually instrumentation), component or system failures during environmental testing, incom-
plete or inaccurate cost estimations, and institutional overhead increases—mean significant cost risks for
any spaceflight project. Even if prudent budget reserves are included to mitigate the cost risks, a 10 percent
overrun is not unusual (see Chapter 5).

To date, 13 PI-led missions succeeded in achieving their missions, 8 in the Explorer Program and 5 in
the Discovery Program. Five of them exceeded 10-15 percent growth in projected cost at confirmation.
Table 6.1 lists these missions and the associated costs.

The reasons provided for the cost growth in each mission (see Tables 5.1 and 5.2) do not allow us to
separate increases due to external factors from increases due to project overruns. Thus the committee could
not identify the source of possible program or project management failures in any of the missions in Table
6.1. It also could not obtain detailed information on the use of termination reviews in the PI-led mission
programs or the number of times they were called. However, it was clear that NASA uses them as a
management tool for controlling PI-led mission cost growth.

5Personal telephone communication between the committee chair and Keith Goetz, IMEX project manager, University of Minne-
sota, on September 24, 2005. John Wygant of the University of Minnesota was the PI for IMEX.

6Congressional Budget Office, 2004, A Budgetary Analysis of NASA’s New Vision for Space Exploration, Washington, D.C.,
September.

TABLE 6.1  Cost Growth of Recent PI-Led Missions

Estimated Cost (million $)

Mission At Confirmation At Launch Percent Increase (%)

GALEX 77.6 108.2 39.4
Swift 166.7 241.3 44.5
Genesis 216.6 272.3 25.7
MESSENGER 314.0 422.5 34.6
Deep Impact 279.2 332.5 19.1

SOURCE:  NASA Headquarters.
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7Swift had problems with the Burst Alert Telescope, which ultimately cost twice the estimated cost and resulted in a 16-18 month
delay.

8For more on Genesis and science activities, see <genesismission.jpl.nasa.gov/mission/release_nasajsc.html> and <genesismission.
jpl.nasa.gov>.

Of the missions in Table 6.1, GALEX, a mission to map galaxies and other objects in the ultraviolet
wavelength, is considered a stunning scientific success and is achieving its data-gathering goals, but it must
nevertheless be viewed as having had an unfavorable development history (see Table 5.2). Likewise, Swift
is in orbit and obtaining its intended data on gamma ray bursts in spite of the technology challenges7 and
cost overruns. Genesis samples are being recovered and are expected to achieve a significant portion of the
anticipated science return,8 and MESSENGER, in spite of cost growth and major delays, will undertake the
first comprehensive survey of Mercury since Mariner 10 in the early to mid-1970s and, as such, it set the
scientific context for subsequent investigations by the European and Japanese Bepi Colombo mission.
Deep Impact was launched and achieved its targeted cometary impact goal. Clearly, it is necessary to ask
at what point problems that might cause the cost cap to be exceeded should justify mission cancellation.
This question is discussed in Chapter 7, which presents the committee’s conclusions.
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7

Conclusions and Recommendations

Overall, the committee was impressed by the strong support offered by everyone it interviewed for PI-
led missions, regardless of any problems or difficulties they encountered. Many experts remarked that the
PI-led projects put science first in making choices and setting priorities. The personal involvement inspired
by these mission lines brings to mind the pioneers of the space age. However, in spite of the great
enthusiasm, the committee identified several sources of stress for the projects that emerged as key problems
in cost and schedule management or as personnel and/or institutional conflicts. Described below are the
committee’s findings and recommendations on the most pervasive issues, which generally fall into one of
three categories: the selection process, program management, and project management.

SELECTION PROCESS

Proposals and Reviews

The task of creating a comprehensive Step 1 mission concept proposal is tremendously demanding and
expensive and is not funded by NASA. While participating NASA centers generally have access to other
sources of support for PI-led proposal activities,1 the burden of an effort with, typically, less than a 10
percent chance of selection must be borne by the proposers—namely, industry and the science community.

The committee confirmed that only a small minority of organizations have institutional funds available
to support proposal efforts for PI-led missions. The low probability of generating a successful proposal
seriously hinders the participation of the smaller aerospace and technology companies that NASA would
like to attract.2 At least the Step 1 selectees obtain NASA funding to refine their concepts in a later

1NASA centers negotiate with NASA Headquarters on bid and proposal funds, which come from center overhead funds.
2NASA AOs for PI-led missions explicitly encourage that proposers include small aerospace companies. For example, Discovery

AO NNH04ZSS0020, April 16, 2004, states as follows:

Additionally, the Discovery Program requires proposers to set goals for the participation of Small Disadvantaged Businesses (SDBs),
Women-Owned Small Businesses (WOSBs), Veteran-Owned Small Businesses (VOSBs), Historically Black Colleges and Universities
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TABLE 7.1  Reproposals Related to Discovery Mission Announcements of Opportunity

1996 1998 2000 2004

Overall reproposals 56% (9 of 16) 43% (10 of 23) 50% (13 of 26) 60% (9 of 15)

Phase A reproposals 80% (4 of 5) Phase A 100% (3 of 3) Phase A Not applicable
studies were studies were
reproposals; reproposals;
3 were selected 2 were selected

Reproposals selected for Phase B 60% (3 of 5) 66% (2 of 3) Not applicable

SOURCE: Susan Niebur, NASA Headquarters, Science Mission Directorate.

definition phase (Phase A) and have incentives to promote their ideas and report their progress in open and
accessible reports and presentations. Although the experts interviewed by the committee deemed the level
of support and the duration of Phase A inadequate, these initial awards allow substantial refinement and
further detail in key areas of the mission concept.3 It is notable that more than half of the selected concepts
at both stages of selection were new versions of concepts that had previously been proposed but were not
selected. According to NASA Headquarters, about 60 percent of Explorer proposals (including the 1998
MIDEX, the 1999 SMEX, the 2001 MIDEX, and the 2003 SMEX) were reproposals; 60 percent of the
Explorer proposals selected for Phase A studies were reproposals, and 75 percent of Explorer proposals that
resulted in missions downselected to Phase B or extended Phase A were reproposals.4 Table 7.1 provides
similar statistics for the Discovery Program.

A Step 1 selection process based on a succinct scientific and technical implementation description
should be possible. For high-ranked proposals, this approach could be supplemented with follow-up
questions from the selection committee.

In 1999, NASA tried a TMC-lite review and selection process for the 2003 SMEX opportunity: Step 1
proposals were not required to provide so many details of cost and schedule, nor were they required to
include formal approvals of their needed commitments and budgets. Thus, rigorous TMCO reviews were
not done at Step 1, giving science the most weight in the initial selection. A larger number of concepts were
provided Step 2 or Phase A funding. At the end of Phase A, the concepts were all deemed more risky than
concepts that had been subjected to the original two-step full TMCO evaluation process. Proposers later
suggested that TMC-lite required almost the same level of investment and team effort except for the formal
endorsements. NASA Headquarters perceived that the missions selected from the 2003 SMEX round did
not fare well, and one of the two selected missions was canceled at Phase B. NASA program officials
concluded that the original selection process was superior and abandoned the TMC-lite review. At least
one interviewed official indicated that NASA funded Phase A studies for missions that were viewed by

(HBCUs), and other Minority Educational Institutions (MEIs) in proposed procurements (see Section 5.8). Participating Scientist Programs
(PSPs), Data Analysis Programs (DAPs), and/or Guest Observing programs (GOs) that involve more members of the community in the data
analysis and/or mission operation are encouraged, as described in Section 5.2.5.

NASA 2003 AO-03-OSS-02 for SMEX and MoOs states, similarly:

The PI and team members shall agree to use their best efforts to assist NASA in achieving its goal for the participation of small disadvan-
taged businesses (SDB’s), women-owned small businesses (WOSB’s), historically black colleges and universities (HBCU’s), and other
minority institutions (OMI’s) in NASA procurements. Investment in these organizations reflects NASA’s commitment to increase the partici-
pation of minority concerns in the aerospace community and is to be viewed as an investment in our future.

3For the core mission Solar Dynamic Observatory, nearly 10 percent of the total mission cost was spent to establish the cost cap
(technical baselines, cost, and schedule), which is significantly more than is spent for PI missions.

4Paul Hertz, assistant associate administrator for science, Science Mission Directorate, NASA Headquarters.
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selection panels as unlikely to advance. This information suggests the TMC-lite concept may not have been
optimally applied.5

Based on the information gathered, the committee believes that revisiting the TMC-lite process and
exploring other approaches might be one way to reduce the burden on proposers and might offer NASA an
efficient and less burdensome proposal process. (In fact, despite the full TMCO process—parallel science
and TMCO reviews—that is currently applied to PI-led missions, some of these missions still face cost
overruns and problems with technical readiness (see Chapter 5).) TMC-lite also could reduce the barriers to
entry and improve the competitive field for PI-led concepts, because PIs from smaller or less-well-endowed
institutions may be better able to participate in a TMC-lite process.6 As discussed above, a TMC-lite Step 1
selection process that includes an option for selection committees to follow up with questions for highly
ranked proposals is one possibility.

The composition of the review panel may also contribute to the effectiveness of the selection process.
NASA needs to rely on expert advice at every stage of the selection process to make the best possible
decisions. A panel that does not have enough information from a proposal to make a confident decision
may benefit from being able to question the proposers for clarification.7 Similarly, a review panel that does
not believe it has the internal expertise to properly evaluate a concept should be able to take on additional
advisors. Better-informed expert opinion and fewer Phase A selectees, who would be funded more gener-
ously and given more time in Phase A, could help to stop recent cost and schedule growth in PI-led
missions.

The committee considered whether the unrestricted nature of the solicitations for concept proposals is
an aspect of PI-led mission programs that could be modified. The very large number of possible scientific
concepts increases the difficulty of proposing and of choosing from among competing missions. There are
many more scientifically worthy mission goals than can be accomplished by any program with limited
resources and budgetary constraints. In the current evaluation process, technical, management, cost, and
other (TMCO) selection panels spend time on detailed assessments no matter what the ranking or timeli-
ness of the science, while a science panel works in parallel to prioritize without knowing the concept’s
TMCO feasibility. This approach greatly taxes review panels and detracts from the depth of review for those
concepts that are finally selected. In addition, the proposers never benefit from the full TMCO review,
because the panel shares only a limited amount of information with the proposers in verbal debriefings.
Moreover, even if the science panel uses community-based studies and NASA roadmaps as one measure of
the desirability of a particular concept, they are often so broad in scope that they do not help to narrow the
field.8 For New Frontiers missions, a few key programmatic/strategic mission targets are specified, although
details of the science investigations and mission implementation are left open. The relative success of this
practice in achieving the desired goals of the PI-led mission programs remains to be demonstrated.
Nevertheless, the committee learned that in the case of New Frontiers, the ability of the proposing and
selecting groups to focus on fewer targets, and thus fewer proposals, has simplified the selection process,
with only a small subgroup of the scientific and technical communities engaged.9 The practice of focusing
on fewer targets need not be viewed as restricting the number of targets but rather as highlighting desirable

5The committee’s information on the PI-led selection process was acquired, in large part, from R. Wayne Richie, who at the time was
Mars acquisition manager at NASA Langley.

6Those PIs from smaller institutions should be able to attract the necessary infrastructure support once they have successfully
passed the first selection stage.

7For example, a panel may wish to contact proposers in cases where a limitation on the number of pages or a misunderstanding of
the AO requirements is considered to be the main problem rather than the quality of the proposals.

8See SRM3 Solar System Exploration Strategic Roadmap, available at <www.lpi.usra.edu/opag/announcements.html>, accessed
August 8, 2004.

9In the case of New Frontiers, selection review panels were larger because of the higher dollar value of the mission.
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targets. A proposal that successfully sells itself to the selectors but is not addressing a highlighted target
need not be any less competitive.

The selection process is a critical part of PI-led mission programs and can sometimes guarantee the
success or failure of missions up front. Based on data gathered during the study, the committee concluded
that the selecting panels, both scientific and technical, are spread thin and that there are too many mission
concepts to sort through and too many viable options for PI-led missions. Moreover, in spite of all of the
effort expended on the Step 1 proposals (concept proposals) and selection (see Chapter 3), PIs, PMs, and
NASA officials considered that Phase A study results were often too superficial to ensure successful
performance in subsequent phases. The combination of a menu containing fewer but higher-priority
science topics or targets and longer, better-funded Phase A studies could set selected PI-led missions on a
more solid path to keeping their cost, schedule, and science goals.10 The narrower range of science topics
or targets is in subtle respects already evident in programs other than New Frontiers, first in the choices that
NASA centers and the aerospace industry make in teaming on PI-led proposals and second in the final
decisions by NASA Headquarters selecting official(s). Proposed missions are judged not in isolation but in
the context of the core missions and NASA roadmaps as well as the distribution of missions among the
various competing disciplines, centers, and institutions.11 It is important that the PI-led missions continue
to complement the strategic missions identified in the decadal surveys and roadmaps and provide oppor-
tunities for pursuing scientific objectives that have not been decades in the planning. Some interviewees
suggested that other considerations—including existing workload, recent performance at an implementing
organization, and program office mission preferences—may also influence the outcome. The committee
believes that proposers would benefit from more specific guidance, when possible, on NASA priorities and
program directions at the time of the AO releases.

Recommendation 1. NASA should consider modifying the PI-led mission selection process in the
following ways:

• Revise the required content of the mission proposals to allow informed selection while minimiz-
ing the burden on the proposing and reviewing communities by, for example, reconsidering the TMC-lite
approach and eliminating the need for content that restates program requirements or provides detailed
descriptions such as schedules that would be better left for postselection concept studies,

• Alter the order of the review process by removing low- to medium-ranking science proposals
from the competition before the TMC review, and

• Allow review panels to further query proposers of the most promising subset of concepts for
clarification, as necessary.

Recommendation 2. NASA should increase the funding for and the duration of concept studies (Phase A)
to ensure that more accurate information on cost, schedule, and technical readiness is available for final
selection of PI-led missions.

Recommendation 3. NASA should make explicit all factors to be considered in the selection of PI-led
missions—for example, targets and/or technologies that are especially timely and any factors related to
allocating work among institutions and NASA centers.

10Paul Graf, Aerospace Solutions LLC, comments to the committee on November 18, 2004. Dr. Graf indicated that missions that had
spent 10-15 percent of total mission costs on Phase A/B experienced lower project overruns.

11See SRM3 Solar System Exploration Strategic Roadmap, available at <www.lpi.usra.edu/opag/announcements.html>, accessed
August 8, 2004.
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Proposing Team Experience and Leadership

Sufficient numbers of PI-led missions have now been through the implementation phase to have
produced a pool of scientists, engineers, and managers with the unique perspective of experience. Pro-
spective reviewers who are no longer actively competing for PI missions would be especially capable of
recognizing potential difficulties in a proposing team’s approach. Based on the committee’s interviews, the
importance of the team leader’s experience and team “chemistry” to the success of PI-led missions cannot
be overstated. For example, inexperienced PIs and/or PMs from different institutions who have not worked
together on a technical flight project are more likely to experience institutional and personnel issues12 that
interfere with project implementation than those who have previous experience with missions or technical
projects. Teams that include instrument providers from different institutions with various administrative and
management styles could face communication problems or contractual difficulties unless they have expe-
rience working with a variety of external team members. PMs need to work with their PIs to propose the
implementation plan for their own missions. The committee believes that the selection process does not
sufficiently weigh the teaming aspect in proposal evaluations. As it stands, most reviewers generally do not
have firsthand knowledge of the proposers and have not themselves participated in a PI-led project. Use of
noncompeting members of successful PI-led mission teams as reviewers could provide insight on this
sometimes subtle matter of project internal organization during the selection process. While the basics of
mission implementation success are common to both core and PI-led missions, the cost cap issue must
figure prominently into every decision or change made in a PI-led project.

PIs and PMs reported to the committee that the effectiveness of PIs and their teams is dependent on
personality, background, and institutional culture. In particular, prior experience in space hardware devel-
opment provides the opportunity for mutual understanding to grow between scientists, engineers, and
managers as well as an appreciation of the realities of flight projects, including the persistence and time
commitment needed on the part of the PI and PM. Several previous PI-led space science missions,
especially in the Explorer line, had the advantage of PIs and PMs with significant experience in either
orbital or suborbital hardware development, usually for scientific instrumentation. Successful PIs who
lacked space hardware construction experience had often acquired management experience from both
space missions and ground-based projects and realized the necessity of identifying a capable PM who
could manage the technical implementation. However, there is concern that opportunities to gain experi-
ence, both for PIs and their engineering and management teams, are dwindling. For example, the sounding
rocket program has dramatically diminished since many of the current PIs gained their experience (see
Figure 7.1), and small satellite programs such as the University Explorer (UNEX) program have not been
carried forward, primarily because of the limited availability of small launchers in the United States. The
balloon program serves only a limited set of subdisciplines, primarily Earth-Sun System and astrophysics.
The planetary science discipline has traditionally focused on instrumentation designed for ground-based,
rather than space-based, observatories. Thus, opportunities for training future PIs and PMs need to be
acknowledged as an essential part of the PI-led mission programs themselves.

Deputyships and apprenticeships have been mentioned in some but not all AOs of PI-led programs. PI-
led missions provide a unique opportunity to gain experience on the entire mission development process,
from the science concept to instrument development, to spacecraft design, to mission operations, and—
finally—to data analysis. Involvement in this end-to-end development process bolsters the cadre of expe-
rienced people who will become future PIs and PMs. Thus, these missions play a key role in training leaders
for future spaceflight programs. However, prospective PIs and PMs also need to aggressively seek experi-

12Institutional and personnel issues include, for example, contractual language, documentation practices, style of management, and
treatment of personnel.
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ence relevant to PI-led missions in suborbital, core mission, and/ or technology development programs to
make themselves competitive.

Recommendation 4. NASA should develop PI/PM teams whose combined experience and personal
commitment to the proposed implementation plan can be evaluated. NASA should also provide opportu-
nities for scientists and engineers to gain practical spaceflight experience before they become involved in
PI-led or core NASA missions. These opportunities could become available as a result of revitalizing
some smaller flight programs, such as the sounding rocket and University-class Explorer programs.

Technology Readiness

PI-led mission AOs encourage the infusion of advanced technologies but not necessarily their develop-
ment.13 Several experts reported that project technology development efforts often lag planned progress

FIGURE 7.1 NASA sounding rocket launches, 1999-2003. SOURCES: Available at <www.univ.perp.fr/fuseurop/a/nasa.htm>
and <www.wff.nasa.gov/news/index_news.php>.
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13NASA AO AO03-OSS-02 for Explorer Program SMEX and MoOs states as follows: “Instructions for the advanced technology
component of the proposal are contained in Appendix B. A detailed advanced technology infusion and transfer implementation plan
will be developed by each selected investigation as part of its Phase A concept study.”

