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Preface

problems in areas from climate and biology to national security.

Several factors have led to the recent reexamination of the ratio-
nale for federal investment in research and development in support of
high-performance computing, including (1) continuing changes in the
various component technologies and their markets, (2) the evolution of
the computing market, particularly the high-end supercomputing seg-
ment, (3) experience with several systems using the clustered processor
architecture, and (4) the evolution of the problems, many of them mis-
sion-driven, for which supercomputers are used.

The Department of Energy’s (DOE’s) Office of Science expressed an
interest in sponsoring a study by the Computer Science and Telecommu-
nications Board (CSTB) of the National Research Council (NRC) that
would assess the state of U.S. supercomputing capabilities and relevant
research and development. Spurred by the development of the Japanese
vector-based Earth Simulator supercomputer, the Senate’s Energy and
Water Development Appropriations Committee directed the Advanced
Simulation and Computing (ASC) program of the National Nuclear Secu-
rity Administration (NNSA) at DOE to commission, in collaboration with
DOE’s Office of Science, a study by the NRC. Congress also commis-
sioned a study by the JASONs! to identify the distinct requirements of
the stockpile stewardship program and its relation to the ASC acquisition
strategy.

I I igh-performance computing is important in solving complex

TFormed in 1959, the JASONs are a select group of scientific advisors who consult with the
federal government, chiefly on classified research issues.
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CSTB convened the Committee on the Future of Supercomputing to
assess prospects for supercomputing technology research and develop-
ment in support of U.S. needs, to examine key elements of context—the
history of supercomputing, the erosion of research investment, the chang-
ing nature of the problems demanding supercomputing, and the needs of
government agencies for supercomputing capabilities—and to assess op-
portunities for progress. The 18 distinguished members of the study com-
mittee (see Appendix A for their biographies) were drawn from academia,
industry, and government research organizations in the United States.
Several committee members have had previous government and/or in-
dustry service. Their collective expertise includes software, computer ar-
chitecture, performance assessment, applications using supercomputing,
economics, and policy matters.

The committee did its work through its own expert deliberations and
by soliciting input from key officials in its sponsoring agency (DOE) and
numerous experts in both the United States and Japan, including govern-
ment officials, academic researchers, supercomputer manufacturers, soft-
ware vendors, supercomputer center managers, and application users of
supercomputing systems (see Appendix B). In addition to meeting six
times, the committee hosted a workshop attended by more than 20 scien-
tists from a broad range of disciplines to explore the supercomputing
needs and opportunities of key scientific domains in the coming decade
and to discuss the supercomputing technologies that will facilitate super-
computer use in these domains. Many of the workshop participants pro-
vided white papers (see Appendix C for a list) expressing their views on
computational challenges in supercomputing, which informed both the
workshop and this report.

The committee also visited five DOE supercomputer centers and the
National Security Agency’s (NSA’s) Supercomputer Center (see Appen-
dix B). A subset of the committee received classified briefings from the
Department of Energy on stockpile stewardship and from the NSA on
signals intelligence that helped illuminate how these mission require-
ments drive supercomputing needs now and in the future. Given that a
significant fraction of government funding of supercomputing is for clas-
sified national security programs, the committee believed such briefings
were needed to ensure that its report would be useful for the entire
supercomputing community. Having received the briefings, the commit-
tee believes that the needs of the classified supercomputing applications
reinforce, but do not change, the committee’s findings and recommenda-
tions for the future of supercomputing. This unclassified report does not
have a classified annex, nor is there a classified version.

To facilitate communication within the broader community, the com-
mittee hosted a town hall meeting at the annual 2003 Supercomputing
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Conference in Phoenix, Arizona. In addition, a subset of the committee
spent one week in Japan meeting with senior colleagues from the Japa-
nese government, industry, and academia to discuss scientific, technical,
and policy issues of mutual interest and to better understand both the
similarities and the differences in how the two countries approach super-
computing. They visited several sites in Japan, including the Earth Simu-
lator; the government ministry responsible for funding the Earth Simula-
tor; a university supercomputer center; Japan’s Aerospace Exploration
Agency; and an auto manufacturer. On the committee’s behalf, the Na-
tional Academy of Engineering co-sponsored with the Engineering Acad-
emy of Japan a 1-day forum in Tokyo on the future of supercomputing.
Twenty-five Japanese supercomputing experts participated in the forum.
The sharing of ideas in those meetings provided important perspectives
that contributed to the completeness and accuracy of this report. It is the
hope of the committee that activities such as the Tokyo forum will lead to
future collaboration between Japan and the United States in areas that
will advance supercomputing in both countries.

In July 2003, the committee released an interim report? that provided
a high-level description of the state of U.S. supercomputing, the needs of
the future, and the factors that contribute to meeting those needs. That
report generated a number of comments that helped to guide the commit-
tee in its work for this final report. Additional inputs helpful to commit-
tee members and staff came from professional conferences, the technical
literature, and government reports.