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


CONCLUSIONS AND RECOMMENDATIONS 63

owing to unexpected design failures, fabrication or testing issues, or other glitches. One approach to
mitigating this risk is to follow several parallel technology development paths. In two cases (RHESSI and
THEMIS), the project teams funded alternative or backup subsystem developments for their projects and
ended up using them.14 The committee found that attempts by mission projects to use promising but
immature technology is a frequent cause of PI-led missions (and others) exceeding the cost cap.15 For
example, GALEX team members reported that several technological challenges had affected the mission
schedule.16 Schedule erosion is either rationalized or unrecognized by the project management until it is
too late to recover without a significant cost impact.

In 2004, the crosscutting technology program at NASA was moved to the Exploration Systems Mission
Directorate and its focus was changed to exploration systems technology. This program had previously
resided in the Aerospace Technology Directorate and, before that, in the Science Mission Directorate. The
individual missions are currently responsible for funding any focused or directed technology that they
require. The existence of Category 3 selections (projects that exhibit compelling science but are not
technologically mature enough for selection), combined with evidence of cost overruns due to technology
development factors (see Chapter 5), indicates a need for program-specific technology development oppor-
tunities. The committee viewed Category 3 selections as awkward: They are not mission selections, nor are
they selections for an explicitly competed technology development program. The committee believes there
should be a cleaner division between mission competitions and selections and technology development
competitions and selections. It would be highly desirable, in the committee’s view, for all major new
technology development efforts for PI-led mission programs to be undertaken outside of project implemen-
tation, because such development could have potentially significant adverse impacts on mission costs and
schedules.

In the recent past, both the Explorer and Discovery programs provided the opportunity for selection as
Category 3 projects, which received funding to advance their necessary new technology to a level ad-
equate for future PI-led mission selection. However, because they were selected as a discretionary option
within the mission competition, they were not openly competed as technology development efforts. The
programs could include, or be tightly coupled to, substantial advertised technology development opportu-
nities that fund promising new technologies not yet incorporated into a particular mission. A proposer
should not need to write an entire mission proposal to advance the technological readiness level of a
mission concept.

One effective way to assure that major new technology developments apply to PI-led mission program
lines is to have the PI program sponsor the technology development. For example, the unique new
technologies required by the PI-led planetary science missions might be best sponsored by the Discovery/
New Frontiers Program Office. As a case in point, Kepler required development of a photometer, which was
possible only because the PI was a civil servant, had time to work on the project, and was able to obtain
funding from a NASA center director’s discretionary fund. Of course there are also efforts external to the PI-
led program that can be taken advantage of as well—for example, the Mars Scout Program benefits from
having access to technologies developed for the Mars Exploration Program.

If each PI program regularly sponsored new technology opportunities (for example, as program ele-
ments in the AOs), the technology pipeline for PI-led mission programs would be much better assured.

14For example, RHESSI developed other versions of its roll angle sensor and 20-micron grids and needed to use them. THEMIS used
its backup detectors and is developing other backup systems.

15NRC, 2000, Assessment of Mission Size Trade-offs for NASA’s Earth and Space Science Missions, Washington, D.C.: National
Academy Press, pp. 27-28.

16On GALEX, for example, the aspheric beamsplitter and its unique multilayer coating involved unanticipated technical hurdles,
and the detectors involved novel technology that presented special difficulties.
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Proposals for multimission advanced technology developments could be solicited through a more general
NASA research announcement (NRA), but with PI-led and other current mission PIs and PMs included in
the selection process. Proposals for both the breadboard and brassboard (closer to flight-ready design)
levels of development could be solicited. (Interviewees identified brassboard-level technologies as a
needed but missing component of the current AO opportunities.) The areas of technology focus for a
particular program or NRA solicitation could be identified by a panel of scientists and engineers, including
those involved in PI-led missions and science mission prioritization studies. The results of the competed
technology developments could be made available to the proposing community via the PI-led program
library, which is accessible on the Web.17 A technology program such as the one described above was
successful within the Explorer Program in the late 1990s but was discontinued when NASA Headquarters
cut technology funding (~$5 million per year) from the Explorer budget.

Recommendation 5. NASA should set aside meaningful levels of regular funding in PI-led programs to
sponsor relevant, competed technology development efforts. The results from these program-oriented
activities should be made openly available on the program library Web site and in articles published in
journals or on the World Wide Web.

Funding Profiles

Funding profiles are the estimated schedules for spending funds over the course of a project’s design,
development, and operations. In the past, the Discovery and New Frontiers programs predefined their
funding profiles. In so doing, the program dictates the progression of mission development and implemen-
tation based on the funds that it is expected to have rather than the best schedule for the mission. The
committee agreed with the concerns of some interviewees about the imposition of funding profiles in the
Discovery and New Frontiers AOs. PI-led missions, particularly planetary missions, are already constrained
in many dimensions, including launch timing, management practices, and total costs. Several of those
interviewed mentioned that predefined funding profiles could contribute to cost and schedule overruns
and increased risks when funding that should be spent early in the project is deferred to fit the required
profile. The Discovery and New Frontiers programs could consider the strategy used in the Explorer
Program, which does not impose funding profiles in its AOs.18 That is, proposers are free to let funding
profiles be dictated by the nature of the mission, and the profiles are considered by program officials as part
of the selection.

Recommendation 6. NASA and individual mission PIs should mutually agree on a funding profile that will
support mission development and execution as efficiently as possible. If NASA must later deviate from
that profile, the mission cost cap should be adjusted upward to cover the cost of the inefficiency that
results from the change in funding profile (see Recommendation 10).

International Contributions

During the development of this report the committee often heard from interviewees that international
collaborations are viewed by NASA as introducing significant difficulties and risks into mission projects.

17The Web site of the Discovery Program library can be accessed at <centauri.larc.nasa.gov/discovery/DPL>.
18The Explorer Program Office has established nominal funding profiles based on the actual spending profiles of prior missions,

but these are used only to define a realistic AO release schedule that does not artificially constrain the proposers.
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NASA now requires a firm commitment of funding by an international team member at the time of proposal
submission, a requirement that does not usually suit the funding allocation schedules of the would-be team
member. Further, because NASA AOs and times of selection are not known well in advance, this require-
ment means the foreign team member’s government must commit funds for an indeterminate length of time
for an opportunity that has only a small probability of being selected (about 5 to 10 percent) (see Chap-
ter 3). The loss of international contributions to PI-led missions would have major science impact—for
example, Dawn’s camera to image Ceres and Vesta is a German contribution and RHESSI’s hard x-ray
telescope is provided by Switzerland.

In addition to the funding commitment schedule, there are three other serious obstacles to interna-
tional collaboration: (1) the constrained access of foreign-born students and faculty in the United States to
technical information about the missions; (2) restrictions limiting the participation of foreign-born students,
engineers, and scientists; and (3) the difficulty of procuring hardware from non-U.S. vendors. The first
problem is by far the most serious. In a university environment where equal access to information by all
members of the academic community is the rule, it is difficult to develop, test, and calibrate an instrument
that is considered to be on the munitions list and thus ITAR controlled.19 The ITAR rules involved in
implementing a mission are confusing and poorly defined. Moreover, because ITAR does not provide
clearly defined procedures for the space research community, it is easy to either ignore the rules or
overapply them. Because science instruments are valuable only to the extent that their calibration is well
understood, appropriate calibration facilities and personnel to operate them must be available. Such
university test facilities often involve students, engineers, and technicians who are foreign born, and ITAR
is unclear on how the rules apply.

Even in cases where ITAR licenses can be obtained, the time required to acquire the licenses and
document all transactions, and the difficulty and delicacy of communications dealing with problems in
technical development, can seriously increase cost and schedule delays for PI-led mission projects.

The committee was not tasked with providing a critical analysis of issues arising from ITAR that are
imposed by agencies and policy makers outside NASA. As noted in the Space Studies Board report The Sun
to the Earth—and Beyond: A Decadal Research Strategy in Solar and Space Physics,20 NASA should consider
how ITAR-related mandates impact all missions with an international component. In the highly constrained
PI-led programs, the additional burdens due to ITAR can be magnified. Moreover, the committee believes that
the value of respecting and maintaining U.S. international teaming relationships in space science missions,
including PI-led missions, and the value of including universities and their students in these missions should
not be underestimated. The PI-led programs themselves can help in this regard by communicating and
documenting the best approaches and practices gleaned from their international teaming experience as part
of their lessons learned. Unfortunately, in the current environment, international collaborations, in spite of
their demonstrated benefits, will likely remain a perceived risk for PI-led missions.

Recommendation 7. NASA PI-led-mission program officials should use recent experiences with ITAR to
clarify for proposers (in the AO) and for selected projects (e.g., in guidance on writing technical assis-
tance agreements and transferal letters21) the appropriate application of ITAR rules and regulations.

19In 1999, space science satellites became part of the U.S. munitions control list (USML) and therefore subject to ITAR, which is
administered by the U.S. Department of State. ITAR includes regulations that control the export of USML items, and this jurisdiction
“authorizes the President to control the export and import of defense articles and defense services” that are designated on the USML
(ITAR, Sections 120.9 and 120.1). As part of its data-gathering effort, the committee solicited input from PI and PM interviewees on
the impact of ITAR on PI-led missions.

20NRC, 2003, The Sun to the Earth—and Beyond: A Decadal Research Strategy in Solar and Space Physics, Washington, D.C.:
The National Academies Press, pp. 159-161.

21Transferal letters are documents that describe relationships between NASA and foreign institutions or funding agencies, for example.
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PROGRAM MANAGEMENT

Program and project management are at the heart of the many concerns about PI-led missions. A
mission failure, whether technical or programmatic, can often be traced to a management failure. Likewise,
successes often stem from good management. Most of the comments the committee received from the
PI-led program community revolved around management issues.

Even though the AOs solicit innovative management plans, NASA’s program management often im-
poses itself on PI-led projects. Most PI-led programs share a common overall structure: a headquarters arm
that is responsible for policy and the selection of missions and a program office that is responsible for the
final formulation and implementation of missions. The details of program office structure and location are
unique to the particular PI-led program (see Chapter 2). The following section presents the committee’s
findings on organizations and practices within the space science PI-led mission programs.

Role of the Program Office

The inputs received by the committee from PIs and the space science community22 emphasized the
need for a well-run and stable program office that enables project implementation and the benefits of such
an office. In particular, several PIs, PMs, and other interviewees said the Explorer Program Office was a
significant factor in the success of PI-led missions under its aegis. The committee examined the program
management approach for the various PI-led mission lines to learn which factors affected their ability to
provide the needed support for their projects and for NASA Headquarters.

Based on the information provided to it and as discussed in Chapter 4, the committee finds that in the
past, instability in the Discovery Program Office (DPO) led to confusion in the projects about the lines of
authority. Multiple communication paths between Headquarters and the DPO sometimes resulted in
conflicting direction to PI-led projects. Policy changes were not communicated until problems became
apparent during status reviews. Discovery projects still succeeded, although DPO instability made it more
difficult to manage Discovery projects efficiently and effectively. It remains to be seen if the new Discovery/
New Frontiers Program Office at MSFC will have the authority, adequate staffing, MSFC support, and
unambiguous lines of communication between Headquarters and the projects needed to manage the
extensive list of PI-led missions for which it is responsible. The Discovery/New Frontiers Program Office
appointees confirmed that they have been studying the Explorer Program Office as they work to set up their
operation. The committee heard no specific comments on the operation of the Mars Scout Program Office
at JPL, but that office is still managing its first mission.

Recommendation 8. NASA should ensure stability at its program offices, while providing sufficient
personnel and authority to enable their effectiveness, both in supporting their missions and in reporting
to and planning with Headquarters.

Program Oversight Practices

NASA acknowledges that AOs evolve and adapt to prevailing budgetary, programmatic, and agency
climates. NASA Headquarters continuously updates and clarifies requirements in each successive AO
release based on agency goals and on issues arising in the past and in ongoing projects. PI-led missions

22Inputs for this study from the space science community were elicited by notices published in newsletters and by questions sent
directly to PIs.
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typically take 5 or more years from the AO release date to complete their formulation and implementation
phases. Many PIs and PMs cited problems with the increased oversight that was imposed on missions
under development during the late 1990s, when NASA activities as a whole were being reconsidered and
their style revised to comply with faster-better-cheaper directives.23

PIs and PMs reported to the committee that the primary manifestation of this new NASA oversight
approach was the additional layer of reviews (on top of those that were originally planned) by the program
offices or NASA Headquarters.24 For example, the RHESSI and GALEX Explorer projects initially were
allowed to establish their own system review teams. During implementation, however, these review teams
were replaced by NASA-led, independent review teams. The usefulness of a given review depends on many
factors, including, for example, the reviewers, timing, level of detail, and level of formality. A majority of
the project PIs and PMs interviewed by the committee said that many of the additional reviews directed by
the program offices, especially the formal reviews, were more disruptive than beneficial.

The staff time needed to prepare, present, and close a formal review is considerable and takes away
from the primary bench-level engineering and management tasks. Given the tight budgets and schedules
involved in PI-led missions, nonproductive and/or excessive reviews can hinder mission success more than
they help NASA oversight. In at least one case, more engineers had to be hired because the senior
engineers were too busy supporting reviews. PIs and PMs who spoke to the committee suggested that
despite being impractical, inappropriate, or unaffordable, a number of the requests for action (RFAs)
submitted by the formal review panels still demand a careful, serious, and time-consuming response.
Review panels also do not always seem to be aware of the style of mission they are reviewing, especially
its constraints. At present, AOs do not address those Headquarters or program requirements that may be
introduced after selection. Changes of scope are not uncommon, and there are standard procedures for
addressing such changes. The PI-led mission PI and PM should not be held accountable when their
authority is superseded and new oversight is imposed.

In center-led core missions, changes of scope are typically assessed for their impact, and appropriate actions
in response to the change are negotiated between the various team members in the project, the center(s), and
NASA Headquarters. NASA routinely adjusts the budget of rescoped missions, usually on an annual cycle. PI-
led missions are programmatically limited in their ability to address changes in scope because there is no such
yearly adjustment to the cost cap. Inexperienced PIs may try to absorb the budgetary impacts of such reviews
within their project budgets, sometimes unsuccessfully, to preserve their good performance record.

The above oversight changes have collectively eroded PI authority. PIs who led missions within the last
3 years say that the authority of PIs to make decisions about their missions has been seriously challenged
by the new NASA oversight requirements and constraints. This shift has occurred because NASA has
become more risk averse, even for PI-led missions, whose AOs solicit management innovation and initia-
tive. For example, PIs need to be able to manage their own cost and schedule margins and reserves and to
determine any modifications, such as descopes,25 to science instruments or spacecraft capabilities as long

23See NASA, Mars Program Independent Assessment Team, Summary Report, March 14, 2000; Mars Climate Orbiter Mishap
Investigation Board Phase I Report, November 10, 1999, available at <ftp.hq.nasa.gov/pub/pao/reports/1999/MCO_report.pdf>. Also,
on faster-better-cheaper, see “A view, a vision, an imperative,” speech by Daniel S. Goldin, NASA administrator, American Geophysi-
cal Union (AGU) meeting, NASA Goddard Space Flight Center, December 16, 1998; “A challenge to change: NASA’s nonlinear path
to the future,” speech by Daniel S. Goldin, NASA administrator, American Astronautical Society, Goddard Memorial Symposium,
Arlington, Va., March 10, 1993.

24Reviews can be useful tools for evaluating project performance and are described in NPR 7120.5B, now updated as NPR
7120.5C, a NASA document that provides a guide for PI-led mission managers.

25NASA requires that PIs include a descope plan when proposing for PI-led missions. This plan outlines the systems, instruments, or
spacecraft components, mission operations, and schedule elements that will be eliminated from the mission should the mission face
cost or schedule problems. Any eliminations are planned with the goal of preserving the minimum acceptable science for the mission.
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as minimum science goals and cost and schedule constraints are met. NASA oversight has also increased
as the cost caps and complexities of the PI-led missions grow (as, for example, in the New Frontiers line).
NASA needs to consider where the practical limits of the PI-led approach lie in mission implementation so
that missions do not become PI-led in name only. It may be appropriate to reconsider guidelines for the PI-
led mission lines in terms of levels of PI authority and control, which might depend, for example, on the
cost and/or complexity of the mission. For example, a mission with many instruments, a complicated
spacecraft design, unusual environmental constraints, or a long cruise will likely benefit more from NASA
oversight than a simple Earth orbiter with one or two sensors. A one-size-fits-all oversight philosophy is
wasteful of time and effort.

Other recent important changes are the program requirements for given levels of unencumbered
budgetary reserves in the cost estimates for PI-led projects. Costs are estimated at a very early development
stage (pre-Phase A in most cases) using the level of reserves required for the project specified in the AOs.
These estimates are then used as the baseline for the project’s cost cap. The TMCO reviewers of the Phase
A study or the concept study may recommend to the program what they consider is an adequate reserve for
the mission, but the selection cost cap usually stands. Given the number of changes that can occur during
the formulation and implementation of a space mission, not only within the project itself but also in the
external environment, requiring a fairly high cost reserve level at the start of Phase B should help reduce
the chance that a given project cannot meet its cost cap. However, the cost reserve is not a change that can
be easily arranged within an ongoing project without major impacts. The requirement to increase reserves
during implementation has occurred in at least one Discovery project, Dawn. A change in reserves
constitutes a major change of scope for which all original constraints on the project (cost, schedule,
technical content) need to be adjusted so that the change does not impair a mission’s performance. In
addition, the pressures to increase reserves under a given cost cap naturally put pressure on the science
content of the missions and may exacerbate the tendency to include overly optimistic cost estimates in
mission proposals.

The majority of past PI-led projects used NASA-provided facilities such as launch vehicle services,
navigation, and tracking and data distribution services. These services need to be budgeted based on the
information available at the time of the AO release. The PI of a selected mission has no control over or
knowledge of how the cost of these services might increase over time (assuming the same level of service
originally specified in the proposal). In the mid- to late 1990s, in particular as NASA began full-cost
accounting, the cost of these services (e.g., for NASA personnel, for facilities use, and for launch vehicles)
changed significantly. (See Figures 5.1 and 5.2 for examples of increases in launch vehicles costs and
inflation.) In some early cases, cost increases were expected to be absorbed by the projects. More recently,
NASA-provided services such as launch vehicles and DSN use have been removed from project cost caps.
This practice needs to be standardized and explicitly described in future AO releases for potential users of
these services. Moreover, the full-cost accounting of center personnel and other center contributions
continues to frustrate PI teams’ ability to predict, track, and report costs. PI-led mission programs need to
assist their projects in the cost management task by ensuring that PIs and PMs have needed insight and cost
data from their NASA center team members.

Currently, several practices in place partly address the need for adjusting the cost cap when doing so
can be justified. These include the configuration change request (CCR) and the Program Operating Plan
(POP) processes. A CCR can be requested by the project and may be forwarded by the program to
Headquarters. However, when it receives a CCR for a funding increase beyond the cost cap, Headquarters
may decide to call a termination review. It is not apparent that the CCR process can be used for changes
imposed by NASA for added oversight or other requirements. POPs constitute NASA Headquarters’ formal
acknowledgment and approval of changes that have been requested. PIs and PMs, and the programs
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themselves, are not generally clear on when and if the CCR and POP processes can be used to address
externally driven changes in scope and, hence, costs.

It is important to consider the constraints on PI-led missions when instituting new or additional mission
requirements, such as those that may be imposed by the newly established Independent Technical Author-
ity (ITA). Appropriate actions on the part of the PI-led projects need to be discussed within the programs
and projects as soon as possible to limit schedule disruption and risks.

Recommendation 9. NASA should resist increasing PI-led mission technical and oversight requirements—
as, for example, on quality assurance, documentation, ITA-imposed requirements, or the use of indepen-
dent reviews—to the level of requirements for larger core missions and should select missions whose
risks are well understood and that have plans for adequate and effective testing.

Recommendation 10. NASA should clarify the change-of-scope procedures available for projects to
negotiate the cost and schedule impacts of any changes in requirements initiated by NASA Headquarters
or a PI-led program office, including the addition of reviews, documentation, reporting, and/or increased
standards. The schedule impact of negotiating changes of scope should also be evaluated.

Threat of Cancellation

NASA guidelines regarding PI-led missions dictate that a termination review may be convened when-
ever a mission is projected to exceed its agreed-to cost cap or is found to be performing below the agreed-
to science performance floor.26 According to NASA officials who were interviewed, before calling a
termination review, consideration is given to the causes of the cost growth to rule out external factors. A
termination review is generally regarded as a serious matter, not only because the fate of a mission hangs
in the balance but also because the need to reallocate resources to save the mission under review—if this
is the decision—will likely impact the program as a whole. In particular, cost and schedule overruns in one
mission can have negative cost and schedule consequences for all others in the queue.

Ideally, the primary goal of a termination review is to save the mission from cancellation if it can be
saved by the application of reasonable and available resources. To achieve this goal, the NASA Headquar-
ters’ Science Mission Directorate PMC conducts a careful assessment of the problem(s) that triggered the
termination review. If required for an accurate assessment of the situation, this review should include
informed parties (engineers, scientists, etc.) who are not affiliated with the PI team or the program office.
The objective of the review is twofold: first, to determine the cause(s) of the problem(s); second, to ascertain
what steps and associated costs are needed to correct the problem(s). If corrective action is deemed
appropriate, the action is tailored to the objective of getting the mission to launch at minimum additional
cost or schedule slip. Actions currently range from providing more funds to the mission, to the application
of NASA center expertise or facilities, to the removal of the PM if it is determined that costly errors are
traceable to mission-threatening technical management decisions.

The committee’s interviews revealed that because a project does not always view a termination review
as mission-threatening, such reviews can lose their impact. There is a tendency to assume that sufficient
prior investment will save a mission regardless of its problems. However, PI-led missions have suffered
forced descopes or rescopes in termination reviews. PI-led missions are especially vulnerable: Because
they are competed, the cost cap is regarded as a harder ceiling than it is for core missions, which can grow
15 percent. For these reasons, termination reviews are avoided whenever possible. Toward this end, NASA

26Paul Hertz, Science Mission Directorate, NASA Headquarters.
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could improve the collection and dissemination of lessons learned from previous termination reviews. PIs
and PMs who are educated about the problems that led to termination reviews for previous missions will,
presumably, be more attentive to the early onset of similar problems on their own mission and thus be more
likely to address the problems before they grow. A related concern of the committee is that decisions such
as science instrument descopes have been made outside the termination review process without the PI’s
agreement. It is the committee’s opinion that due process needs to be followed before such a high-impact
decision is made.

Recommendation 11. NASA should continue to use the existing termination review process to decide the
fate of PI-led missions that exceed their cost cap. It should develop lessons learned from termination
reviews and make them available to other PI-led projects.

Recommendation 12. NASA should not descope mission capabilities (including science instruments)
without the PI’s agreement or outside the termination review process.

ROLE OF PROJECT MANAGEMENT

Technical and Management Failures

The technical failures described in Chapter 6 can largely be attributed to inadequate or incomplete
design and testing. Apart from CONTOUR, where the fault most likely resulted from inadequate analysis of
the physics of radiative and conductive coupling of the rocket plume to the body of the spacecraft, the
problems entailed errors at such a deep level of engineering detail that the relevant PI and PM experience
and engagement concerned mainly decisions about the adequacy of peer review and testing. Since similar
problems have caused the loss of core missions, it is not clear that the fact that they were PI-led—with the
potential for not enough funds and/or time for carrying out additional reviews, analyses, and tests—
contributed to these failures.

That earlier lessons may not have been learned by PI-led projects is a particular concern: It is the only
thing suggesting that lead personnel in center-led missions, who are selected based on their experience and
stage of professional advancement, might be more aware of NASA failure histories. A few PIs reported that
they would have benefited from a lessons-learned database but did not have one or were not aware of one.
However, the committee found many lessons-learned documents on the Internet (see Appendix G). Also,
many PI-led mission PMs are located at centers where they benefit from the same institutional culture and
training opportunities. While lessons learned cannot possibly cover all topics or needs, or substitute for
experience, modest efforts to document key points of potentially useful information is a service that each
generation of PIs and PMs from all institutions can perform for the next. It would be prudent of every PI,
PM, and lead NASA center to review lessons learned at all phases of their mission, including the proposal
phase and especially Phase A, or to at least be aware of their contents. Program offices should see that links
to such materials are provided in their online program libraries27 and AOs and that selected lessons learned
are discussed at preproposal conferences and program annual retreats involving the PIs, PMs, and prospec-
tive proposers.

27The Discovery, Explorer, Mars Scout, and New Frontiers programs’ Web sites include program libraries that offer resources for PIs,
including guidelines and requirements documents and NASA mission strategies and policies. See <explorer.larc.nasa.gov/explorer/
mel.html>, <discovery.larc.nasa.gov/discovery/dpl.html>, <explorer.larc.nasa.gov/explorer/sel.html>, <centauri.larc.nasa. gov/mars/
marslib.html>, and <centauri.larc.nasa.gov/newfrontiers/NFPL.html>.
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The PI-led mission series has had an implicit philosophy that it is acceptable to incur a somewhat
higher level of risk than can be tolerated by the large center-led programs.28 However, because NASA had
to deal with a variety of highly visible failures since the mid-1990s and with the advent of the larger New
Frontiers program, the extent of tolerable risk remains poorly defined and is diminishing, if not vanishing.
The balancing of risk versus cost remains a delicate art; it is not clear that the risk management tools
available would reduce mission risk or help to quantify it. The committee believes that the thorough testing
of what is to be flown on the spacecraft and flying only those systems that have been tested, a practice
known as “test as you fly,” is the best answer. Alternatively, robust simulation tools are needed for systems
and functions that are impractical to test, such as propulsive maneuvers and entry-descent-landing se-
quences. Informed risk-taking may be an appropriate compromise, in which case judicious use of focused
peer reviews and testing are given the highest priority by both the program and the project.

The selection process outlined in Chapter 2 suggests that programmatic failures are often guaranteed at
selection by the choice of an overly ambitious and/or technologically underdeveloped concept. Proposers
and/or programs may view the PI-led mission line as the only way to get an important mission flown, and
NASA Headquarters may therefore accept greater risk than they otherwise might in selecting a mission. In
the competition, such missions can appear the most exciting from a science, technology, or public interest
perspective. If the selection panels identify underdeveloped critical technologies and/or instruments and in
spite of this information NASA selects the mission, the project’s potential for failure in the form of cost and
schedule overruns should not be surprising. On the other hand, overly conservative selections would
negate the purpose of the PI-led program. Thus there is some intermediate ground in which common sense
and science goals together dictate selection. Selection panels and selecting officials need to strive to
identify that territory.

Recommendation 13. NASA PI-led program officials and PI-led mission teams should study lessons-
learned documentation to benefit from the experiences of previous PI-led missions. NASA should make
such lessons learned easily and widely available and update them continuously, as is done on the
Discovery Program Web site posted by Langley Research Center.

Team Interactions

Nearly every interview or written contribution of PIs and PMs to the committee emphasized that the
ability of the team members, especially the PI and the PM, to work together is critical to success. Thus, the
practice of forming a team, especially team leadership, out of individuals who have never worked together
can pose significant risks. Trust, as well as the ability to communicate openly and effectively, is essential.
While maturity and experience are important advantages in team relationships, differences in priorities,
styles, and institutional and professional backgrounds can interfere with the smooth functioning of a team
that has no time for interpersonal conflict. The projects need to recognize when their personnel, even (or
especially) at the top levels, do not work well together and move to resolve passing disagreements and to
change team members or their responsibilities when necessary. The program offices need to be supportive
when a change at the PM, major contractor, or contributor level is involved. Being supportive may include
participating in negotiations and enabling personnel replacements.

28Daniel S. Goldin, NASA administrator, “A view, a vision, an imperative,” speech to the American Geophysical Union meeting on
December 16, 1998; Daniel S. Goldin, NASA administrator, “A challenge to change: NASA’s nonlinear path to the future,” speech to
the American Astronautical Society on March 10, 1993.
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PIs who have limited experience with flight project management could benefit from aggressively
educating themselves and surrounding themselves with supporting team members of the highest caliber.
Choosing a high-caliber, experienced PM who is cognizant of technical personnel and providers and who
can ensure the provision of systems engineering experience on the project often ensures a strong and
balanced technical team. The PI must have confidence in the ability of his/her PM. If the PI is him-/herself
technically expert, the PI should consider choosing a PM with whom he/she can work well and who
accepts the PI’s participation in the technical leadership.

The committee learned through its interviews with PIs and PMs that in many cases, PMs have not
worked with their PIs before, and even in situations where the pairing is not a first-time one, they have
generally not worked together on a project as large as an entire mission. The committee found that PMs
who are used to working with a variety of other people, including scientists, are most likely to work well
with team members in the course of managing the mission. At the same time, PMs should be prepared to
accept the PI as the ultimate decision maker for the mission. The undermining of a PI’s leadership is
especially hard to avoid when interactions with contractors occur without the PI present, a circumstance
that may be more likely if the PI and PM are not collocated. The same issues hold for lead centers, which
must make day-to-day project decisions in order to move forward, even when the PI is not present or
available for consultation. Sensitivity to this potential source of problems needs to be encouraged at all
levels, from PIs to PMs to participating center directors. Much of the solution lies in good communication,
but a clear, contractual statement of PI authority would avoid ambiguity in the assignment of specific
authority.

Recommendation 14. NASA and the PIs should include language in their contracts that acknowledges the
PI’s authority to make the final decisions on key project personnel.

Cost, Schedule, and Science Performance

To understand and analyze the reasons behind cost and schedule changes for PI-led missions, it is
essential that the details of cost increases or decreases be documented in a consistent manner. The
committee was unable to analyze these details either because there were no documents at NASA or
because of difficulty in obtaining financial records that clearly explain any changes. Financial records on
PI-led projects are not consistent or easily obtained. The cost details contained in this report were gathered
from various documents, including PDRs, CDRs, and POPs. Detailed information at the spacecraft sub-
system level was not available.

According to the committee’s investigations, the science return from PI-led missions, though difficult to
quantify, appears to be at least comparable in influence to the return from core missions. PI-led projects
invest, on average, roughly 10 percent of their cost caps in Phase E (see Table 5.4), which includes
MO&DA. The committee was not able to obtain information on the distribution of these Phase E funds
between MO (nonscience) and DA (science) commitments. However, recent PI-led missions all seem to
support either internally funded science programs (funded within cost caps) or other externally funded
science opportunities (such as NASA supporting research and technology, guest investigator, or data
analysis programs)—a practice that usually has a significant positive impact on the overall level of science
output, given the small size of PI-led mission science teams. The main role of the PI in preserving the
proposed mission science seems to occur in the mission implementation phases, when PIs have sometimes
successfully fought to avoid undesirable descopes. On the other hand, this often involves transferring
project funds from Phase E to Phase C-D, which has an undesirable impact on realizing the mission goals
within the cost cap. There is a danger that Phase E funds too often become the spare margin for technical
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implementation cost overruns. The result is that other programs or PI-led program elements, such as DAPs,
must sometimes pick up Phase E data analysis costs for the highly constrained PI-led missions.

Recommendation 15. NASA should maintain and have available for assessment consistent and official
documentation of project costs and reasons for cost growth on all PI-led (and other) missions.

In considering all the recommendations presented, the committee recognizes that NASA is already at
least partially implementing (or attempting to implement) some of the recommendations, such as moderat-
ing ITAR impacts on space science missions and considering enhanced Phase A’s (Recommendation 7). The
Discovery/New Frontiers Program Office is currently undergoing changes, and the technology develop-
ment issues for space science missions are under scrutiny. Nevertheless, the committee deems these issues
sufficiently important to be emphasized here.

As the committee completes this report, NASA Headquarters and its programs are undergoing signifi-
cant changes in response to the Vision for Space Exploration.29,30 The Science Mission Directorate now
consists of four subdivisions: Heliophysics, Planetary Science, Earth Science, and Astronomy and Physics.
Earth Science has its own line of PI-led Explorers.31 The space science PI-led mission lines described in this
report have the potential to address some of the high-priority science recommended in NRC decadal
surveys. They also have the potential for application to the Vision for Space Exploration—particularly for
missions related to the exploration of the Moon and Mars and for characterizing the solar-activity-related
radiation environment. Subjects relevant to the Vision for Space Exploration that match or complement the
objectives and/or instrument capabilities of desirable missions in the decadal surveys may be especially
strategic targets for PI-led missions at this time in NASA’s history. The committee believes that its report
provides some useful suggestions and recommendations that would help NASA administrators, agency
program managers, centers, and the science community in the continuation and exploitation of this most
grass-roots of NASA mission lines.

29President’s Commission on Implementation of United States Space Exploration Policy, 2004, A Journey to Inspire, Innovate, and
Discover, Washington, D.C.

30Doug Cooke, deputy associate administrator, Exploration Systems Mission Directorate, NASA, “NASA’s exploration architec-
ture,” presentation to the Space Studies Board on November 9, 2005.

31NRC, 2004, Steps to Facilitate Principal-Investigator-Led Earth Science Missions, Washington, D.C.: The National Academies
Press.
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Previous Space Studies Board Report
Findings and Recommendations on
Principal-Investigator-Led Missions

Lessons Learned

Roles and
Responsibilities

Category Findings and Recommendations Source

“Recommendation: NASA’s Earth Science Enterprise should continue to emphasize and
promote communication and the transfer of lessons learned between the Earth
Explorers Program Office, current flight projects, and potential PI proposers.” (p. 5)

“[T]he substantial accomplishment of Clementine provides a measure of confidence
that NASA’s Discovery program can be successful provided that the same degrees of
team independence and risk acceptance are granted.” (p. 22)

“The most basic lesson from the Clementine mission is that the ability to carry out
end-to-end planning and implementation of a (U.S.) planetary mission has evolved
beyond NASA’s domain. Thus an underlying assumption of the Discovery program—
that a non-NASA principal investigator can be successful when assuming overall
responsibility for a deep-space mission—has, in effect, been validated.” (p. 22)

“Recommendation: NASA’s Earth Science Enterprise should explicitly recognize that
mission success is a combined responsibility of the PI team and NASA and should
establish project management plans, organizations, and processes that reflect an
appropriate split, not a sharing, of authority, with the PI taking the lead in defining
and maintaining overall mission integrity.” (p. 7)

“Recommendation: NASA should (1) place as much responsibility as possible in the
hands of the principal investigator, (2) define the mission rules clearly at the
beginning, and (3) establish levels of responsibility and mission rules within NASA
that are tailored to the particular mission and to its scope and complexity.” (p. 19)

“Recommendation: The NASA official who is designated as the program manager for a
given project should be the sole NASA contact for the principal investigator. One
important task of the NASA official would be to ensure that rules applicable to large-
scale, complex programs are not being inappropriately applied, thereby producing
cost growth for small programs.” (p. 19)

Steps to Facilitate
Principal-Investigator-
Led Earth Science
Missions, 2003

Lessons Learned from
the Clementine
Mission, 1997

Steps to Facilitate
Principal-Investigator-
Led Earth Science
Missions, 2003

The Sun to the Earth—
and Beyond: A Decadal
Research Strategy in
Solar and Space
Physics, 2003

continued

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


82 PRINCIPAL-INVESTIGATOR-LED MISSIONS IN THE SPACE SCIENCES

“Some elements of the Clementine operation that led to the mission’s success include
the following:

1. The mission’s achievements were the responsibility of a single organization
and its manager, which made that organization and that individual
accountable for the final outcome.

2. The sponsor adopted a hands-off approach and set a minimum number of
reviews (three).

3. The sponsor accepted a reasonable amount of risk and allowed the project
team to make the trade-offs necessary to minimize the mission’s risks while
still accomplishing all its primary objectives.