The committee is grateful to the many people who contributed to this
complex study and its comprehensive report. First and foremost, the com-
mittee thanks the sponsors, DOE’s Office of Science (Fred Johnson and
Dan Hitchcock) and DOE’s NNSA (Dimitri Kusnezov, Edgar Lewis, and
José Mufioz), not only for their financial support but also for their help in
facilitating meetings with people with whom its members wished to
speak.

The committee appreciates the thoughtful testimony received from
many individuals at its plenary sessions (see Appendix B for a complete
list of briefers). The NSA and DOE site visits provided critical input to the
committee deliberations. These site visits would not have been possible
without the assistance of people at each locale. The committee and staff
thank the following people for their help: Gary D. Hughes (NSA), Lynn
Kissel (Lawrence Livermore National Laboratory), James S. Peery (Los
Alamos National Laboratory),Horst D. Simon (Lawrence Berkeley Na-

2National Research Council (NRC). 2003. The Future of Supercomputing: An Interim Report.
Washington, D.C.: The National Academies Press.
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tional Laboratory), Robert Thomas (Sandia National Laboratories), Rick
Stevens (Argonne National Laboratory), and Thomas Zacharia (Oak Ridge
National Laboratory).

The committee thanks the workshop participants for the insights they
contributed through their white papers (see Appendix C for a list of pa-
pers), discussions, breakout sessions, and subsequent interactions. The
committee is particularly grateful to Warren Washington (National Cen-
ter for Atmospheric Research), Charles McMillan (Lawrence Livermore
National Laboratory), Jeffrey Saltzman (Merck Research Laboratory), and
Phillip Colella (Lawrence Berkeley National Laboratory) for their thought-
ful plenary presentations.

Many people were instrumental in making the trip to Japan a success.
The committee is extremely grateful to Kenichi Miura (Fujitsu fellow) and
Tadashi Watanabe (NEC) for their assistance before and during the trip.
The 1-day Japan-U.S. Forum on the Future of Supercomputing would not
have been possible without the support of the Engineering Academy of
Japan and the National Academy of Engineering. The committee learned
a lot from insightful presentations and discussions from all the Japanese
forum participants. The committee and staff also thank the individuals at
each site who took time to meet with the committee. In particular, they
thank Tetsuya Sato at the Earth Simulator Center and Harumasa Miura at
the Ministry of Education, Culture, Sports, Science, and Technology. Maki
Haraga provided excellent translation services and logistical help for the
committee’s entire trip.

The committee was fortunate to receive many thoughtful and percep-
tive comments from the reviewers as well as from the Monitor and the
Coordinator of this report. These comments were instrumental in helping
the committee to sharpen and improve its report.

Finally, the committee thanks the various members of the NRC staff
who helped to move this report from vision to reality. Cynthia Patterson
provided continuing wisdom, guidance, encouragement, and friendship,
in concert with her hard work on the report. Margaret Huynh's skills in
organizing the committee’s meetings and supporting its efforts and Phil
Hilliard’s research support were key contributions to the work of the com-
mittee. Liz Fikre edited the final manuscript for publication. Kevin Hale
and Machelle Reynolds successfully facilitated the security clearances and
security review necessary to complete this study in a timely manner.
Janice Mehler and Liz Panos were very helpful in facilitating and expedit-
ing the review process.

Susan L. Graham and Marc Snir, Co-chairs
Committee on the Future of Supercomputing
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Executive Summary

upercomputing is very important to the United States for conduct-
ing basic scientific research and for ensuring the physical and eco-
nomic well-being of the country. The United States has a proud his-
tory of leadership in supercomputing, which has contributed not only to
its international standing in science and engineering and to national health
and security but also to the commercial strength of many industries, in-
cluding the computing industry. Supercomputing has become a major
contributor to the economic competitiveness of our automotive, aerospace,
medical, and pharmaceutical industries. The discovery of new substances
and new techniques, as well as cost reduction through simulation rather
than physical prototyping, will underpin progress in a number of eco-
nomically important areas. The use of supercomputing in all of these ar-
eas is growing, and it is increasingly essential to continued progress.
However, in recent years our progress in supercomputing has slowed,
as attention turned to other areas of science and engineering. The advances
in mainstream computing brought about by improved processor perfor-
mance have enabled some former supercomputing needs to be addressed
by clusters of commodity processors. Yet important applications, some
vital to our nation’s security, require technology that is only available in
the most advanced custom-built systems. We have been remiss in attend-
ing to the conduct of the long-term research and development we will one
day need and to the sustenance of the industrial capabilities that will also
be needed. The Japanese Earth Simulator has served as a wake-up call,
reminding us that complacency can cause us to lose not only our competi-
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tive advantage but also, and more importantly, the national competence
that we need to achieve our own goals.

To maintain our level of achievement in supercomputing and its ap-
plications, as well as to keep us from falling behind relative to other na-
tions and to our own needs, a renewed national effort is needed. That
effort must have the following components:

¢ Government leadership in maintaining a national planning activ-
ity that is sustained, ongoing, and coordinated and that drives investment
decisions.