4. The development schedule was brief and the agreed-on funding (and
funding profile) was adhered to.” (p. 21)

“Finding: The PI-led mission paradigm represents a valuable approach to soliciting and
executing missions involving focused science objectives, with demonstrated success
in both Earth and space sciences. . . .
Recommendation: NASA’s Earth Science Enterprise should continue to employ PI-led
missions as one element of the ESE observation system. It should ensure regular
review and improvement of the programs that employ or are associated with PI-led
missions to increase their effectiveness and value to ESE and the science community.”
(p. 2)

“Finding: The Earth science community, particularly the university-based community,
has historically produced only a small number of scientists with the in-depth space
engineering and technical management experience that is required to lead a project
in a PI mode of operation.
Recommendation: NASA’s Earth Science Enterprise should formally identify and
promote activities that develop PIs qualified to propose and lead small, focused
science missions.” (p. 3)

“Finding: Many of the issues arising throughout a mission’s lifetime are rooted in
decisions made by the PI and project team during the formulation phase—early in
the project—as the mission concept is developed, team roles and responsibilities
(including NASA’s) are defined, and the management approach is established.
Ultimate mission success requires that major technical and programmatic issues be
identified and jointly addressed by both the PI team and NASA program office during
the formulation phase. While extending competitiveness between PI teams through
the entire formulation phase provides NASA with additional insight into the
effectiveness of the PI teams and the maturity of the mission designs, it delays the
integration of the PI and NASA teams and motivates the PI teams to emphasize
strengths and minimize weaknesses.
Recommendation: NASA’s Earth Science Enterprise should avoid extensive overlap
between competition and execution activities during the formulation phase of PI-led
missions, thus providing an adequate schedule for the PI team and NASA to perform
critical formulation tasks after the competitive selection is completed.” (p. 4)

“Finding: Although some of the difficulties with recent PI-led missions are unique,
many of the problems encountered have root causes in common with non-PI-led
missions. In particular, the transition to smaller cost-constrained projects during the
1990s and the contraction and aging of the space industry workforce have affected
project success. These problems should not be attributed to flaws in the PI-mode
process, but rather applied as general lessons for all small-mission projects.
Recommendation: NASA’s Earth Science Enterprise should establish management
processes for PI-led missions that emphasize understanding all PI-led and non-PI-led
mission issues and the inclusion of appropriate lessons learned from both types of
missions.” (p. 6)

Roles and
Responsibilities,
continued

Management,
Execution, and Value
for Science

Category Findings and Recommendations Source

Lessons Learned from
the Clementine
Mission, 1997

Steps to Facilitate
Principal-Investigator-
Led Earth Science
Missions, 2003

Steps to Facilitate
Principal-Investigator-
Led Earth Science
Missions, 2003
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“Recommendation: NASA’s Earth Science Enterprise should establish and enforce a
comprehensive set of minimum standards for program management to be applied to
all PI-led missions, while accepting that such missions may employ management
processes that differ from those of NASA. These minimum management standards
must invoke the rigor that experience has shown is required for success.” (p. 7)

“The Explorer program contributes vital elements that are not covered by the
mainline . . . missions. Explorers fill critical science gaps in areas that are not addressed
by strategic missions, they support the rapid implementation of attacks on very
focused topics, and they provide for innovation and the use of new approaches that
are difficult to incorporate into the long planning cycles needed to get a mission into
the strategic mission queues. . . . The Explorers also provide a particularly substantial
means to engage and train science and engineering students in the full life cycle of
space research projects. Consequently, a robust . . . science program requires a robust
Explorer program.” (p. 20)

“Given Discovery’s highly successful start, the SSE Survey endorses the continuation
of this program, which relies on principal-investigator leadership and competition to
obtain the greatest science return within a cost cap. A flight rate of no less than one
launch every 18 months is recommended.
Particularly critical in this strategy is the initiation of New Frontiers, a line of medium-
class, principal-investigator-led missions as proposed in the President’s fiscal year (FY)
2003 budget. The SSE Survey strongly endorses the New Frontiers initiative. These
spacecraft should be competitively procured and should have flights every 2 or 3
years, with the total cost capped at approximately twice that on a Discovery mission.”
(p. 2)

“Faster-better-cheaper methods of management, technology infusion, and
implementation have produced useful improvements regardless of absolute mission
size or cost. . . .
Recommendation 1: Transfer appropriate elements of the faster-better-cheaper
management principles to the entire portfolio of space science and Earth science
missions sized and cost ranges and tailor the management approach of each project
to the size, complexity, scientific value, and cost of its mission.” (p. 3)

“Finding 5: The current operation and management styles of the SMEX program—
including mutually beneficial cooperation between NASA and non-NASA participants,
reduction of documentation, and flexibility in that class—are fostering opportunities
for excellent, high-priority science.” (pp. 1-2)

“Recommendation 2: Adapt some of the management style and procedures associated
with the SMEX program, as discussed in Finding No. 5 above, in other science
programs. Recent spacecraft-Principal Investigator (PI) mode space physics Explorers
(such as Solar and magnetospheric Particle Explorer [SAMPEX] and Fast Auroral
Snapshot Explorer [FAST]) successfully demonstrate how high-priority science can be
carried out in ‘faster, cheaper, better’ ways.” (p. 2)

“Finding 1. The panel supports use of the “PI mode” by NASA. It brings new vigor to
the program at a time when diminishing opportunities could lead to disillusionment
amongst the science community. It is an open process that appears to be intrinsically
fair. It has exposed a reservoir of ideas for focused science under a cost cap.” (p. 2)

“Finding 3. The panel understands from presentations made to it that the ‘dual mode
option’ will be eliminated from future Explorer AOs and that the ‘PI mode’ will be the
only management approach allowed. The panel endorses this decision.” (p. 2)

Management,
Execution, and Value
for Science,
continued

Category Findings and Recommendations Source

Solar and Space
Physics and Its Role in
Space Exploration,
2004

New Frontiers in the
Solar System: An
Integrated Exploration
Strategy, 2003

Assessment of Mission
Size Trade-offs for
NASA’s Earth and
Space Science
Missions, 2000

Scientific Assessment
of NASA’s SMEX-MIDEX
Space Physics Mission
Selections, 1997

Assessment of Recent
Changes in the
Explorer Program,
1996
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“Recommendation 2. The panel recommends that the Explorer and Discovery
programs should continue with separate Headquarters management structures for
the next few AOs.” (p. 2)

“Recommendation 3. Each mission must be selected through open competition from
proposals presented as an integrated package by a principal investigator. This
individual should have full authority to decide the appropriate balance among
science performance, mission design, and acceptable risk. . . .” (p. 27)

“Recommendation 4. NASA should not impose arbitrary constraints (e.g., preselection
of launch vehicle, spacecraft bus, payload, data rate, target locale, or management
structure) on mission design. Fewer restrictions will permit the most creative and
cost-effective solutions for the broadest range of possible mission and target types.”
(p. 27-28)

“Recommendation 6. Past NASA practices must change in order to foster the
development of a streamlined approach to management of each complete mission. . . .”
(p. 28)

“Finding: The scientific and programmatic objectives of ESE are ambitious compared
with the constraints under which PI-led missions are implemented, particularly the
capped funding and tight schedule.
Recommendation: NASA’s Earth Science Enterprise should focus its programmatic
objectives for PI-led missions to better match the available resources and constraints,
with achievement of high-quality science measurements being the highest-priority
objective.” (p. 2)

“Finding: The rigorous and ambitious cost and schedule constraints imposed on PI-led
missions preclude all but minimal technology development prior to launch.
Recommendation: NASA’s Earth Science Enterprise should explicitly nurture and
coordinate technology feeder programs—such as the Instrument Incubator Program
and the Office of Aerospace Technology’s Missions and Science Measurement
Technology Program—that develop technologies with potential application to PI-led
missions. A quantitative assessment of the anticipated flow of technology through
the technology readiness level chain would help guide this effort.” (p. 3)

“Recommendation: NASA’s Earth Science Enterprise should include within the
solicitation for PI-led missions a component, following the Solar System Exploration
Discovery model, that provides limited technology funding for high-priority non-
selected PI-led mission proposals to increase their technology readiness for the next
proposal round.” (p. 3)

“Finding: The threat of project cancellation has not proved effective either in
motivating the submission of PI-led proposals with adequate reserves or in
constraining costs to meet the cost cap.
Recommendation: NASA’s Earth Science Enterprise should redefine cost caps from a
threshold that triggers an automatic termination review to a threshold for a remedial
review that includes an examination of how the division of responsibility and
authority between the PI and ESE might be revised to better control costs. Cost caps
should be established only when the project has reached a sufficient level of maturity
that the proposed cost is credible, such as at mission design review. ESE should also
consider the use of a science floor, a PI-proposed minimum scientific achievement
needed to justify the mission, in setting and managing within cost caps.” (p. 4)

“Finding: The lack of NASA-funded support for proposals, particularly during Step 2 [of
the proposal process], is increasingly limiting the ability of smaller organizations and
universities to participate.

Category Findings and Recommendations Source

Management,
Execution, and Value
for Science,
continued

Budgetary,
Technological, and
Schedule Constraints
Relating to Mission
Selection and
Execution

The Role of Small
Missions in Planetary
and Lunar
Exploration, 1995

Steps to Facilitate
Principal-Investigator-
Led Earth Science
Missions, 2003

Steps to Facilitate
Principal-Investigator-
Led Earth Science
Missions, 2003
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Recommendation: NASA’s Earth Science Enterprise should maintain the current two-
step proposal process for PI-led missions but should provide funding to proposers for
Step 2.” (p. 5)

“Recommendation: NASA’s Earth Science Enterprise should clearly specify within the
solicitation for a PI-led mission the extent to which scientific investigation and data
analysis are expected to be included in the initial mission project budget, as well as
the anticipated plans and budget for additional postlaunch science investigations.
The science funded for the mission should address a PI-proposed science floor.” (p. 5)

“Recommendation: NASA’s Earth Science Enterprise should enhance its cost evaluation
capabilities to improve the accuracy of mission selection decisions and to motivate
improved fidelity of cost proposals.” (p. 6)

“Recommendation 2: Ensure that science objectives—and their relative importance in
a given discipline—are the primary determinants of what missions are carried out
and their sizes, and ensure that mission planning responds to (1) the link between
science priorities and science payload, (2) timelines in meeting science objectives, and
(3) risks associated with the mission.” (p. 4)

“Recommendation 4: Develop scientific instrumentation enabling a portfolio of
mission sizes, ensuring that funding for such development efforts is augmented and
appropriately balanced with space mission line budgets.” (p. 4)

“A NASA science mission, by its very nature, will incur cost penalties not applicable to
DOD missions such as Clementine. These include:

• The cost of a science team. NASA established and funded Clementine’s science
team to validate the data and plan for its archiving.

• Data analysis expenses. In contrast to NASA’s traditional policy, no data
analysis was supported by the mission.

• The development of an optimized science payload. Clementine’s instruments
were not optimized for scientific observations.

• The proper calibration of the science payload and the data it returns. Clementine’s
data calibration is being paid for by NASA’s Office of Space Science.

• Provisions for making the data available through the Planetary Data System.”
(pp. 13 and 16)

“Finding 3: To succeed within their severe cost constraints, Explorer missions cannot
afford instruments that require lengthy development or space qualification cycles.
Therefore, the use of instruments and/or instrument subsystems that have been
developed for previous missions is essential. The present funding cap on SMEX and
MIDEX could well prove too restrictive for building scientifically first-rate missions
without such instrument ‘heritage.’ Lessons learned from the space physics Explorers
demonstrate the importance of instrument and spacecraft heritage in meeting
science goals while remaining within cost and schedule limits.” (p. 1)

“General Finding. The panel believes that most of the perceived problems brought to light
after the first MIDEX AO were due to the ‘dual mode option’ and the lack of full cost
accounting for government contributions. In addition, debriefing of unsuccessful proposal
teams was not adequate. While the AO and the selection process both need improvement
and while interaction with the science community also needs to be strengthened, the
panel believes that the program is now on the right path and that the new Explorer
program should be excellent if properly administered. The perception will probably
continue that GSFC and its scientists have an advantage, but the panel is satisfied that the
Explorer program management is addressing this issue and that elimination of the
recognized flaws will bring about a level playing field for both scientists and industry.
Given time and continuing effort, it is the belief of the panel that the astronomy and
space physics community will strongly support the program.” (p. 1)

Category Findings and Recommendations Source

Assessment of Mission
Size Trade-offs for
NASA’s Earth and
Space Science
Missions, 2000

Lessons Learned from
the Clementine
Mission, 1997

Scientific Assessment
of NASA’s SMEX-MIDEX
Space Physics Mission
Selections, 1997

Assessment of Recent
Changes in the
Explorer Program,
1996

Budgetary,
Technological, and
Schedule Constraints
Relating to Mission
Selection and
Execution, continued
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“Finding 6. The panel believes that supporting a mix of Explorer mission sizes (MIDEX,
SMEX, and UNEX) is an important and valuable feature of the program because it
satisfies the needs of multiple constituencies. But this division should not be treated
as immutable. Circumstances may change in the future and different cost caps may
become preferable.” (p. 2)

“Finding 7. Based on the response to the 1995 MIDEX AO, the panel believes that the
flight rate of Explorer missions could probably be substantially increased without any
decrease in mission quality, if resources should become available.” (p. 2)

“Recommendation 3. To reduce excess industry investment in detailed costing exercises
for large numbers of missions during Step One, these proposals should be submitted
on a ‘cost-not-to-exceed’ basis within broad, AO-defined cost ranges. The responsibility
for the cost-not-to-exceed estimate rests with the PI, advised by industrial and NASA
center partners. The estimate should be accepted in Step One. A selected Step One
effort that later failed to meet promised scientific objectives within the accepted cost
limitation would be subject to termination and would be replaced.” (p. 3)

“Recommendation 5. The budget, schedule, and risk envelope must be identified in the
conceptual and definition phase of mission planning. . . . It is essential for NASA to
adhere to the agreed-upon funding profile. . . .” (p. 28)

“Finding: The number of qualified reviewers for ESE PI-led missions is small,
particularly after elimination of scientists with conflicts of interest because of
relationships with proposing teams.
Recommendation: NASA’s Earth Science Enterprise should consider enlarging the pool
of possible reviewers of PI-led missions by adding qualified international scientists (if
feasible given current International Traffic in Arms Regulations constraints) and
scientists from the space science community. ESE should also consider requiring as
part of the contract for selected PI-led projects that the PI serve subsequently as a
reviewer.” (p. 5)

“Finding: Maintaining and improving the credibility of checks and balances is the
highest priority for enhancing the selection process for PI-led missions. An effective
and credible proposal review process requires a balanced effort among proposers,
reviewers, and the selection official. Proposers are motivated to avoid overly
optimistic costing if they respect the cost-review process; reviewers are more diligent
when their recommendations are likely to be accepted by the selection official; and
the selection official relies more readily on reviewer recommendations when the
proposal and review process is effective at identifying the best mission candidates.
Recommendation: NASA’s Earth Science Enterprise should strengthen the
complementary roles of proposers, reviewers, and the selection official in the
selection process for PI-led missions, improving the critical balance between the three
roles and focusing on clear traceability of the selection process to independent
reviews and established ESE priorities.” (p. 6)

“Finding 6. The extremely low selection rate (2/50) among the large number of
proposed Explorer missions results in much effort spent fruitlessly in proposal
preparation. This extra work puts a significant burden on the research community and
their industrial partners.” (p. 2)

“Finding: Universities can derive considerable benefit by participating in an ESE
mission; however, using PI-led missions to build the capacity of university-based
research is not readily achievable within the structure and resources of current ESE 
PI-led programs.

Category Findings and Recommendations Source

Assessment of Recent
Changes in the
Explorer Program,
1996

The Role of Small
Missions in Planetary
and Lunar
Exploration, 1995

Steps to Facilitate
Principal-Investigator-
Led Earth Science
Missions, 2003

Scientific Assessment
of NASA’s SMEX-MIDEX
Space Physics Mission
Selections, 1997

Steps to Facilitate
Principal-Investigator-
Led Earth Science
Missions, 2003

Budgetary,
Technological, and
Schedule Constraints
Relating to Mission
Selection and
Execution, continued

Review and Selection
Process

Impact on Scientific
Community
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Recommendation: NASA’s Earth Science Enterprise should not include building the
capacity of university-based research as an explicit objective of PI-led missions unless
fundamental changes are made to program structure and resources.” (pp. 2-3)

“Finding 2. The panel believes that the new Explorer program cannot succeed without
a high level of support by the science community. In the first (1995) MIDEX solicita-
tion the most readily avoidable errors were failure to consult adequately with the
community in the development of the AO and failure to undertake face-to-face
debriefings with investigators after the process. These management errors have led to
problems with the science community, but they can be resolved through a thoughtful
effort in developing future AOs, and again after selection has taken place.” (p. 2)

“Finding 5. The panel believes that the restructured Explorer program can be of
outstanding value not only for the science performed, but also for its role in
maintaining U.S. scientific capabilities in an important area of space science. This
double role for the Explorer program has repercussions with respect to mission sized,
foreign participation, and flight rate.” (p. 2)

“Recommendation: NASA’s Earth Science Enterprise should recognize not only the
benefits but also the risks of having domestic and international partners in a PI-led
mission program. The mission solicitation should identify the need for processes by
which both the PI team and the NASA office ensure that partnering agreements are
completed early in the formulation phase, that definition of an interface is given high
priority, and that the management decision chain is clear and is understood by all
parties.” (p. 4)

“The SSE survey recommends that NASA encourage and continue to pursue
cooperative programs with other nations.” (p. 2)

“Recommendation 6: Encourage international collaboration in all sizes and classes
of missions, so that international missions will be able to fill key niches in NASA’s
space and Earth science programs. Specifically, restore separate, peer-reviewed
announcements of opportunity for enhancements to foreign-led space research
missions.” (p. 5)

“Recommendation 5. The panel recommends that, at least for the next AO, foreign
contributions be included in the Explorer cost cap as was done for the 1995 MIDEX
AO. After more experience has been gained with foreign contributors and
contributions, NASA and the science community should reassess this issue in
workshops to be convened for the consideration of future AOs.” (p. 3)

Category Findings and Recommendations Source

Assessment of Recent
Changes in the
Explorer Program,
1996

Steps to Facilitate
Principal-Investigator-
Led Earth Science
Missions, 2003

New Frontiers in the
Solar System: An
Integrated Exploration
Strategy, 2003

Assessment of Mission
Size Trade-offs for
NASA’s Earth and
Space Science
Missions, 2000

Assessment of Recent
Changes in the
Explorer Program,
1996

Impact on Scientific
Community,
continued

International
Collaboration
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KEY DESCRIPTIONS FROM AO TEXTS

Discovery AO (April 16, 2004)

“The Discovery Program is designed to accomplish frequent, high quality planetary science investigations
within a cost cap.”

Section 5.1 “Discovery investigation teams for either full mission investigations or for MO investiga-
tions must be led by a single PI who may come from any category of U.S. or non-U.S.
organizations, including educational institutions, industry, nonprofit institutions, NASA
Field Centers, the Jet Propulsion Laboratory (JPL) and other Federally Funded Research
and Development Centers (FFRDCs), and other Government agencies.”

“The PI . . . will have a large degree of freedom to accomplish its proposed objectives
provided that there is a demonstrated commitment to fundamental principles for sound
management, engineering and safety, and mission assurance (see NPR 7120.5B and
Section 5.3.1).”

Section 5.4.1 “A single PI must be designated in each proposal and is the central person in charge of
each Discovery investigation, with full responsibility for its scientific integrity and for the
integrity of all other aspects of the mission including the E/PO program. The PI is respon-
sible for assembling a team to propose and implement a Discovery investigation. The PI is
accountable to NASA for the scientific success of the investigation and must be prepared
to recommend project termination when, in his/her judgment, the successful achievement
of established minimum science objectives, as defined in the proposal as the Performance
Floor (see Section 5.11.3), is not likely to be achievable within the committed cost and
schedule reserves.”

C

Definitions of PI-Led Missions from NASA
Announcements of Opportunity
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Explorer AO (February 3, 2003)

“Explorers are space physics and astronomy missions intended to study the Sun, to examine the space
environment of the Earth and other planets, and to observe the universe beyond our Solar System. The
Explorer program seeks to conduct scientific investigations of modest programmatic scope. The program
intends to provide a continuing opportunity for quickly implemented flight missions that conduct focused
investigations that complement major flight missions, prove new scientific concepts, and/or make other
significant contributions to space science.”

Section 3.2 “The responsibility for implementing a selected investigation rests with the Principal
Investigator (PI) and the investigation team, which will have a large degree of freedom
with which to accomplish its proposed objectives with appropriate NASA oversight to
ensure mission success. . . . NASA’s Goddard Space Flight Center (GSFC) has been
assigned program management responsibility for Explorers. In this role, which is separate
from their role as a possible partner in the investigation, GSFC is responsible for NASA’s
fiduciary responsibility to ensure that Explorer missions are achieved in compliance with
the cost, schedule, performance, reliability, and safety requirements committed to by the
PI. . . . It is expected that the GSFC Explorer Program Office will work with the selected
Principal Investigators and implementing organizations to define roles and responsibilities
to fulfill this responsibility in the most effective manner.”