¢ Continuing progress in creating hardware, software, and algorith-
mic technologies that enable the application of supercomputing to impor-
tant domain-specific problems. Such progress will require continuing gov-
ernment investment.

¢ International collaborations in all aspects of supercomputing ex-
cept those that would demonstrably compromise national security.

Supercomputing has always been a specialized form of computing at
the cutting edge of technology. As the computing field has grown and
matured, computing has become broader and more diverse. From an eco-
nomic perspective, there are large new markets that are distinct from
supercomputing—for example, personal computing devices of various
kinds, computers invisibly embedded in many kinds of artifacts, and ap-
plications that use large amounts of computing in relatively undemand-
ing ways. As a consequence, potential providers of supercomputing sys-
tems and software and potential creators of future supercomputing
technology are fewer in number than they once were. In the face of con-
tinuing need and the competing demands that weaken supply, the com-
mittee recommends that the following actions and policies be initiated.

Overall Recommendation: To meet the current and future needs of
the United States, the government agencies that depend on super-
computing, together with the U.S. Congress, need to take primary
responsibility for accelerating advances in supercomputing and
ensuring that there are multiple strong domestic suppliers of both
hardware and software.

The government is the primary user of supercomputing. Govern-
ment-funded research that relies on supercomputing is pushing the fron-
tiers of knowledge and bringing important societal benefits. Because
supercomputing is essential to maintain U.S. military superiority, to
achieve the goals of stockpile stewardship, and to maintain national se-
curity, the government must ensure that the U.S. supercomputing infra-
structure advances sufficiently to support our needs in the coming years.
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These needs are distinct from those of the broad information technology
industry. They involve platforms and technologies that are unlikely on
their own to have a broad enough market in the short term to satisfy
government needs.

To guide the government agencies and Congress in assuming that
responsibility, the committee makes eight recommendations.

Recommendation 1. To get the maximum leverage from the na-
tional effort, the government agencies that are the major users of
supercomputing should be jointly responsible for the strength and
continued evolution of the supercomputing infrastructure in the
United States, from basic research to suppliers and deployed plat-
forms. The Congress should provide adequate and sustained fund-
ing.

A small number of government agencies are the primary users of
supercomputing, either directly, through acquisitions, or indirectly, by
awarding contracts and grants to other organizations that purchase
supercomputers. At present, those agencies include the Department of
Energy (DOE), including its National Nuclear Security Administration
(NNSA) and its Office of Science; the Department of Defense (DoD), in-
cluding its National Security Agency (NSA); the National Aeronautics
and Space Administration (NASA); the National Oceanic and Atmo-
spheric Administration (NOAA); and the National Science Foundation
(NSF). (The increasing use of supercomputing in biomedical applications
suggests that the National Institutes of Health (NIH) should be added to
the list.) Although the agencies have different missions and different
needs, they could benefit from the synergies of coordinated planning and
acquisition strategies and coordinated support for R&D. For instance,
many of the technologies, in particular the software technology, need to
be broadly available across all platforms. Therefore, those agencies must
be jointly responsible and jointly accountable. Moreover, for the agencies
to meet their own mission responsibilities and also take full advantage of
the investments made by other agencies, collaboration and coordination
must become much more long range. The agencies that are the biggest
users of supercomputing must develop and execute an integrated plan.

The committee emphasizes the need for developing an integrated plan
rather than coordinating distinct supercomputing plans through a diffuse
interagency structure. An integrated plan is not an integrated budget.
Such a plan would not preclude agencies from individual activities, nor
would it prevent them from setting their own priorities. Also, it must not
be used to the exclusion of unanticipated needs and opportunities. Rather,
the intent is to identify common needs at an early stage, and to leverage
shared efforts for meeting those needs, while minimizing duplicative ef-
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forts. Different agencies should pick the activities that best match their
missions; for example, long-term basic research best matches NSF’s mis-
sion, while industrial supercomputing R&D is more akin to the mission of
the Defense Advanced Research Projects Agency (DARPA).

Recommendation 2. The government agencies that are the primary
users of supercomputing should ensure domestic leadership in
those technologies that are essential to meet national needs.

Current U.S. investments in supercomputing and current plans are
not sufficient to provide the supercomputing capabilities that our country
will need. It needs supercomputers that satisfy critical requirements in
areas such as cryptography and stockpile stewardship, as well as systems
that will enable breakthroughs for the broad scientific and technological
progress underlying a strong and robust U.S. economy. The committee is
less concerned that the top-ranked computer in the TOP500 list (as of June
2004) was located in Japan. U.S. security is not necessarily endangered if a
computer in a foreign country is capable of doing some computations
faster than U.S.-based computers. The committee believes that had the
United States at that time made an investment similar to the Japanese
investment in the Earth Simulator, it could have created a powerful and
equally capable system. The committee’s concern is that the United States
has not been making the investments that would guarantee its ability to
create such a system in the future.