Section 3.4.4 “For any PI selected for Phase A concept studies that so requests, GSFC can provide the
project management, mission system engineering, spacecraft, ground system, and other
support needed to complete the formulation and implementation of an investigation. In
such cases, GSFC will assist a PI during the Phase A concept study in a manner defined in
the Phase A contract to establish the technical, management, cost, and other approaches
for formulating, developing, and implementing the investigation and will aid the PI in the
preparation of the Concept Study Report. GSFC support for Phase A concept studies will
be provided to the full extent requested and will be funded directly by NASA out of the
funds available to the PI for the Phase A study.”

Section 3.5.1 “Explorer mission investigation teams must be led by a single Principal Investigator who
may be from any category of U.S. or non-U.S. organization, including educational institu-
tions; industry or nonprofit institutions; or from one of the NASA Centers, the Jet Propul-
sion Laboratory (JPL), other Federally-funded research and development centers, or other
U.S. Government agencies. Teams may be formed from any combination of these institu-
tions. . . . The Principal Investigator is in charge of his/her investigation, with full respon-
sibility for not only its scientific integrity, but its implementation as well, from develop-
ment of the proposal through all phases of the investigation. NASA intends to allow the
Principal Investigator and his/her team to use their own management processes, proce-
dures, and methods to the fullest extent possible. . . . Finally, the PI is accountable to
NASA for the scientific success of the investigation. Therefore, the PI must be prepared to
recommend mission termination if, in his/her judgment, the successful achievement of
established science objectives, as defined in the proposal, is no longer likely within the
committed cost and schedule reserves.”
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Section 5.2 (Regarding Partner Missions of Opportunity) “The PI is responsible to NASA OSS for the
scientific integrity and the management of the PI’s contribution to the mission.”

New Frontiers AO (October 10, 2003)

Section 5.1 “In the New Frontiers Program, the major responsibility for the selected investigation rests
solely with the Principal Investigator (PI) who, along with the investigation’s Project Manager
(PM) and investigation team, will have a large degree of freedom to accomplish its proposed
objectives within the stated constraints with essential NASA oversight. . . . Every aspect of a
New Frontiers investigation must reflect a commitment to mission success while keeping
total costs as low as possible. . . . New Frontiers investigation teams for either full mission
investigations or for Missions of Opportunity must be led by a single Principal Investigator
(PI) who may come from any category of U.S. and non-U.S. organizations.”

Section 5.4.1 “A single PI must be designated in each proposal and is the central person in charge of
each New Frontiers investigation, with full responsibility for its scientific integrity and for
the integrity of all other aspects of the mission including the E/PO program. The PI is
responsible for assembling a team to propose and implement a New Frontiers investiga-
tion. The PI is accountable to NASA for the scientific success of the investigation.”

Section 5.11.1 “New Frontiers Mission Investigation proposals must be for complete, free-flying missions.
The Principal Investigator (PI) is responsible to NASA not only for the scientific integrity of
the investigation, but also for the management of the complete mission, including provi-
sion of the spacecraft, instrument, and ground system. Proposals submitted in response to
this AO for New Frontiers Mission investigations must be for complete investigations from
project initiation (Phase A) through mission operations (Phase E), which is to include
analysis and publication of data in the peer reviewed scientific literature, delivery of the
data to the Planetary Data System (PDS), and full implementation of the mission’s Educa-
tion and Public Outreach (E/PO) program.”

Mars Scout AO (May 1, 2002)

Section 3.1 “Mars Scout Mission investigations must be headed by a single Principal Investigator (PI),
who can be from any category of domestic and nondomestic organizations. . . . The Princi-
pal Investigator (PI) is responsible to NASA not only for the scientific integrity of the investi-
gation, but also for the management of the complete mission. . . . Participation in this AO
will be open to all categories of organizations (foreign and domestic), including educational
institutions, industry, not-for-profit organizations, Federally Funded Research and Develop-
ment Centers (FFRDC’s), NASA Centers, the Jet Propulsion Laboratory (JPL), and other
Government agencies. Principal Investigators are responsible for and allowed to assemble
the mission team from any and all of these organizations, with the following caveat. If
project management and end-to-end systems engineering are to be implemented from a
NASA Center, these functions must be performed by a NASA Center designated by the
Enterprise to do so. For the Space Science Enterprise (OSS), these Centers are JPL and GSFC.
. . . Every Mars Scout investigation must also define the risk management approach it intends
to use (see NPG 7120.5A in Mars Scout Library, Appendix C) to ensure successful achieve-
ment of the investigation objectives within established resource and schedule constraints.”
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Section 3.7.1 “The PI is expected to be the central person in charge of each Mars Scout investigation,
with full responsibility for its scientific investigation and all other aspects including the
E/PO program. . . . The PI is accountable to NASA for the scientific success of the
investigation and will be responsible for developing a draft set of Level I requirements for
their investigation during the Phase A Concept Study, which will serve as an input to the
formal documentation and approval of these requirements in Phase B. . . . NASA intends
to give the Principal Investigator and his/her team the ability to use their own management
processes, procedures, and methods to the fullest extent possible.”

COMMONALITIES DISCERNED FROM WORDING OF AOs

PI-led missions
• Operate under a cost cap.
• Are led by a single principal investigator from any category of (including foreign) institution.
• Designate the PI as responsible for all aspects of the mission, including development, management,

risk management, and termination if “the successful achievement of established science objectives, as
defined in the proposal, is no longer likely within the committed cost and schedule reserves.”

• Allow the PI control over the organizational and management specifics, provided certain implied or
stated criteria are met and with “only essential NASA oversight.” (Explorer AO, Section 3.1)

NOTABLE DISTINCTIONS BETWEEN AOs

• Variation in wording regarding project responsibilities
— Example from Explorer AO: “GSFC is responsible for NASA’s fiduciary responsibility to ensure . . .

compliance with the cost, schedule, performance, reliability, and safety requirements committed
to by the PI. . . . It is expected that the GSFC Explorer Program Office will work with the selected
Principal Investigators and implementing organizations to define roles and responsibilities.” This
is not present in other AOs.

• Variation in wording regarding NASA oversight
— Both Discovery and New Frontiers state that the PI will be granted a “large degree of freedom” on

project direction and management. For Discovery, this freedom is constrained by “a demon-
strated commitment to fundamental principles for sound management, engineering and safety,
and mission assurance (see NPR 7120.5B and Section 5.3.1),” but for New Frontiers, the freedom
is subject to a more vague requirement of “stated constraints with essential NASA oversight.”

— For both the Explorer and Scout AOs, the managerial freedom granted the PI is less definitive:
“NASA intends to allow the Principal Investigator and his/her team to use their own management
processes, procedures, and methods to the fullest extent possible.”

• Finally, a NASA document, Tutorial: NASA Research Solicitations and the Writing & Review of
Proposals for the Office of Space Science (p. 11), states that, regarding AOs, “research/management [is]
directed by PI with extensive NASA oversight.” (emphasis added)

• The Scout AO employs a specific caveat to PI-controlled management (Section 3.1): “If project
management and end-to-end systems engineering are to be implemented from a NASA Center, these
functions must be performed by a NASA Center designated by the Enterprise to do so.”

• Of additional interest, the New Frontiers AO (Section 5.1) and Explorer AO (Section 3.1) mention
the goal of “keeping total costs as low as possible,” which could be interpreted that the cost cap is
somewhat flexible.
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Excerpts on PI-Led Missions from
National Research Council

Decadal Survey Reports

“. . . the extremely successful Explorer program provides targeted small-mission opportunities for
advances in many areas of astronomy and astrophysics. The committee endorses the continuation
of a vigorous Explorer program.”

“The Explorer program is very successful and has elicited many highly innovative, cost-effective
proposals for small missions from the community. The committee endorses the continuation of a
vigorous Explorer program by NASA.”

“NASA’s Explorer program has been extremely successful because it provides frequent access to
space for innovative projects across the entire field of astrophysics.”

“Small and moderate missions add important dimensions to NASA’s space astronomy program:
respectively, rapid response and targeted science. The Explorer program, an effective response to
the need for frequent small-mission opportunities, should be continued at its current level. Because
they can deploy new technology on relatively short time scales or move rapidly to follow up on
recent discoveries, newly conceived missions of moderate cost can at times scientifically outperform
the large missions on particular problems. Given the lower costs of small and moderate missions, an
occasional failure can be accepted, although no failure in space occurs without some political cost
to the program. Compared with one or two larger missions, several moderate and many small
missions will more likely provide greater opportunities for developing a diverse set of new
technologies and for training experimental space scientists. On several accounts, moderate and
small missions can be extremely cost-effective.”

“The committee made a careful attempt to define the boundary between projects it would consider
and those it would not. First, judging that the Explorer and Discovery programs at NASA are suitably
peer-reviewed, the committee did not make any recommendations on individual projects in these
programs.”

“Explorer and Discovery missions are regarded as small initiatives. Since they are peer-reviewed, the
committee did not prioritize them.”

Issue Excerpt Page
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“The principal investigator (PI) model that has been used for numerous Explorer missions has been
highly successful. Strategic missions such as those under consideration for the STP and LWS
programs can benefit from emulating some of the management approach and structure of the
Explorer missions. The committee believes that the science objectives of the solar and space physics
missions currently under consideration are best achieved through a PI mode of mission
management.”

“The use of cost caps during much of the 1990s, together with the placement of responsibilities for
mission development and success in the hands of a mission principal investigator (PI), played a
significant role in many highly successful solar and space physics missions, including the Solar
Anomalous and Magnetospheric Particle Explorer (SAMPEX), Fast Auroral Snapshot Explorer (FAST),
TRACE, ACE, and IMAGE. Besides being very successful scientifically, all of these solar-terrestrial
missions were developed at a cost less than their allocated budgets. The PI model that was used for
these Explorer missions was highly successful by any standard. Strategic missions such as those
under consideration for the Solar Terrestrial Probes and Living With a Star mission lines could
benefit from emulating some of the management approach and structure of the Explorer missions.
Many of the major science objectives of solar and space physics research are naturally suited for
implementation by a PI.

Cost caps can be effective in controlling mission cost growth. However, caps will not work if they are
not taken seriously or not enforced, or if costs are beyond the control of the developer or the PI.
Experience has shown that a successful cost-capped system requires that the rules for development
be thoroughly understood by the developer (usually the PI) before development begins and, further,
that the rules should not be changed later on.

Recommendation: NASA should (1) place as much responsibility as possible in the hands
of the principal investigator, (2) define the mission rules clearly at the beginning, and
(3) establish levels of responsibility and mission rules within NASA that are tailored to
the particular mission and to its scope and complexity.

Unfortunately, such tailoring often proved difficult in the past because individual NASA functional
organizations (such as Earned Value Management, Quality, Safety, and Verification) tend to impose
nonnegotiable rules. As a result, the principal NASA official interacting with a mission PI and/or
manager does not have the authority to negotiate all aspects of the project.

Recommendation: The NASA official who is designated as the program manager for a given
project should be the sole NASA contact for the principal investigator. One important task of
the NASA official would be to ensure that rules applicable to large-scale, complex programs
are not being inappropriately applied, thereby producing cost growth for small programs.”

“The Explorer program has long provided the opportunity for targeted investigations, which can
complement the larger initiatives recommended by the committee. However, the committee is
concerned that the overall rate at which solar and space physics missions are undertaken is still
rather low. A revitalized University-Class Explorer (UNEX) program would address this problem while
allowing innovative small investigations to be conducted. However, the very existence of a UNEX
program depends critically on low-cost access to space.”

“Those days of occasional, large, complex spacecraft have been followed by the budget-constrained
missions of the Discovery program. Such missions are so limited in terms of cost, mass, power, and
data rate that they are generally not able to address both planetary and space physics objectives. A
solution to this dilemma is to open the Discovery competition to missions that exclusively address
planetary space physics objectives.

Recommendation: The scientific objectives of the NASA Discovery program should be
expanded to include those frontier space plasma physics research subjects that cannot be
accommodated by other spacecraft opportunities.”

Comments and
recommendations
on PI-led missions
relative to solar and
space physics

Specific comments
on Explorer and
Discovery Program
missions relative to
solar and space
physics
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“It is crucial to maintain a mix of mission sizes and complexities in order to balance available
resources against potential schemes for implementation. For example, certain aspects of the key
science questions can be met through focused and cost-effective Discovery missions (<$325
million), while other high priority science issues will require larger, more capable projects, to be
called New Frontiers. About once per decade, Flagship missions (>$650 million) will be necessary for
sample return or comprehensive investigations of particularly worthy targets. Some future
endeavors are so vast in scope or so difficult (e.g., sample return from Mars) that no single nation
acting alone may be willing to allocate all of the resources necessary to accomplish them, and the
SSE Survey recommends that NASA encourage and continue to pursue cooperative programs
with other nations.

Discovery missions are reserved for innovative and competitively procured projects responsive to
new findings beyond the nation’s long-term strategy. . . . Given Discovery’s highly successful start,
the SSE Survey endorses the continuation of this program, which relies on principal-
investigator leadership and competition to obtain the greatest science return within a cost
cap. A flight rate of no less than one launch every 18 months is recommended.

Particularly critical in this strategy is the initiation of New Frontiers, a line of medium-class, principal
investigator-led missions as proposed in the President’s fiscal year (FY) 2003 budget. The SSE
Survey strongly endorses the New Frontiers initiative. These spacecraft should be
competitively procured and should have flights every 2 or 3 years, with the total cost capped
at approximately twice that of a Discovery mission.”

“The Mars Scout Program, patterned on principal-investigator-led Discovery missions, is
incorporated to provide flexibility in the exploration of Mars. Similarly, many aspects of the inner
planets can be addressed by Discovery-class projects to respond to new findings, instruments, or
approaches.”

“Not all of the fundamental science issues for the inner planets can be addressed by the priority
missions proposed here. However, as discussed earlier, substantial advances must be made in
understanding how planets work, and much can be achieved through one or more focused
Discovery-class missions.”

“The success of the Discovery program, exemplified by the Near-Earth Asteroid Rendezvous (NEAR)
mission, Lunar Prospector, and Mars Pathfinder, has convinced even the most hardened skeptic that
small, relatively low cost missions can effectively address significant scientific goals. The discipline of
Discovery’s competitive selection process has been particularly effective in eliminating ill-conceived
concepts and has resulted in a richness of mission goals that few would have thought possible a
decade ago. The planetary science community’s enthusiastic support for Discovery has led to calls
for the competitive acquisition of all flight projects. The experience during the past decade in
developing mission concepts (i.e., various Pluto flyby and Europa orbiter mission concepts) for
which traditional procedures have led to escalating cost estimates has amplified this call. The
proposed line of New Frontiers missions is specifically intended to be competitively selected.
Competition is seen as a vehicle to increase the scientific richness of flight missions and, perhaps of
equal importance, as a device to constrain the large costs associated with flying robotic missions to
the planets.

Because of the positive experience with Discovery and also because of NASA’s recent success in
competing an outer solar system mission in the New Frontiers cost category, the SSE Survey
strongly endorses the New Frontiers initiative. These spacecraft should be competitively
procured and should have flights every 2 or 3 years, with the total cost capped at
approximately twice that of a Discovery mission. Target selection should be guided by the list
in this report.

Issue Excerpt Page
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While competitive selection has its advantages, its negative aspects should also be taken into
consideration, and avoided if possible. They are as follows:

• Competition leads to secrecy in the conceptual phase of a mission. For small missions having
an adequate number of scientifically focused flight opportunities, this does not seem to be a
demerit. However, with intrinsically expensive missions for which the flight opportunities may be
singular and the scientific goals broad, it can be a problem. For New Frontiers missions, it does not
seem advisable for conceptual scientific development to become the responsibility of a narrowly
focused group in the community, no matter how well motivated they are. The selection of New
Frontiers missions needs to be a continuing process involving broad community input, as has been
accomplished by this decadal survey report.

• Competition for New Frontiers missions may lead to a substantial increase in the overall costs
associated with conceptual mission development during the preselection stage. As yet, the SSE Survey
knows of no estimate or clearly identified source of funds for the development of proposals for New
Frontiers missions. The cost of developing a Discovery proposal to the final stage of a competition is
not negligible. These costs can be expected to increase with the size and scope of the mission. The
cost to develop a New Frontiers mission proposal will be considerably more than for Discovery
missions. In Discovery, these funds come partly from the overhead charged on other projects at an
implementing institution and partly from NASA (particularly in the final stages of the competition).
The SSE Survey recommends an early study to determine the means for providing the funds
necessary to underwrite proposal competition in New Frontiers missions.

• Competition may lead to conflicts of interest at NASA centers. There are areas of unique
expertise resident in single NASA centers that must be supported and maintained as necessary and
required to carry out the planetary exploration enterprise (e.g., mission analysis, navigation, and
deep-space communications). This expertise is often supported from institutional overhead on
ongoing center missions. Since these same centers may also wish to compete, particularly for large
missions, the centers will face a conflict of interest when deciding whether to make such unique
services available to their competitors. The SSE Survey recommends an early study to find ways
to avoid the potentially adverse consequences of conflicts of interest relating to, for example,
access to unique expertise and infrastructure at NASA centers.”

“The Discovery line of small missions is reserved for competed missions responsive to discoveries
and is outside the context of any long-term strategy. Over the course of any 10-year period, there
are certain to be new discoveries and high-science-value mission ideas that could not be discerned
at the beginning of the strategic planning period. The Discovery program provides for the necessary
flight program flexibility to cover these contingencies and to provide continuing new opportunities
to the planetary science community for mission ideas not provided in the long-term strategic plan.
The Discovery program is fundamental and invaluable for planetary exploration, but it is outside the
bounds of this long-term strategic plan. Therefore, the SSE Survey makes no specific flight mission
recommendations for the Discovery program, but it is compelled to make a recommendation on the
value of these missions to planetary exploration. Given Discovery’s highly successful start, the
SSE Survey endorses the continuation of this program, which relies on principal-investigator
leadership and competition to obtain the greatest science return within a cost cap. A flight
rate of no less than one launch every 18 months is recommended.”

“The Mars Scout program consists of competed, Discovery-class, principal-investigator-led missions
with $300 million cost caps. The program was instituted by NASA to meet science goals and
opportunities not covered by other missions and to provide a mechanism for the MEP to be
responsive to discoveries. As structured, the Scout program provides an excellent opportunity for
NASA to accommodate science topics outside the principal objectives of the MEP, and for the broad
science community to respond to discoveries and technological advancement. The Mars Panel
strongly endorses NASA’s desire to structure the Scout program after the successful Discovery
program. In that regard, it is essential that the measurement goals for the Mars Scout program be
directed toward the highest-priority science for Mars and be selected by peer review.”

Issue Excerpt Page
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“The budgets for early Discovery missions (e.g., Lunar Prospector) and technology demonstration
activities (e.g., the Department of Defense’s Clementine and NASA’s Deep Space 1) made no
provision for archival products. As a result, data from these missions have been very little analyzed.
The recent success of the NEAR mission and its return of a huge volume of data—an order of
magnitude more than when the mission was planned—have highlighted the importance of
archiving as a separate activity within solar system exploration. These events have also illustrated
many of the pitfalls in establishing an archive from a highly productive mission that was budgeted
in the Discovery range. The risk exists that the scientific return from solar system exploration
missions will be smaller than ideal as small, principal-investigator-led missions proliferate. . . .

The increasing attention paid to archiving plans in the recent rounds of Discovery selections has
been a step forward, as has the recent support by the Mars program, although the overall situation
remains unsatisfactory. The SSE Survey notes, for example, that all Discovery proposals are required
to budget 1 to 2 percent of their total cost for education and public outreach (E/PO), a valuable
activity that is also highly leveraged with external resources. The total amount of money spent on
preparing archival products by any mission is small compared to this, with the only leveraging being
in the PDS budget, except in the special case of non-NASA missions for which there is large
leveraging through the outside agency. This is the funding that is intended to provide the complete
archival product, ready for use by the research community. The PDS is funded, at present, just to
maintain suitable standards, to advise the missions, and to distribute the archival products, not to
prepare them. The SSE Survey notes that in many cases the experience resident in the PDS could
lead to more efficient preparation of archives if the PDS scientists were involved at the earliest
stages. Furthermore, substantial community demand exists for access to the large databases of
Earth-based data produced through NASA’s R&A programs—data that are in general not archived
with the PDS for lack of resources. Enhancements to either the PDS or mission budgets would
enable data archiving.

The SSE Survey strongly encourages exploration of ways to accomplish the following:

• Improve the early involvement of the PDS with missions;
• Increase the PDS budget and streamline its procedures, while not lowering standards

or eliminating peer reviews, in order to deal with the data, perhaps considering the function
to be funded at a fixed fraction, such as 1 percent of the mission development and operations
budget in addition to a small base budget, to ensure that the PDS can cope with varying
amounts of archiving; and

• Ensure that missions as well as R&A projects producing large data sets have adequate
funding for proper archiving.”

“Planetary missions provide an unparalleled opportunity to capture student and public attention in
science, engineering, and exploration. Recognizing this high potential, all NASA flight programs are
required to devote 1 to 2 percent of their total budget to E/PO. Typically, each flight project develops
its own set of activities. The E/PO components developed through principal-investigator-led flight
projects, such as Discovery missions, have been particularly effective. In these projects, E/PO is typically
‘leveraged’ through other organizations (including non-NASA groups), identified and cultivated by the
principal-investigator team. All recent planetary missions, including Galileo, Cassini, Deep Impact,
Messenger, Contour, Stardust, and various Mars missions, have extensive E/PO activities.”

“The requirement of incorporating E/PO for specific projects, such as Discovery missions, is considered
meritorious, and most planetary scientists agree that the current funding levels of 1 to 2 percent are
about right within the SSE program. In most implementations, planetary scientists and education
specialists work hand-in-hand to derive innovative and effective activities for communicating solar
system exploration to students, teachers, and the public. In many respects, these programs serve as
models for SSE E/PO in general. E/PO activities proposed as part of the overall research program,
however, have not worked very well, primarily because of the review process and the lack of sufficient
funds. For example, many PIs put substantial effort into preparing ‘add-on’ E/PO activities as part of
their research grants only to learn later that very few of the E/PO activities were funded. Moreover, in
many cases they received little or no feedback on their E/PO proposals.”
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“The Explorer program contributes vital elements that are not covered by the mainline STP and LWS
missions. Explorers fill critical science gaps in areas that are not addressed by strategic missions, they
support the rapid implementation of attacks on very focused topics, and they provide for innovation
and the use of new approaches that are difficult to incorporate into the long planning cycles
needed to get a mission into the strategic mission queues. The Explorer program can also provide
opportunities to respond rapidly to specific needs of human exploration. The Explorers also provide
a particularly substantial means to engage and train science and engineering students in the full life
cycle of space research projects. Consequently, a robust SEC science program requires a robust
Explorer program.”

Issue Excerpt Page
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The Explorer and Discovery programs have the longest histories, with multiple AO releases. The initial
AOs (before 1997) are not available on the NASA Web site, but the AOs after 1997 are available and
illustrate the main changes that occurred during the late 1990s in each program.

The Discovery AO released on March 31, 1998 (AO-98-OSS-04) resulted in the selection of Deep Impact
and MESSENGER on July 6, 1999. The latest Discovery AO, released on April 16, 2004 (NNH04ZSS02O) has
not yet resulted in any selection. The Discovery 2004 AO had the following important changes relative to the
1998 AO release:

• Added requirement to adhere to NPR 7120.5B NASA Program and Project Management Processes
and Requirements Document for approval to implementation phase. In the 1998 AO, NPR 7120.5B was
only given as a source for “products typically associated” and may be used as a reference in defining a
team’s mission approach. In 1998, teams were encouraged to use innovative processes when cost, sched-
ule, and technical improvements could be demonstrated.

• Amount of NASA oversight changed. In the 2004 AO, the requirements section states that the PI will
have a “large degree of freedom” provided that there is demonstrated commitment to fundamental prin-
ciples for sound management, engineering and safety, and mission assurance (NPR 7120.5B). It also says
that NASA intends to maintain a significant degree of insight into mission development. In the 1998 AO,
the corresponding statements are as follows: (1) The PI will have a “large degree of freedom” within stated
constraints with only essential NASA oversight and (2) PI teams may “use own” processes and procedures
to the fullest extent possible.

• An added requirement is that 25 percent of unencumbered reserve be available at the end of Phase B
for Phases C-D.

• There is an added requirement for software IV&V.
• There is an added requirement for a risk management plan.

E

Major Changes in Requirements Between
Announcements of Opportunity

NOTE: The full names of the missions are given in Appendix H.
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• Many more specific NASA requirements documents (for example, NPR 7100.1D and NPD 8020.7E)
are referred to in the main text. In 1998, fewer documents were referenced, most were only listed in the
Discovery Program library, and their tie-in to the project requirements was vague.

• The total Office of Space Science cost cap increased to $360 million (FY 2004 dollars) in 2004 from
$299 million (FY 1998 dollars) in 1998.

The MIDEX AO released on March 25, 1998 (AO-98-OSS-03) resulted in the selection of Swift and
FAME on October 14, 1999 (note that FAME was not confirmed for Phase C/D). The latest MIDEX AO,
released on July 16, 2001 (AO-01-OSS-03) resulted in the selection of THEMIS and EUSO (an MoO). An
AO was planned for May 2004 but has been delayed by at least 1 year. However, planned changes in this
release from the 2001 release were provided to the public for review and comment. The following changes
are noted between the 2001 and 1998 AO releases. Planned changes for 2005 are also noted:

• The amount of NASA oversight changed slightly. In the 2001 AO, the following statement is found
in the requirements section: “Responsibility for implementing a selected investigation rests with the PI and
the investigator team, which will have a large degree of freedom,” with “appropriate NASA oversight to
ensure mission success.” The same statement is found in the 1998 AO but with the word “essential” instead
of “appropriate” used to describe the NASA oversight.

• There is added discussion of available GSFC services.
• A requirement for demonstrating a minimum of 20 percent cost reserve against cost to complete

(excluding the cost of the launch vehicle and MO&DA) has been added. In the 1998 AO release, no reserve
requirement was specified. In the 2004 planned AO release, this requirement will be changed again to 25
percent unencumbered reserve at the end of Phase B, with funded schedule reserve also required.

• The total Office of Space Science cost cap planned for the 2005 AO release is $170 million (FY
2005 dollars), the total cost cap in the 2001 AO release was $180 million (FY 2001 dollars), and the total
cost cap in the 1998 AO release was $140 million (FY 1998 dollars).

• In the 2005 planned AO release, international participants will be required to present signed letters
of endorsement at the time of proposal submission. In earlier AO releases, no such requirement was stated.

The SMEX AO released on April 14, 1997 (AO-97-OSS-03) resulted in the selection of HESSI, GALEX,
and TWINS (as an MoO) on October 1, 1997. The latest SMEX AO, released on February 3, 2003 (AO-03-
OSS-02 ), resulted in feasibility studies for five missions—NEXUS, DUO, IBEX, NuSTAR, and JMEX. The
following changes between the 2003 and 1997 AO releases were noted:

• A requirement for software IV&V was added.
• There was more discussion of available GSFC services.
• A requirement was added that less than 25 percent of the total Office of Space Science commitment

be expended before the start of Phase C.
• The total Office of Space Science cost cap is $120 million in FY 2003 dollars; in 1997, the total cost

cap was $69 million (launch vehicle, $19 million; Phases A-D, $38 million; Phase E, $9 million; and the
ground data system, $3 million).
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Number of Publications
Launch as of January/

Program/Mission Date Principal Investigator/Affiliation February 2005

Discovery
Lunar Prospector 1/6/98 Alan Binder, Lunar Research Institute 33
Stardust 2/7/99 Donald Brownlee, University of Washington No response
Genesis 8/8/01 Donald Burnett, Caltech 21*
MESSENGER 8/3/04 Sean Solomon, Carnegie Institution 46
Deep Impact 1/12/05 Michael A’Hearn, University of Maryland 52
Dawn NYL Christopher Russell, University of California, Los Angeles 24
Kepler NYL William Borucki, NASA Ames 21*

Explorer
SNOE 2/26/98 Charles Barth, Laboratory for Atmospheric and Space Physics 14
FUSE 6/24/99 Warren Moos, Johns Hopkins University 449*
IMAGE 3/25/00 James Burch, Southwest Research Institute 382*
HETE-2 10/9/00 George Ricker, Massachusetts Institute of Technology 104*
WMAP 6/30/01 Charles Bennett, NASA ~600
RHESSI 2/5/02 Robert Lin, University of California, Berkeley 174
CHIPS 1/12/03 Mark Hurwitz, University of California, Berkeley 7
GALEX 4/28/03 Chris Martin, Caltech 33
Swift 11/20/04 Neil Gehrels, NASA 27*
THEMIS NYL Vassillis Angelopolous, University of California, Berkeley 4
IBEX NYL David McComas, Southwest Research Institute 1
NuStar NYL Fiona Anne Harrison, Caltech 0
AIM NYL James M. Russell III, Hampton University 0
WISE NYL Edward L. Wright, University of California, Los Angeles 3

NOTES: This table only includes PI missions. See Tables 2.1 and 2.2. Publications include all full-length published scientific manuscripts
(no abstracts, no popular press) and were obtained directly from the PI or the PI’s associates (assistants or other professors to whom the
request was referred). Exceptions to this are marked with an asterisk (*); these publications were identified on the individual mission’s
Web site (identified above each publication list). NYL, not yet launched. The full names of the missions are given in Appendix H.
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LESSONS LEARNED—GENERAL

Final Report on the Discovery Management Workshop, held April 13-15, 1993, <centauri.larc.nasa.gov/
discovery/Doc14a.doc>.

Recommendations for Discovery Policy and Implementation Guidelines, Executive Committee of
the Discovery Management Workshop, May 27, 1993, <centauri.larc.nasa.gov/discovery/Doc14b.doc>.

Discovery Missions Program: Lessons Learned Workshop, Minutes, January 30, 1998, <discovery.
larc.nasa.gov/discovery/Lessons_Learned_Minutes.pdf>.

Discovery Program Lessons Learned Workshop, Minutes, July 24, 2002, <discovery.larc.nasa.gov/
discovery/DiscoMinutes3.pdf>.

Discovery Lessons Learned for Explorer Retreat, Steve Brody, Discovery Program executive, <space
science.nasa.gov/codesr/midex/retreat03/Brody_Discovery.pdf>.

Discovery Program Retreat, 2003, Agenda and Lessons, <discovery.larc.nasa.gov/discovery/
DiscoveryRetreat2003.pdf>.

Explorers Retreat, presentation by Tony Comberiate, Explorers Program manager, September 30,
2003, <spacescience.nasa.gov/codesr/midex/retreat03/Comberiate_roles.pdf>.

Explorers Program History (from official Web site), <explorers.gsfc.nasa.gov/history.html>.

Explorer Retreat Minutes, September 30, 2003, <spacescience.nasa.gov/codesr/midex/retreat03/Notes.pdf>.

Independent Review Perspective, Beth Wahl, SAIC, presented at Explorers Program Retreat, Sep-
tember 30, 2003, <spacescience.nasa.gov/codesr/midex/retreat03/Wahl_reviews.pdf>.

TMC Review and Evaluation Process, Carlos Liceaga, Explorer acquisition manager, 2003 Explorer
Retreat, <spacescience.nasa.gov/codesr/midex/retreat03/Liceaga_TMC.pdf>.

G
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Explorer Options for the Future, Presentation to the SEUS and OS, Paul Hertz, Explorer Pro-
gram scientist, July 2, 2003, <spacescience.nasa.gov/admin/divisions/sz/SEUS0307/Explorer_Hertz.
pdf>.

Discovery Lessons Learned for Explorer Retreat, Steve Brody, Discovery Program executive, <space
science.nasa.gov/codesr/midex/retreat03/Brody_Discovery.pdf>.

NASA’s Not Shining Moments, James Oberg, Scientific American, February 2000, <www.jamesoberg.com/
022000nasanotshining.html>.

NASA F[aster] B[etter] C[heaper] Task Final Report, March 2000, <www.spaceref.com/mars/reports/
03.13.00.fbc.report.pdf>.

GAO Survey of NASA’s Lessons Learned Process, <www.gao.gov/new.items/d011015r.pdf>.

NASA: Better Mechanisms Needed for Sharing Lessons Learned, GAO Report to Subcommittee on
Space and Aeronautics, Committee on Science, House of Representatives, <www.gao.gov/new.items/
d02195.pdf>.

Report on Project Management in NASA by the Mars Climate Orbiter Mishap Investigation Board,
March 13, 2000, <www.hq.nasa.gov/office/codeq/risk/mco_mib_report.pdf>.

Mission Impediments: Early Findings from a Study of 2 SMEX, 2 MIDEX, and 3 Discovery Missions,
Dave Gilman and Joe Shockcor (NASA Langley) and Jerry Rauwolf (SAIC), September 27, 2003,
<spacescience.nasa.gov/codesr/midex/retreat03/Gilman_impediments.pdf>.

NASA Plans Knowledge Database, William Matthews, FCW.COM, April 17, 2000, <www.fcw.com/
fcw/articles/2000/0417/news-nasaside-04-17-00.asp>.

One Hundred Rules for NASA Project Managers, Jerry Madden, <www.altisinc.com/Links/100_Rules.html>.

100 Lessons Learned for Project Managers, Jerry Madden, <appl.nasa.gov/ask/issues/14/practices/
ask14_lessons_madden.html>.

MISSIONS

Discovery

NEAR Mission Fact Sheet, <discovery.nasa.gov/near.html>.

Applied Physics Laboratory Honors NEAR Team for Underbudget Development and Launch, JHUAPL
Press Release, April 9, 1996, <www.jhuapl.edu/newscenter/pressreleases/1998/under.htm>.

NEAR Overview, <www.msss.com/small_bodies/near_new/>.

Mars Pathfinder Mission Fact Sheet, <discovery.nasa.gov/pathfinder.html>.

Fact Sheet for Mars Pathfinder from NSSDC Master Catalog, <nssdc.gsfc.nasa.gov/database/
MasterCatalog?sc=1996-068A>.

Mars Pathfinder Fact Sheet, <mars.jpl.nasa.gov/MPF/mpf/fact_sheet.html>.

Mars Pathfinder Winds Down After Phenomenal Mission, JPL Press Release, November 4, 1997,
<mpfwww.jpl.nasa.gov/MPF/mpf-pressrel.html>.

Lunar Prospector Mission Fact Sheet, <discovery.nasa.gov/prospector.html>.
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Fact Sheet for Lunar Prospector from NSSDC Master Catalog, <nssdc.gsfc.nasa.gov/database/
MasterCatalog?sc=1998-001A>.

Lunar Prospector, <lunar.arc.nasa.gov/project/prospector.htm>.

Testimony of Alan Binder at U.S. House of Representatives, Committee on Science, hearing on
NASA’s Mars Program after the Young Report: Part II, May 11, 2000, <www.house.gov/science/
binder_062000.htm>.

Stardust Mission Fact Sheet, <discovery.nasa.gov/stardust.html>.

Fact Sheet for Stardust from NSSDC Master Catalog, <nssdc.gsfc.nasa.gov/database/MasterCatalog?sc=1999-
003A>.

Stardust: Implementing a New Manage-to-Budget Paradigm, Kenneth Atkins, project manager, and
others, <appl.nasa.gov/pdf/47148main_stardust.pdf>.

Genesis Mission Fact Sheet, <discovery.nasa.gov/genesis.html>.

Fact Sheet for Genesis from NSSDC Master Catalog, <nssdc.gsfc.nasa.gov/database/MasterCatalog?sc=2001-
034A>.

Risk Management for the NASA/JPL Genesis Mission: A Case Study, Barney Roberts, Futron, and
Richard Bennett, Caltech, <www.futron.com/pdf/INCOSE2000.pdf>.

CONTOUR Mission Fact Sheet, <discovery.nasa.gov/contour.html>.

Fact Sheet for CONTOUR from NSSDC Master Catalog, <nssdc.gsfc.nasa.gov/database/MasterCatalog?
sc=2002-034A>.

CONTOUR Mishap Investigation Board Report, May 31, 2003, <www.nasa.gov/pdf/52352main_ contour.pdf>.

MESSENGER Mission Fact Sheet, <discovery.nasa.gov/messenger.html>.

Fact Sheet for MESSENGER from NSSDC Master Catalog, <nssdc.gsfc.nasa.gov/database/MasterCatalog?
sc=MESSNGR>.

Deep Impact Mission Fact Sheet, <discovery.nasa.gov/deepimpact.html>.

Fact Sheet for Deep Impact from NSSDC Master Catalog, <nssdc.gsfc.nasa.gov/database/
MasterCatalog?sc=DEEPIMP>.

Over Budget and Behind Schedule: Deep Impact Is Still a Go, Jeremy Hsieh, April 23, 2003,
<www.inform.umd.edu/News/Diamondback/archives/2003/04/23/news6.html>.

Deep Impact PI Update, April 2004, <deepimpact.jpl.nasa.gov/mission/update.html>.

ASPERA-3 Mission Fact Sheet, <discovery.nasa.gov/aspera.html>.

Lessons Learned During Hardware Phase, John Scherrer, Southwest Research Institute Seminar,
August 7, 2002, <www.swri.edu/swim/presentations/ Day1Pt1/03B-SCHERRER_Swim%20seminar.ppt>.

Explorers

TERRIERS, <nssdc.gsfc.nasa.gov/database/MasterCatalog?sc=1999-026A>.

Terriers Rescue Attempt from McMurdo Ground Station, Greg Huffman, January 1, 2000, <www.bu.edu/
satellite/mission/report.ps>.
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FUSE Mission Overview (from official Web site), <fuse.pha.jhu.edu/overview/mission_ov.html>.

NASA Team Gives FUSE Spacecraft Triple Brain Transplant, NASA Press Release 03-243, July 21,
2003, <www.nasa.gov/home/hqnews/2003/jul/HQ_03243_fuse_transplant.html>.

IMAGE, <nssdc.gsfc.nasa.gov/database/MasterCatalog?sc=2000-017A>.