Leadership is measured by the ability to acquire and exploit effec-
tively machines that can best reduce the time to solution of important
computational problems. From this perspective, it is not the Earth Simula-
tor system per se that is worrisome but rather the fact that the construc-
tion of this system might turn out to have been a singular event. It ap-
pears that custom high-bandwidth processors such as those used by the
Earth Simulator are not viable products without significant government
support. Two of the three Japanese companies that were manufacturing
such processors do not do so anymore, and the third (NEC) may also bow
to market realities in the not-too-distant future, since the Japanese gov-
ernment seems less willing now to subsidize the development of cutting-
edge supercomputing technologies. Only by maintaining national leader-
ship in these technologies can the U.S. government ensure that key
supercomputing technologies, such as custom high-bandwidth proces-
sors, will be available to satisfy its needs. The U.S. industrial base must
include suppliers on whom the government can rely to build custom sys-
tems to solve problems arising from the government’s unique require-
ments. Since only a few units of such systems are ever needed, there is no
broad market for the systems and hence no commercial off-the-shelf sup-
pliers. Domestic supercomputing vendors can become a source of both
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the components and the engineering talent needed for building these cus-
tom systems.

Recommendation 3. To satisfy its need for unique supercomputing
technologies such as high-bandwidth systems, the government
needs to ensure the viability of multiple domestic suppliers.

Supercomputers built out of commodity components satisfy a large
fraction of supercomputing applications. These applications benefit from
the fast evolution and low cost of commodity technology. But commodity
components are designed for the needs of large markets in data process-
ing or personal computing and are inadequate for many supercomputing
applications. The use of commodity clusters results in lower sustained
performance and higher programming costs for some demanding appli-
cations. This is especially true of some security-related computations
where shorter time to solution is of critical importance, justifying the use
of custom-built, high-bandwidth supercomputers even at a higher cost
per solution.

It is important to have multiple suppliers for any key technology in
order to maintain competition, to prevent technical stagnation, to provide
diverse supercomputing ecosystems that will address diverse needs, and
to reduce risk. However, it is unrealistic to expect that such narrow mar-
kets will attract a large number of vendors. As is true for many military
technologies, there may be only a few suppliers.

To ensure their continuing existence, domestic suppliers must follow
a viable business model. For a public company, that means having a pre-
dictable and steady revenue stream recognizable by the financial market.
A company cannot continue to provide leadership products without R&D.
At least two models have been used successfully in the past: (1) an im-
plicit guarantee for the steady purchase of supercomputing systems, giv-
ing the companies a steady income stream with which to fund ongoing
R&D and (2) explicit funding of a company’s R&D. Stability is a key issue.
Suppliers of such systems or components are often small companies that
can cease to be viable; additionally, uncertainty can mean the loss of
skilled personnel to other sectors of the computing industry or the loss of
investors. Historically, government priorities and technical directions
have changed more frequently than would be justified by technology life-
times, creating market instabilities. The chosen funding model must en-
sure stable funding.

Recommendation 4. The creation and long-term maintenance of the
software that is key to supercomputing requires the support of those
agencies that are responsible for supercomputing R&D. That soft-
ware includes operating systems, libraries, compilers, software de-
velopment and data analysis tools, application codes, and databases.
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Supercomputer software is developed and maintained by the national
laboratories, by universities, by vertically integrated hardware vendors,
and by small independent companies. An increasing amount of the soft-
ware used in supercomputing is developed in an open source model.
Many of the supercomputing software vendors are small and can disap-
pear from the marketplace. The open source model may suffer from hav-
ing too few developers of supercomputing software with too many other
demands on their time.

The successful evolution and maintenance of complex software sys-
tems are critically dependent on institutional memory—that is, on the con-
tinuous involvement of the few key developers that understand the soft-
ware design. Stability and continuity are essential to preserve institutional
memory. Whatever model of support is used, it should be implemented
so that stable organizations with lifetimes of decades can maintain and
evolve the software. At the same time, the government should not dupli-
cate successful commercial software packages but should instead invest
in new technology. When new commercial providers emerge, the gov-
ernment should purchase their products and redirect its own efforts to-
ward technology that it cannot otherwise obtain.

Barriers to the replacement of application programming interfaces are
very high, owing to the large sunk investments in application software.
Any change that significantly enhances our nation’s ability to program
very large systems will entail the radical, coordinated change of many
technologies, creating a new ecosystem. To facilitate this change, the gov-
ernment needs long-term, coordinated investments in a large number of
interlocking technologies.

Recommendation 5. The government agencies responsible for
supercomputing should underwrite a community effort to develop
and maintain a roadmap that identifies key obstacles and synergies
in all of supercomputing.

The challenges in supercomputing are very significant, and the
amount of ongoing research is limited. To make progress, it is important
to identify and address the key roadblocks. Furthermore, technologies in
different domains are interdependent: Progress on a new architecture may
also require specific advances in packaging, interconnects, operating sys-
tem structures, programming languages and compilers, and the like. Thus,
investments need to be coordinated. To drive decisions, one needs a
roadmap of all the technologies that affect supercomputing. The roadmap
needs to have quantitative and measurable milestones. Its creation and
maintenance should be an open process that involves a broad commu-
nity. It is important that a supercomputing roadmap be driven both top-
down by application needs and bottom-up by technology barriers and
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that mission needs as well as science needs be incorporated. It should
focus on the evolution of each specific technology and on the interplay
between technologies. It should be updated annually and undergo major
revision at suitable intervals.

The roadmap should be used by agencies and by Congress to guide
their long-term research and development investments. Those roadblocks
that will not be addressed by industry without government intervention
must be identified, and the needed research and development must be
initiated. Metrics must be developed to support the quantitative aspects
of the roadmap. It is important also to invest in some high-risk, high-
return research ideas that are not indicated by the roadmap, to avoid be-
ing blindsided.

Recommendation 6. Government agencies responsible for
supercomputing should increase their levels of stable, robust, sus-
tained multiagency investment in basic research. More research is
needed in all the key technologies required for the design and use
of supercomputers (architecture, software, algorithms, and applica-
tions).

The peak performance of supercomputers has increased rapidly in
the last decades, but their sustained performance has lagged, and the pro-
ductivity of supercomputing users has lagged. Over the last decade the
advance in peak supercomputing performance was largely due to the ad-
vance in microprocessor performance driven by increased miniaturiza-
tion, with some contribution from increased parallelism. Perhaps because
a large fraction of supercomputing improvements resulted from these
advances, few novel technologies were introduced in supercomputer sys-
tems, and supercomputing research investments decreased. However,
many important applications have not benefited from these advances in
mainstream computing, and it will be harder for supercomputing to ben-
efit from increased miniaturization in the future. Fundamental break-
throughs will be needed that will require an increase in research funding.

The research investments should be informed by the supercomputing
roadmap but not constrained by it. It is important to focus on technolo-
gies that have been identified as roadblocks and that are beyond the scope
of industry investments in computing. It is equally important to support
long-term speculative research in potentially disruptive technical ad-
vances. The research investment should also be informed by the “ecosys-
tem” view of supercomputing—namely, that progress is often needed on
a broad front of interrelated technologies rather than as individual break-
throughs.

Research on supercomputing hardware and software should include
a mix of small, medium, and large projects. Many small individual projects
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are necessary for the development of new ideas. A smaller number of
large projects that develop technology demonstrations are needed to bring
these ideas to maturity and to study the interaction between various tech-
nologies in a realistic environment. Such demonstration projects (which
are different from product prototyping activities) should not be expected
to be stable platforms for exploitation by users, because the need to main-
tain a stable platform conflicts with the ability to use the platform for
experiments. It is important that the development of such demonstration
systems have the substantial involvement not only of academic research-
ers but also of students, to support the education of the new generation of
researchers and to increase the supercomputing workforce. It is also im-
portant that the fruits of such projects not be proprietary. The committee
estimated the necessary investments in such projects at about $140 mil-
lion per year. This estimate does not include investments in the develop-
ment and use of application-specific software.

In its early days, supercomputing research generated many ideas that
eventually became broadly used in the computing industry. Such influ-
ences will continue in the future. Many of the technical roadblocks faced
today by supercomputing are roadblocks that will affect all computing
over time. There can be little doubt that solutions developed to solve this
problem for supercomputers will eventually influence the broader com-
puting industry, so that investment in basic research in supercomputing
is likely to be of widespread benefit to all of information technology.

Recommendation 7. Supercomputing research is an international
activity; barriers to international collaboration should be mini-
mized.

Research has always benefited from the open exchange of ideas and
the opportunity to build on the achievements of others. The national lead-
ership advocated in these recommendations is enhanced, not compro-
mised, by early-stage sharing of ideas and results. In light of the relatively
small community of supercomputing researchers, international collabo-
rations are particularly beneficial. The climate modeling community, for
one, has long embraced that view.

Collaboration with international researchers must include giving
them access to domestic supercomputing systems; they often spend time
in the United States to work closely with resident scientists. Many of the
best U.S. graduate students come from other countries, although they of-
ten remain as permanent residents or new citizens. Access restrictions
based on citizenship hinder collaboration and are contrary to the open-
ness that is essential to good research.

Restrictions on the import of supercomputers to the United States
have not benefited the U.S. supercomputing industry and are unlikely to
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do so in the future. Some kinds of export controls—on commodity sys-
tems, especially—lack any clear rationale, given that such systems are
built from widely available commercial components. It makes little sense
to restrict sales of commodity systems built from components that are not
export controlled. Because restrictions on the export of supercomputing
technology may damage international collaboration, the benefit of using
export controls to prevent potential adversaries or proliferators from ac-
cessing key supercomputing technology has to be carefully weighed
against that damage.