Imager for Magnetopause-to-Aurora Global Exploration (IMAGE): Lessons Learned, Jim Burch and
Bill Gibson, Southwest Research Institute, IMAGE Explorer Retreat Presentation, <spacescience.nasa.gov/
codesr/midex/retreat03/Burch_IMAGE.pdf>.

WMAP Mission (from official website), <map.gsfc.nasa.gov/m_mm/ms_status.html>.

Results from WMAP, Edward L. Wright representing the WMAP Science Team, SLAC Summer
Institute, July 28-August 8, 2003, <www.slac.stanford.edu/econf/C0307282/papers/TW01.PDF>.

RHESSI, <hesperia.gsfc.nasa.gov/hessi/sheet.htm>.

NASA PLLS Database–Lesson 0903, High Energy Spectroscopic Imager Test Mishap, <llis.nasa.gov/
llis/cgi-plls/plls_lesson?num=0903&kw=explorer>.

The CHIPS Mission (from official Web site), <chips.ssl.berkeley.edu/mission.html>.

CHIPS/UNEX Lessons Learned, Mark Hurwitz, Ellen Riddle-Taylor, Mike Sholl (all UCB) and David
Pierce (GSFC), Explorers Retreat, September 30, 2003, <spacescience.nasa.gov/codesr/midex/
retreat03/Pierce_CHIPS.pdf>.

About GALEX: Mission Concept (from official Web site), <www.galex.caltech.edu/ABOUT/concept.html>.

Galaxy Evolution Explorer Phase E Lessons Learned, James Fanson, JPL, presentation, September
2003, <spacescience.nasa.gov/codesr/midex/retreat03/Fanson_GALEX.pdf>.
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ACE Advanced Composition Explorer
AGU American Geophysical Union
AIM Aeronomy of Ice in the Mesosphere
AO announcement of opportunity
APL Applied Physics Laboratory

BAT Burst Alert Telescope

CAR confirmation acceptance review
CAS Center for Astrophysical Sciences
CBO Congressional Budget Office
CCR configuration change request
CDR critical design review
CHIPS Cosmic Hot Interstellar Plasma Spectrometer
CINDI Coupled Ion Neutral Dynamics Investigation
CMB cosmic microwave background
CMBR cosmic microwave background radiation
CME coronal mass ejection
COBE Cosmic Background Explorer
CONTOUR Comet Nucleus Tour
CSR concept study report

DAP data analysis program
DI Deep Impact
DOD Department of Defense
DPO Discovery Program Office

H

Acronyms
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DSN Deep Space Network
DUO Dark Universe Observatory

EIT Extreme ultraviolet Imaging Telescope
ELV expendable launch vehicle
E/PO education and public outreach
ESE Earth Science Enterprise
ESSP Earth System Science Pathfinder
ESSSO Earth and Space Science Support Office
EUSO Extreme Universe Space Observatory
EUV extreme ultraviolet
EUVE Extreme Ultraviolet Explorer

FAME Full Sky Astrometric
FAST Fast Auroral Snapshot Explorer
FBC faster-better-cheaper
FFRDC federally funded research and development center
FTE full-time equivalent
FUSE Far-Ultraviolet Spectroscopic Explorer
FY fiscal year

GALEX Galaxy Evolution Explorer
GI guest investigator
GONG Global Oscillation Network Group
GRB gamma-ray burst
GSFC Goddard Space Flight Center

HESSI High Energy Solar Spectroscopic Imager
HETE-2 High Energy Transient Explorer-2

IBEX Interstellar Boundary Explorer
IMAGE Imager for Magnetopause-to-Aurora Global Exploration
IMEX Inner Magnetosphere Explorer
IMPACT In-situ Measurements of Particles and CME Transients
IPM interplanetary medium
IR infrared
ISM interstellar medium
ITA Independent Technical Authority
ITAR International Traffic in Arms Regulations
IV&V independent verification and validation

JMEX Jupiter Magnetospheric Explorer
JPL Jet Propulsion Laboratory

KSC Kennedy Space Center
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LASCO Large Angle and Spectrometric Coronagraph
LASP Laboratory for Atmospheric and Space Physics
LRR launch readiness review
LWS Living With a Star

MCR mission confirmation review
MDI Michelson Doppler Imager
MEP Mars Exploration Program
MESSENGER Mercury Surface, Space Environment, Geochemistry, and Ranging
MIDEX Medium-class Explorer
MO mission operations
MO&DA mission operations and data analysis
MoO mission of opportunity
MSFC Marshall Space Flight Center

NAPA National Academy of Public Administration
NAS National Academy of Sciences
NASA National Aeronautics and Space Administration
NEAR Near Earth Asteroid Rendezvous
NEXUS Normal-incidence Extreme-Ultraviolet Spectrograph
NIAT NASA Integrated Action Team
NPR NASA procedural requirement
NRA NASA research announcement
NRC National Research Council
NuSTAR Nuclear Spectroscopic Telescope Array

OSS Office of Space Science

PDR preliminary design review
PDS Planetary Data System
PER pre-environmental review
PI principal investigator
PM project manager
PMC Program Management Council
POP program operating plan
PSR pre-ship review

QA quality assurance

R&A research and analysis
RFA request for action
RHESSI Ramaty High Energy Solar Spectroscopic Imager
RXTE Rossi X-Ray Timing Explorer

SAMPEX Solar Anomalous and Magnetospheric Particle Explorer
SMEX Small-class Explorer
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SNOE Student Nitric Oxide Explorer
SOHO Solar and Heliospheric Observatory
SPIDR Spectroscopy and Photometry of the Intergalactic Medium’s Diffuse Radiation
SR&T supporting research and technology
SRM solid rocket motor
SSB Space Studies Board
SSE Survey Solar System Exploration Survey
SSO Science Support Office
STEDI Student Explorer Demonstration Initiative
STEREO Solar Terrestrial Relations Observatory
STP Solar Terrestrial Probe
SWAS Submillimeter Wave Astronomy Satellite
SWRI Southwest Research Institute

TERRIERS Tomographic Experiment using Radiative Recombinative Ionospheric EUV and
Radio Sources

THEMIS Time History of Events and Macroscale Interactions during Substorms
TIMED Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics
TMCO technical, management, cost, and other
TPF Terrestrial Planet Finder
TRACE Transition Region and Coronal Explorer
TWINS Two Wide-angle Imaging Neutron-Atom Spectrometers

UNEX University-class Explorer
USGS U.S. Geological Survey
USML U.S. munitions control list
USRA University Space Research Association
UV ultraviolet

WBS work breakdown structure
WIRE Wide-field Infrared Explorer mission
WISE Wide-field Infrared Survey Explorer
WMAP Wilkinson Microwave Anisotropy Probe
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SECTION II: FINDINGS, ANALYSIS, AND RECOMMENDATIONS

The history of cost overruns in space flight projects shows that the greatest overruns occur when there
is a mismatch between the project’s cost estimate and the scope of the engineering challenge required to
achieve a project’s scientific and/or engineering objectives. The mismatch is driven by a number of
potential factors. Commonly, the cost estimate has been prepared in an environment influenced by exter-
nally dictated “affordability” constraints. Often, the engineering solutions are not well understood for
spacecraft systems or instruments that are critical to the mission’s success. Key assumptions used for
preparing the estimates prove to be inaccurate. For example: frequently, the resources (funds, talent,
facilities, launchers) aren’t available in a timely manner due to another project’s higher priority; occasion-
ally, the project leadership is not up to the management challenge; quite often, the external environment
for failure tolerance changes, and new design/test requirements are imposed; and, delivery and quality
control problems are encountered that consume the contingencies included in the schedule and cost
plans. Finally, the cost estimators simply are handicapped by a lack of relevant prior experience; they lack
appropriate cost analogies which could provide a basis of comparison.

NASA program managers have several tools at their disposal to reduce the probability that a new
project will be affected by one or more of these factors. First, they can ensure the conditions established in
the Announcement of Opportunity do not inadvertently contribute to the creation of a mismatch. The cost
caps, schedule caps, funding constraints, and review cycles can reflect the desired science return and the
imposed management conditions. Second, they can use unbiased external reviewers with relevant science,
engineering, and cost estimating experience to provide the critical insights needed to make informed
decisions during the project’s life cycle. Third, they can make allowances for unanticipated but mandated
changes, the adverse effects of non-anticipatable events, and anticipatable but unrecognized resource

I

Excerpt from the National Academy of
Public Administration Report NASA: Principal

Investigator Led Missions in Space Science

NOTE: National Academy of Public Administration (NAPA). 2005. NASA: Principal Investigator-Led Missions in Space Science.
Washington, D.C., pp. 17-30.
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constraints that lead to inefficient expenditures.21 Fourth, they can ensure a match between the managerial
and engineering talent furnished to the project and the challenges inherent in the project. Finally, they can
reduce the probability of deliberate underestimating of the “basic cost estimate”—the estimate for the
baseline mission elements before the application of reserves—by insisting on a high confidence in that cost
estimate.

As discussed in the prior section, NASA program managers do avail themselves of these tools, and have
made adjustments in their management approach in response to changed circumstances. The findings and
recommendations provided below should be viewed as building on and strengthening current NASA
practices. The Academy team’s examination of the cost growth of projects from the baseline without
reserves (as seen in “the internal cost growth” for Discovery projects) indicates how seriously underesti-
mated the starting estimates for many projects have been. The team’s findings, analysis, and proposed
corrective actions are presented below.

The analysis is broken down by two principal processes. The first examines how the proposal process
for PI-led missions influences the quality of the basic cost estimates. The second focuses on the mission
development process.

The Proposal Process

Finding 1: The proposal and selection process has characteristics and limitations that encourage the
submission of optimistic basic mission cost proposals for science missions.

The AO proposal process encourages a proposer to adopt strategies that emphasize the prospects for
exciting science returns from innovative missions that explore new environments, using a mixture of
proven and new technologies. Proposers are astutely packaging their proposals to address NASA’s expec-
tations—as articulated in the AO and NASA program management directives—in terms of accepted project
management processes. And proposers are very aware of the need to meet NASA’s stipulation that a
specified percentage level of project cost reserves be shown as available at key milestones before the
project will be approved for development start.

However, the specific rules set up by NASA in the AO work against proposers providing NASA with
proposal cost estimates for the baselined mission content that have a higher probability of being success-
fully executed without reliance on project cost reserves.

• First, the proposers must satisfy NASA’s emphasis on the amount of reserves included, where higher
levels of reserves in the estimates are evaluated as “a strength.” The AO specifies a percentage of
“unencumbered reserves” at the time of confirmation for development of at least 25 percent of all
development costs in phases C and D; if the unencumbered reserves are lower than 25 percent, the
projects “are likely to be judged as having an unacceptably high cost risk and, therefore, not
confirmed for further development.”22 As a consequence, the proposers are encouraged to prepare
estimates that ensure the required level of reserves can be displayed. The Academy team’s interviews
suggest that proposers are achieving this requirement by using more “optimistic” costing assump-
tions in their basic cost estimates.

21Obvious examples are delays due to technical facilities not being available, lack of access to the most talented personnel, funding
limitations, delays in launch vehicle readiness, and, quality/availability problems with electronic piece parts.

22See Announcement of Opportunity, New Frontiers Program 2003 and Missions of Opportunity, NASA AO 03-OSS.
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• Second, the rules of the AO process call for a focus on total mission costs, including the amounts
spent during phases A and B. This focus on the end-to-end mission costs at the time of the step 1
proposal establishes a presumption of a level of maturity in the cost estimates that is normally
achieved only by the end of the formulation phase. Indeed, the proposer is encouraged to include
statements that stress the positives—e.g., a stable design and mature technologies—and minimize
the negatives. There are no incentives for a proposal team to propose formulation phase “design
trades” to reduce technical risks, even if the trades were to be funded using its own resources. It is
better to be quiet about the design risks than to signal to evaluators that there is a design maturity
issue. The Academy team also noted that there are even greater disincentives for a proposal team
that proposes NASA funds be used during phases A and B for design trades: the expenditures are
counted against the cost cap, thereby reducing the total funds available for development, and, in
effect, applying funds that otherwise could be counted as “reserves.”

• Third, proposers are fully aware that a mission plan intended to achieve truly exciting science
returns often requires departures from the “experience base.” Employing existing technologies and
exploring well-understood spacecraft operating environments are avenues that markedly reduce
cost and schedule risks. However, as an example, the exploration of Mercury by the MESSENGER
spacecraft clearly necessitated the introduction of advanced materials and technologies and expo-
sure to a poorly understood, stressful spacecraft thermal operating environment; the cost growth
experienced during the MESSENGER’s development phase had much to do with the inherent
challenges required to achieve the desired science return.

The PIs interviewed clearly stated the conflict between achieving exciting science, and achieving
lower cost and schedule risks. However, the fierce competition among proposal teams leads to the
understanding that step 1 proposals that promise high science return are favored over those with
reduced science return but lower cost and schedule risks. This conundrum is an incentive to the
proposal teams to take their chances that the step 1 independent reviewers will not fully appreciate
the cost and schedule risks inherent in achieving the desired science return.

• Fourth, NASA has been slow to adjust cost caps to reflect the true impacts of the post-NIAT
environment and the progression toward more difficult science exploration missions (the simpler
and cheaper missions have already been done or are not as exciting).23

• Fifth, the AO restricts the potential cost increase to 20 percent from the time the proposal is received
to the concept feasibility report published at the end of phase A, and in no case can it be higher than
the cost cap. There is little incentive for proposers to alter the initial cost estimates to reflect their
sense of “realism” unless the proposers view implementation of a descoping option as viable.

The Academy study team concluded that the only way the project team can achieve, without penalty,
a higher level of formulation phase expenditures sufficient to permit design trades to be undertaken to
refine the design or to develop engineering testbeds is to do so without NASA funding. The Academy team’s
interviews revealed this is the practice the proposal teams have adopted; the proposal teams at least match

23The PIs and PMs have argued that the cost caps in the AOs should be increased to reflect this. The increase in total mission cost
limitations in recent NASA AOs shows that NASA’s Science Mission Directorate has recognized the merits of this argument.
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if not exceed the limited amounts of funding NASA provides during phase A.24 In the step 1 proposals, the
plans for phase B also have to be provided in some detail; again, there is little incentive for a team to put
forth a plan of technology trades or for testbeds that consume funds otherwise available for reserves. In
addition, NASA specifies an allowable funding profile that it expects proposers to adhere to in their
planning; this militates against a proposer planning a more robust formulation phase than NASA has
allowed for in the allowable spending profile.

The Academy team also considered the merits of NASA’s strategy of relying on descoping options that
could be put into effect should the level of reserves diminish to an unacceptable level. The proposers have
to provide a detailed plan for descoping to the “minimum science floor.” The interviewees said this strategy
is of limited effectiveness during the formulation phase. Its limitations stem from the incentives for proposers
to maintain as much science capability as possible; thus, the proposers are likely to overstate the cost
savings achieved by implementing specific descoping options. Because the objective is to be confirmed for
development, with a key being NASA’s evaluation of reserve levels, the proposers have every incentive to
overstate the savings and little incentive to recognize the additive costs that result from redesigns. The
interviewees noted that NASA had the ability to verify the savings from eliminating capabilities, but lacked
the detailed insight required to appreciate the costs of redesigns. During implementation, several project
managers noted that pre-planned descopes were considered to be of minimal effectiveness in restoring
reserves, because post-design review changes in the technical requirements require redesigns that have
broader systems engineering and integration impacts. The recognition of the need for changes that will
reduce costs is usually six months to a year after the critical design review, too late to implement descopes
that could generate appreciable savings.

The Academy team concluded that changes to the AO provisions that govern the proposal’s cost
estimates could present the best approach to reducing the probability of cost overruns. Instead of relying
upon stipulated reserve levels to address uncertainties, NASA could request the proposer to address the
uncertainties by attributing a confidence level to the baseline estimate, and showing the magnitude of that
uncertainty by providing lower and higher values commensurate with increased and decreased levels of
cost estimating uncertainties. By requiring a three point estimating approach, NASA could also gain insight
into the areas of greatest technical risk, that is, where there are the greatest dispersions in the low-medium-
high confidence estimates.

However, the Academy team was concerned about the level of additional investment the proposal
teams would have to make to respond to the AO with their step 1 proposals. Although this would be of
reduced concern for proposers whose proposals are built on the work expended during previous AO
submissions, the new requirement could affect the first-time proposer in assembling the necessary team-
mates and getting the teammates to invest their resources to generate a proposal.

As a consequence, the Academy team concluded the objective intent of the proposed change could be
met by requiring the three point estimate as a product of the Concept Feasibility Study. If NASA evaluated
the risks as acceptable and approved the proposal for the phase B definition and design studies, NASA
could also work with the PI’s team to ensure the schedule and funding resources expended during the
preliminary design studies were tailored to reduce the areas of greatest cost estimating uncertainty. The
NASA decision official could accordingly focus his Confirmation Review on whether the basic cost
estimate had a high level of confidence.

24The amounts provided by NASA for phase A studies have increased over time. The 1998 Discovery AO provided for $375
thousand; the 2000 Discovery AO provided for $450 thousand; and the 2004 Discovery AO provided for $1 million.
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Recommendation 1: NASA should adopt a risk-based estimating focus on the basic elements
of cost, and require, at the end of the Concept Feasibility Study (phase A), an analysis of
the estimated costs—before reserves—that provides high/medium/low-range estimates for key
elements of the work breakdown structure, with the high-to-low-range estimates based on a
confidence-level distribution.

* * * * *

Finding 2: The independent evaluation teams used for NASA’s proposal evaluation process provide the step
1 decision official with an appropriate level of understanding of the science value, management approach,
and inherent technical risks. However, the AO-stipulated reserve percentages operate as a disincentive for
the proposer to provide more realistic baseline cost estimates and an assessment of the appropriate level of
reserves. NASA could gain useful information from proposers by requiring them to address a specific list of
“cost risk subfactors.” The NASA evaluation team could use the responses to these subfactors as a consistent
basis of comparison among proposals.

NASA uses the initial phase of the selection process to eliminate proposals that do not combine an
exciting science discovery potential with an appropriate technical, management, and cost approach. NASA
carries out the evaluation on the basis of the written proposal, without requiring explanations of unclear
elements. It is only after the selection of the best proposals for concept feasibility studies and generation of
the study reports that the independent evaluators can meet with the proposal team and complement the
written study report with fact-finding discussions.

The Academy team’s examination of mission proposal evaluations indicated that the evaluators’ reports
were generally effective in identifying and disclosing to the NASA decision official the preponderance of
the technical issues associated with the project. However, the cost evaluations of the impact of those
technical issues on the pre-reserve basic mission costs were not as effective in providing the decision
official with an understanding of the potential costs. The cost evaluations were handicapped by the quality
of the information provided in the proposal. Inconsistencies in the proposal’s cost estimates or lack of
clarity meant the cost evaluator provided the decision official with step 1 inputs that could only note the
inconsistencies/unclear elements.