Since supercomputer systems are multipurpose (nuclear simulations,
climate modeling, and so on), their availability need not compromise the
domestic leadership needed for national defense, so long as safeguards
are in place to protect critical applications.

Recommendation 8. The U.S. government should ensure that re-
searchers with the most demanding computational requirements
have access to the most powerful supercomputing systems.

Access to the most powerful supercomputers is important for the ad-
vancement of science in many disciplines. A model in which top super-
computing capabilities are provided by different agencies with different
missions is healthy. Each agency is the primary supporter of certain re-
search or mission-driven communities; as such, each agency should have
a long-term plan and budget for the acquisition of the supercomputing
systems that are needed to support its users. The planning and funding
process followed by each agency must ensure stability from the view-
point of its users.

The users should be involved in the planning process and should be
consulted in setting budget priorities for supercomputing. The mecha-
nisms for allocating supercomputing resources must ensure that almost
all of the computer time on capability systems is allocated to jobs for which
that capability is essential. Budget priorities should be reflected in the
high-end computing plan proposed in Recommendation 1. In Chapter 9,
the committee estimates the cost of a healthy procurement process at about
$800 million per year. Such a process would satisfy the capability super-
computing needs (but not the capacity needs) of the main agencies using
supercomputing and would include the platforms primarily used for re-
search. It would include both platforms used for mission-specific tasks
and platforms used to support science.

The NSF supercomputing centers have traditionally provided open
access to a broad range of academic users. However, some of these centers
have increased the scope of their activities in order to support high-speed
networking and grid computing and to expand their education mission.
The increases in scope have not been accompanied by corresponding in-
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creases in funding, so less attention is paid to supercomputing, and sup-
port for computational scientists with capability needs has been diluted.

It is important to repair the current situation at NSF, in which the
computational science users of supercomputing centers appear to have
too little involvement in programmatic and budgetary planning. All the
research communities in need of supercomputing capability have a shared
responsibility to provide direction for the supercomputing infrastructure
they use and to ensure that resources are available for sustaining the
supercomputing ecosystems. Funding for the acquisition and operation
of the research supercomputing infrastructure should be clearly separated
from funding for computer and computational science and engineering
research. It should compete on an equal basis with other infrastructure
needs of the science and engineering disciplines. That is not now the case.



Introduction and Context

upercomputers are used to solve complex problems, including the

simulation and modeling of physical phenomena such as climate

change, explosions, and the behavior of molecules; the analysis of
data such as national security intelligence, genome sequencing, and astro-
nomical observations; and the intricate design of engineered products.
Their use is important for national security and defense, as well as for
research and development in many areas of science and engineering.
Supercomputers can advance knowledge and generate insight that would
not otherwise be possible or that could not be captured in time to be
actionable. Supercomputer simulations can augment or replace experi-
mentation in cases where experiments are hazardous, expensive, or even
impossible to perform or to instrument; they can even enable virtual ex-
periments with imaginary worlds to test theories beyond the range of ob-
servable parameters. Further, supercomputers have the potential to sug-
gest entirely novel experiments that can revolutionize our perspective of
the world. They enable faster evaluation of design alternatives, thus im-
proving the quality of engineered products. Most of the technical areas
that are important to the well-being of humanity use supercomputing in
fundamental and essential ways.

As the uses of computing have increased and broadened, supercom-
puting has become less dominant than it once was. Many interesting ap-
plications require only modest amounts of computing, by today’s stan-
dards. Yet new problems have arisen whose computational demands for
scaling and timeliness stress even our current supercomputers. Many of

11
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those problems are fundamental to the government’s ability to address
important national issues. One notable example is the Department of
Energy’s (DOE’s) computational requirements for stockpile stewardship.

The emergence of mainstream solutions to problems that formerly
required supercomputing has caused the computer industry, the research
and development community, and some government agencies to reduce
their attention to supercomputing. Recently, questions have been raised
about the best ways for the government to ensure that its supercomputing
needs will continue to be satisfied in terms of both capability and cost-
effectiveness. At the joint request of the DOE’s Office of Science and the
Advanced Simulation and Computing! (ASC) Program of the National
Nuclear Security Administrations (NNSA) at DOE, the National Research
Council’s (NRC’s) Computer Science and Telecommunications Board con-
vened the Committee on the Future of Supercomputing to conduct a 2-
year study to assess the state of supercomputing in the United States. Spe-
cifically, the committee was charged to do the following:

e Examine the characteristics of relevant systems and architecture
research in government, industry, and academia and the characteristics of
the relevant market.

¢ Identify key elements of context such as the history of super-
computing, the erosion of research investment, the needs of government
agencies for supercomputing capabilities, and historical or causal factors.

e Examine the changing nature of problems demanding super-
computing (e.g., stockpile stewardship, cryptanalysis, climate modeling,
bioinformatics) and the implications for systems design.