The Academy team considered recommending that NASA allow the evaluators to submit requests for
clarification to the proposal teams during the step 1 evaluation process to clear up these ambiguities.
However, the number of proposals submitted to NASA in response to the AO is high enough to be
concerned about the additional time required for a review and clarification cycle.

A better approach appears to be the use of an approach that requires each proposal team to respond
to a specific list of “cost risk subfactors.” The JPL cost estimating group published a set of such cost risk
subfactors in its December 2003 study of contributing factors to underestimates of baseline cost esti-
mates and insufficient levels of reserves. Both primary and secondary risk subfactors were identified. The
primary risk subfactors were: mission with multiple flight elements; operation in harsh environments;
mission enabling spacecraft technology with a technology readiness level of less than 5; new design with
multiple parameters not meeting the margin requirements specified in the JPL design principles; inad-
equate team and management experience; contractor inexperienced in mission application; level 1
requirements not well defined in formulation phase; excessive reliability requirements; new system
architecture; and late selection of science instruments. The JPL cost evaluation assigned numeric values
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against the primary risk subfactors and secondary risk subfactors, and generated an aggregate cost risk
evaluation total for each proposal. The total score is indicative of the total cost risk and the commensu-
rate need for reserves.

One possibility is to use the JPL list of cost risk subfactors as a basis to generate a set of required
information responses that will be included in future AOs. Each proposer would provide information on
each cost risk element. While the Academy team believes that the JPL list may not be suitable as the
standard for each AO, the NASA cost estimating community could work with the AO science proposal
evaluation team to generate a list that could be tailored for a given AO. The responses by the proposers and
the evaluations of them by the team would provide a consistent basis of comparison of the cost risks for
each step 1 proposal.

Recommendation 2: NASA should eliminate the specified reserve levels in the AO and
instead specify a list of mission cost risks. Proposers would be required to address each risk
in their step 1 proposals. The proposal evaluation teams should participate in the generation
of the list included in the AO. The evaluators should consider the proposer’s self-assessment,
and present to the NASA decision official their evaluation. The decision official should also
receive a comparative analysis of the evaluated cost risks on a consistent basis across the
proposals.

* * * * *

Finding 3: PIs are expected to provide leadership and management, but most lack the requisite skills, which
must be based on a fundamental understanding of the elements of project control.

Interviews with PIs and PMs revealed that new PIs have a very limited understanding of project control
practices—cost estimating, schedule estimating, use of management information systems, and configura-
tion control practices—and how these relate to the science and engineering for their missions. The Acad-
emy study team also found that it is the exceptional prospective new PI who has more than a rudimentary
understanding of the elements of project control practices. PIs without experience found that NASA did not
expect or require them to be knowledgeable partners in project control or engineering issues, but rather
expected them to rely on their PMs. Some PIs who had experience on previous NASA space missions were
more conversant with project control techniques and could interact effectively with their project manage-
ment team and contractors.

The lack of project control expertise of new PIs has not led to problems with missions in which there
has been a stable, close, and trusting PI-PM relationship and a supportive project scientist working on the
PM’s staff. It has been problematic in those instances where a PI has had multiple PMs whose different
technical and management approaches have contributed to a lack of stability and/or altered the basic
requirements established in the proposal. The Academy team’s review of these instances revealed that the
PI either did not understand the ramifications of the PM’s decisions, or the PI believed he or she was in a
weak position to override the PM’s argument that the decision would not materially impact adherence to
the cost and schedule caps.

NASA does not treat a PI’s lack of project control knowledge as a weakness in evaluating the merits
of proposals. Nor does it offer—or require—elementary training in this skill to prospective PIs. The
experience an unsuccessful prospective new PI gains from the initial proposal process, the verbal
debriefing by NASA, and the second round of formulating a proposal gives only limited exposure to
project control subjects.
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Recommendation 3: NASA should provide training and resources in project control for prospec-
tive PIs when they indicate an interest in submitting a proposal in response to an upcoming AO.

* * * * *

Finding 4: The costs incurred by proposers in responding to AOs has been identified as a potential limiting
factor by the proposal teams as to whether they will respond to future AOs. However, NASA does not
possess good information on the costs incurred by proposers in responding to an AO. There is a risk that
participating institutions, agencies, and contractors will limit the number of proposals for which they are
willing to support the preparation and submission costs. This could have adverse effects on the scope and
variety of science investigations proposed in the future.

Two issues are associated with this finding. The first has to do with understanding the level of invest-
ment required to submit a proposal that has not only high science merit, but also sufficiently detailed and
convincing technical, cost, and schedule information that it will be considered for selection to enter the
Concept Feasibility Study stage. The Academy team found that it is unusual for a proposal to be selected the
first time it is proposed in response to an AO. By the second—and even third—time a PI submits a mission
proposal, the proposal team has amassed much greater detail to buttress its proposal. In addition, the team
has benefited from the feedback it received in previous evaluation cycles. After it makes the selections,
NASA provides the proposal teams with verbal evaluations of the strengths and weaknesses found in the
proposal. The proposer specifically addresses those weaknesses in the next proposal. However, NASA does
not ask the proposer in this post-selection period for even a rough order of magnitude estimate of the costs
of preparing the proposal and of investments in independent research and development funds to advance
the technologies. The Academy team believes the collection of this data could provide NASA officials with
feedback on the level of investments made by proposal teams and areas where NASA investments in
advancing technology could reduce the time required before an attractive mission concept is mature.

Second, the interviews indicated that the number of unsuccessful proposals is sufficiently high that
team members—aerospace firms, universities, and government laboratories—find it difficult to justify the
cost of the proposal process to their management and consequently are cutting back on the number of
proposals they will submit in response to future AOs. If NASA’s objective is to continue a process marked
by full and open competition, decisions by these entities to team with PIs on fewer proposals may restrict
the competitive process. The Academy team found that NASA has not been interested in the costs of the
proposal effort, even though NASA indirectly pays much of the cost. The Academy team’s inquiries
revealed that the cost to produce a Discovery-class proposal was about $1.5 million, with the project
management center, industry partner, and PI’s institution each accounting for $500,000. This amount did
not include precursor investments in technology development or non-recorded expenses. Multiplied by the
number of proposals (16) made in the latest Discovery AO, the cost of responding to the AO can be roughly
estimated to be at least $20-30 million.

The Academy team believes that—without a change in NASA’s approach—the aerospace firms, gov-
ernment laboratories, and universities may respond to the low success rate, high costs, and long lead times
by supporting only those proposals they consider to have a higher probability of selection. This would
reduce the number of proposals in response to the AOs. Coupled with that could be an increase in the
efforts by the institutions, agencies, and aerospace firms to obtain good “market intelligence” on NASA
priorities by meeting with NASA officials and scientists. This leads to a concern that the proposers will
invest in preparing proposals for only those projects with the scientific objectives, cost and schedule
attributes that they assume are favored by NASA’s leadership.
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The Academy team believes NASA should be wary of the potential for adverse impacts from the latter,
as well as be concerned about the possibility that those parties who invest most in market intelligence
efforts will gain a competitive advantage. Instead, the Academy team favors NASA working with the
appropriate scientific community to adopt a proactive approach that recognizes that the high costs of
proposing could result in negative consequences, and takes actions that focus the investment decisions into
areas of greatest scientific interest to NASA for the next series of missions. This will require NASA to be
vigilant as to the cost of preparing proposals individually and collectively, and to determine how to
maintain full and open competition while continuing to receive exciting science proposals in areas of key
interest.

In concert with the NRC Committee, the Academy team considered several approaches that NASA
could consider to forestall the negative effects of the high costs and long leadtimes for preparing proposals.
One approach would be to reduce the investment costs for step 1 proposals by limiting the amount of
information the proposers would have to generate in response to the AO. A second approach was for NASA
to use the time prior to release of the AO to engage in internal and external discussions regarding scientific
priorities, and then advise the program management centers, industry partners, and interested scientists at
the earliest opportunity as to the areas of greatest scientific interest. If done sufficiently in advance, this
approach could reduce the number of incorrect assumptions by the proposal parties as to what science
investigations would be considered high priority.

A third approach would be for NASA to play a more active role in the pre-proposal period by underwrit-
ing certain costs and providing technical support. Limited support would be provided to scientists with
prospective missions, particularly those with innovative but technologically immature science instruments, by
providing collaborative support (advanced technology development funding and access to NASA facilities
and personnel). This support could be offered to those proposers who had received high evaluation marks
during the previous AO but had not been selected for Phase A and/or Phase B. The support provided would
be restricted to a specified period (e.g., 12 months) before release of the next AO. As such, it would
complement but not supplant technical advice and support resources from industry and institutions.

Recommendation 4: NASA should work with the appropriate scientific community to develop
specific strategies to identify and proactively address the negative effects of the high pre-
proposal and post-proposal investment costs for proposal team members.

* * * * *

The Mission Development Process

Finding 5: The processes used by NASA to prepare for the confirmation review provide decision officials
with a good appreciation of the key technical risks remaining for the development phase. However, the
information provided on cost, schedule, and funding risks is more limited. In addition, the confirmation
review process does not sufficiently address the constraints that could limit the availability of resources
required for the mission development team to succeed. The assessment of the cost estimates focuses too
much on the required level of reserves, with insufficient attention given to whether the cost estimate
reflects the level of design maturity and the related constraints.

The Academy team’s examination of the last decade of PI-led missions showed that NASA has in-
creased both the time spent in formulation and the funds provided in the belief that this will result in a
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lower probability of schedule growth and cost overruns. The independent review teams do an excellent job
of identifying the technical risks. However, the Academy team believes more emphasis should be placed
on the design maturity of the candidate mission and—as emphasized above—mitigation of the negative
aspects of the competitive environment on the selection process.

The characteristics of the acquisition process necessitate that NASA use independent review teams to
evaluate candidate missions. The reviewers attempt to ferret out the uncertainties in both the design
approach and the schedule and cost estimates. NASA did not approve several proposed missions for
development because of the review teams’ findings. Analyses of the review teams’ reports to the decision
official and of the problems experienced with confirmed missions show that the teams identified most of
the development risks. Nonetheless, the teams recommended that the missions be approved for develop-
ment. They did not appreciate the magnitude of the identified risks on the cost and schedule of the
missions. The Academy team interviewed key project officials on projects that experienced significant
overruns and determined that they understood that the design risks had not been addressed at the start of
development.

In addition, a number of projects that experienced schedule delays and cost overruns faced “environ-
mental constraints,” that is, constraints on getting the needed engineering expertise or access to equipment
and facilities, on having timely hardware and software deliveries, and on getting management to provide
timely attention to pressing problems. In many instances, the problems resulted from several factors: a lack
of priority assigned to the mission because other higher priority missions had access to the best talent; an
over-scheduling of facilities; and more profitable ventures taking precedence when determining launch
schedules. The interviews revealed that many of these constraints were predictable but were not taken into
account during the evaluation process.

Recommendation 5: NASA should focus on design maturity in its evaluation of readiness to
proceed into phases C/D, and use that assessment, coupled with an understanding of the inher-
ent environmental constraints, to determine the level of schedule and funding reserves required.
This tailored approach would allow decisions to be made on the basis of the specific challenges
presented by each mission.

* * * * *

Finding 6: NASA has adopted quality assurance process controls, risk management practices, and
documentation, reporting, and review requirements that have cost consequences that need to be carefully
considered in establishing probable cost estimates for future mission proposals.

As noted, in the five years following the NIAT report, NASA has emphasized risk reduction practices
and de-emphasized lower cost and innovative management approaches for PI-led space science missions.
It has increased the cost caps for missions, not only for accounting adjustments and economic factors, but
also for the changes in technical management practices. Although NASA made discrete adjustments to the
cost caps of missions already in progress during this period, it based the adjustments on inputs from the
project teams. The Academy study team found that these inputs were rough order of magnitude estimates
based on a limited understanding of the impact of the new requirements.

The Academy study team’s examination of the recently completed missions from this time period
indicates that, with minor exceptions, the record of project costs does not identify the true cost impacts of
the added work. (The exceptions are found in the information supplied by contractors that submitted
claims for equitable adjustments to contract target cost baselines.) However, the Academy team was
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supplied with an abundance of anecdotal information on the additional hours spent preparing for reviews
and the displacement of planned effort caused by these changes. The Academy team concluded that the
real costs can only be indirectly inferred by examining the schedule delays experienced by these projects.
For future missions, the Academy team believes there is merit in NASA focusing special attention on how
these new requirements are factored into the basic cost estimates, starting with the evaluation of the
proposal estimates and following through to the confirmation review.

Based on the Academy team’s interviews, NASA project officials and PIs question whether an appropri-
ate balance has been found between the benefits of the additional processes and requirements and their
cost. However, the absence of good cost data is a critical problem when discussing the need for changes to
the added requirements. A specific study is needed to provide decision officials with solid estimates. The
findings from such a study would be useful in assessing the benefit vs. cost relationship of these changes
and in potentially modifying their implementation. Of particular value, the findings would enable a
determination of the reasonableness of the allowance in project cost estimates for these requirements.

Recommendation 6: NASA should undertake a detailed fact-finding evaluation of the time and
cost incurred by compliance with the additional processes, documentation requirements, review
teams, and related risk-reduction practices. The information obtained should be used to evaluate
the adequacy of resource estimates for both proposed and approved PI-led missions. A second
objective would be to provide NASA’s decision-makers with information that they can use to
consider whether risk-reduction practices with marginal benefits and excessive costs should be
eliminated.

* * * * *

Finding 7: In cases where proposed missions have experienced development difficulties sufficient to lead
to Termination Reviews, the forecasts given to decision makers of the costs required to complete the
missions were consistently understated. Also, the decision official is not provided with high/mid/low
confidence engineering estimates of the costs-to-go, and parametric cost-estimating tools are not used to
provide comparative cost estimates.

The Academy team examined the cost estimates provided to decision makers in the termination review
and found the estimates to be poor predictors of the eventual development costs. The project estimates in
the annual Program Operating Plan process consistently understated the costs. Table 3 presents a series of
estimates to complete a medium class Explorer mission’s development and the dates that the estimates
were provided to NASA program management executives.

The final development cost was $68 million. Although a number of unexpected and non-anticipatable
events occurred during this mission’s development, the preponderance of the cost growth could be antici-
pated. Interviews revealed there was little incentive early on to abandon the optimistic estimating approach
used from the outset. It was not until the available project funding showed signs of being exhausted that a
better prediction of the completion costs was made.

It is common practice to use parametric cost-estimating tools25 and related models to estimate the costs
of projects that lack engineering detail, such as occurs at the outset of projects going through concept
feasibility studies. Often—usually during phase B—the amount of design work available to use as a basis

25Parametric cost estimating tools are computerized cost estimating models using specific technical parameters of space flight
systems. The model’s data base of costs and technical parameters is collected from prior space flight missions. Using statistical
correlations, equations are generated that relate the technical parameters to costs.

Principal-Investigator-Led Missions in the Space Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/11530


APPENDIX I 119

for estimates leads to a reliance on engineering cost estimates—also known as “grassroots” estimates.
When sufficiently detailed, the engineering designs for hardware can be used to develop a “bill of materi-
als” that is given to manufacturing cost estimators, who can estimate the labor hours required based on
estimating handbooks or specific experience. Individual hardware elements can be estimated with a
reasonable level of accuracy (plus/minus 10 percent) if the cost-estimating experience is sufficiently
analogous to the current task. Software cost estimating is considerably less precise, a result of the constant
change in the hardware available for computing and signal detection. The high level of error in detailed
software cost estimates stands in stark contrast to that for hardware.

Based on the Academy team’s work, it appears that NASA could benefit from continuing to use
parametric cost-estimating tools throughout the development phase for mission elements with estimating
analogs at a lower level of confidence. This is particularly the case when the spacecraft systems operate in
poorly understood environments, when the scientific instrumentation represents a change in the state of the
art, and when the computational systems are similarly advanced.

Recommendation 7: NASA should focus on providing decision officials with a range of estimates
and should augment its reliance on detailed engineering level estimates with estimates derived
from cost modeling and parametric estimates, particularly for mission elements where the accu-
racy of the cost estimates is uncertain.

* * * * *

Finding 8: The recorded costs for PI-led science missions understate the true amount of the costs required
to execute these missions.

Cost estimators rely heavily on the recorded costs of instruments, spacecraft, and other mission
elements to estimate future mission costs. Whether the cost estimating is done using parametric tools,
detailed engineering estimates, or other approaches, the cost experience of past missions forms the base of
knowledge that estimators use as a point of departure for future missions.

Therefore, special recognition needs to be given to the finding that the recorded costs for PI-led
missions are recognizably understated. Interviewees estimated the understatement for just the amount of
unrecorded-uncompensated labor and recorded-uncompensated labor to be at least 20-30 percent. In
addition, there are numerous instances of projects taking advantage of available spare hardware, getting
special deals on NASA Center overhead charges, obtaining discounted prices from aerospace contractors,
and avoiding procurement overhead charges by using other parties to procure instruments from vendors. In
several cases, the agreed-to period for mission operations and data analysis was truncated, with the

Table 3. Cost Estimates for a Medium Class Explorer Mission

Expenditures Estimate to
Date of Estimate as of that date Completion Total Estimate

September 30, 1999 $15.1 million $30.1 million $45.2 million
September 30, 2000 $35.0 million $19.4 million $54.4 million
September 30, 2001 $50.1 million $13.7 million $63.8 million
September 30, 2002 $62.1 million $ 2.0 million $64.1 million
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understanding that an excellent science return would result in the restoration of the mission operations
period. NASA would authorize the costs for an extended mission (phase F) in a separate decision, outside
the limitations of the approved mission scope.

These unrecorded and understated costs reflect the ingenuity of PIs, project managers, and other
parties in coping with the constraints imposed by the cost caps, including a perceived threat of cancella-
tion. The Academy team evaluated one mission in which it found major growth in the recorded monthly
costs. When NASA decided not to cancel the project, stressing to the project team the need for mission
success, the project team, which had been struggling to stave off termination, stopped under-recording
costs by ending the “donation” of labor. NASA managers should be aware of the amount of total labor and
not assume that contributions of labor will continue indefinitely.

The other problem relates to the record of costs that cost estimators and managers rely on to determine
the reasonableness of cost estimates for future missions. If the estimators have an appropriate understand-
ing of the “true costs” of the past mission being used as an analog, they can make adjustments. However,
if participants know the record but do not publish it, the potential for losing that knowledge when the
participants retire or are reassigned is high. NASA’s history is replete with examples of technical mishaps or
poor judgments that are the consequence of poor knowledge capture.26

Recommendation 8: NASA’s knowledge capture activities during and after mission development
should specifically address discounts, unique situations, and the unrecorded-uncompensated
and recorded-uncompensated direct labor hours, and provide appropriate footnotes to the
recorded costs. NASA should review approaches that ensure appropriate knowledge transfer,
such as collecting and publishing a record of the mission cost and schedule estimates, actual
costs and schedules, and adjustments to those actuals, accompanied by information on a project’s
management, technical and science development history, and environmental constraints.

26This finding appears in a number of failure review board reports, including that of the recent Columbia Accident Investigation
Board.
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