¢ Outline the role of national security in the supercomputer market
and the long-term federal interest in supercomputing.

¢ Deliver an interim report in July 2003 outlining key issues.

¢ Make recommendations in the final report for government policy
to meet future needs.

STUDY CONTEXT

Much has changed since the 1980s, when a variety of agencies in-
vested in developing and using supercomputers. In the 1990s the High
Performance Computing and Communications Initiative (HPCCI) was
conceived and subsequently evolved into a broader and more diffuse pro-

1ASC was formerly known as the Accelerated Strategic Computing Initiative (ASCI). This
report uses ASC to refer collectively to these programs.
P y prog
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gram of computer science research support.? Over the last couple of de-
cades, the government sponsored numerous studies dealing with
supercomputing and its role in science and engineering research.’

Following the guidelines of the Report of the Panel on Large Scale Com-
puting in Science and Engineering (the Lax report),* the National Science
Foundation (NSF) established three supercomputer centers and one ad-
vanced prototype in 1985 and another center in 1986. Major projects on
innovative supercomputing systems were funded—for instance, the
Caltech Cosmic Cube, the New York University (NYU) Ultracomputer,
and the Illinois Cedar project. The other recommendations of the report
(to increase research in the disciplines needed for an effective and effi-
cient use of supercomputers and to increase training of people in scien-
tific computing) had only a modest effect. Following the renewal of four
of the five NSF supercomputer centers in 1990, the National Science Board
(NSB) commissioned the NSF Blue Ribbon Panel on High Performance
Computing to investigate future changes in the overall scientific environ-
ment due to rapid advances in computers and scientific computing.5 The
panel’s report, From Desktop to Teraflop: Exploiting the U.S. Lead in High
Performance Computing (the Branscomb report), recommended a signifi-
cant expansion in NSF investments, including accelerating progress in
high-performance computing through computer science and computa-
tional science research. The impact of these recommendations on funding
was small.

In 1991 Congress passed the High Performance Computing Act (P.L.
102-194),° which called for the President to establish a national program
to set goals for federal high-performance computing research and devel-
opment in hardware and software and to provide for interagency coop-
eration.

2The proliferation of PCs and the rise of the Internet commanded attention and resources,
diverting attention and effort from research in high-end computing. There were, however,
efforts into the 1990s to support high-performance computing. See, for example, NSF, 1993,
From Desktop to Teraflop: Exploiting the U.S. Lead in High Performance Computing, NSF Blue
Ribbon Panel on High Performance Computing, Arlington, Va.: NSF, August.

3The committee’s interim report provides a more detailed summary of several key re-
ports.

“National Science Board. 1982. Report of the Panel on Large Scale Computing in Science and
Engineering. Washington, D.C., December 26 (the Lax Report).

5NSF. 1993. From Desktop to Teraflop: Exploiting the U.S. Lead in High Performance Comput-
ing. NSF Blue Ribbon Panel on High Performance Computing. Arlington, Va.: NSF, August.

6Bill summary and status are available online at <http://thomas.loc.gov/cgi-bin/
bdquery/R?d102:FLD002:@1(102+194)>.
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NSF formed a task force in 1995 to advise it on the review and man-
agement of the supercomputer centers program. The chief finding of the
Report of the Task Force on the Future of the NSF Supercomputer Centers Pro-
gram (the Hayes report)” was that the Advanced Scientific Computing
Centers funded by NSF had enabled important research in computational
science and engineering and had also changed the way that computa-
tional science and engineering contribute to advances in fundamental
research across many areas. The recommendation of the task force was to
continue to maintain a strong Advanced Scientific Computing Centers
program. Congress asked the NRC’s Computer Science and Telecommu-
nications Board (CSTB) to examine the HPCCI.8 CSTB’s 1995 report
Evolving the High Performance Computing and Communications Initiative to
Support the Nation’s Infrastructure (the Brooks/Sutherland report)® rec-
ommended the continuation of the HPCCI, funding of a strong experi-
mental research program in software and algorithms for parallel com-
puting machines, and HPCCI support for precompetitive research in
computer architecture.

In 1997, following the guidelines of the Hayes report, NSF established
two Partnerships for Advanced Computational Infrastructure (PACIs),
one with the San Diego Supercomputer Center as a leading-edge site and
the other with the National Center for Supercomputing Applications as a
leading-edge site. Each partnership includes participants from other aca-
demic, industry, and government sites. The PACI program ended on Sep-
tember 30, 2004. The reports did not lead to increased funding, and no
major new projects resulted from the recommendations of the Brooks/
Sutherland report.

In 1999, the President’s Information Technology Advisory
Committee’s (PITAC’s) Report to the President. Information Technology Re-
search: Investing in Our Future (the PITAC report) made recommendations

7NSF. 1995. Report of the Task Force on the Future of the NSF Supercomputer Centers Program.
September 15.

8HPCCI was formally created when Congress passed the High-Performance Computing
Act of 1991 (P.L. 102-194), which authorized a 5-year program in high-performance comput-
ing and communications. The goal of the HPCCI was to “accelerate the development of
future generations of high-performance computers and networks and the use of these re-
sources in the federal government and throughout the American economy” (Federal Coor-
dinating Council for Science, Engineering, and Technology (FCCSET), 1992, Grand Challenges:
High-Performance Computing and Communications, FY 1992 U.S. Research and Development
Program, Office of Science and Technology Policy, Washington D.C.). The initiative broad-
ened from four primary agencies addressing grand challenges such as forecasting severe
weather events and aerospace design research to more than 10 agencies addressing national
challenges such as electronic commerce and health care.

9NRC. 1995. Evolving the High Performance Computing and Communications Initiative to Sup-
port the Nation’s Infrastructure. Washington, D.C.: National Academy Press.
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similar to those of the Lax and Branscomb reports.!” PITAC found that
federal information technology R&D was too heavily focused on near-
term problems and that investment was inadequate. The committee’s
main recommendation was to create a strategic initiative to support long-
term research in fundamental issues in computing, information, and com-
munications. In response to this recommendation, NSF developed the In-
formation Technology Research (ITR) program. This program, which was
only partly successful in meeting the needs identified by PITAC, is now
being phased out.

In 2000, concern about the diminishing U.S. ability to meet national
security needs led to a recommendation by the Defense Science Board
that DoD continue to subsidize a Cray computer development program
as well as invest in relevant long-term research.!!

The Defense Advanced Research Projects Agency (DARPA) launched
the High Productivity Computing Systems (HPCS) program in 2002 to
provide a new generation of economically viable, high-productivity com-
puting systems for the national security and industrial user community in
2007-2010. The goal is to address the gap between the capability needed to
meet mission requirements and the current offerings of the commercial
marketplace. HPCS has three phases: (1) an industrial concept phase (now
completed), in which Cray, Silicon Graphics, Inc. (SGI), IBM, Hewlett-
Packard, and Sun participated; (2) an R&D phase that was awarded to
Sun, Cray, and IBM in July 2003 and lasting until 2006; and (3) full-scale
development, to be completed by 2010, ideally by the two best proposals
from the second phase.

In summary, while successive reports have emphasized the impor-
tance of increased investments in supercomputing and the importance of
long-term, strategic research, investments in supercomputing seem not to
have grown, and the focus has stayed on short-term research, one genera-
tion ahead of products. Research on the base technologies used for
supercomputing (architecture, programming languages, compilers, oper-
ating systems, etc.) has been insufficient.

Computenik

In the spring of 2002 the Japanese installed the Earth Simulator (ES), a
supercomputer to be used for geosciences applications. For over 2 years,

10PITAC. 1999. Report to the President. Information Technology Research: Investing in Our Fu-
ture. February.

HDefense Science Board. 2000. Report of the Defense Science Board Task Force on DoD
Supercomputing Needs. Washington, D.C.: Office of the Under Secretary of Defense for Ac-
quisition and Technology. October 11.
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the TOP500 list'>!3 has ranked it as the fastest performing supercomputer
in the world. The ES was designed to use custom multiprocessor vector-
based nodes and to provide good support for applications written in High
Performance Fortran—technologies that were all but abandoned in the
United States in favor of commodity scalar processors and message pass-
ing libraries. The emergence of that system has been fueling recent con-
cerns about continued U.S. leadership in supercomputing. Experts have
asserted that the Earth Simulator was made possible through long-term,
sustained investment by the Japanese government. The U.S. Congress and
several government agencies began to question what should be done to
regain the supercomputing lead. While some experts have argued that
maintaining an absolute lead in supercomputing (as measured by the
TOP500 list) should not be an overriding U.S. policy objective, the Earth
Simulator nonetheless offers important lessons about investment in, man-
agement of, and policy toward supercomputing.

The Defense Appropriations Bill for FY 2002 directed the Secretary of
Defense to submit a development and acquisition plan for a comprehen-
sive, long-range, integrated, high-end computing (IHEC) program. The
resulting report, High Performance Computing for the National Security Com-
munity,'* released in the spring of 2003 and known as the IHEC Report,
recommends an applied research program to focus on developing the fun-
damental concepts in high-end computing and creating a pipeline of new
ideas and graduate-level expertise for employment in industry and the
national security community. The report also emphasizes the importance
of high-end computing laboratories that will test system software on dedi-
cated large-scale platforms; support the development of software tools
and algorithms; develop and advance benchmarking, modeling, and
simulations for system architectures; and conduct detailed technical re-

2The TOP500 project was started in 1993 to provide a reliable basis for tracking and de-
tecting trends in high-performance computing. Twice a year, a list of the sites operating the
500 most powerful computer systems is assembled and released. The best performance on
the Linpack benchmark is used for ranking the computer systems. The list contains a variety
of information, including the system specifications and its major application areas (see
<http:/ /www.top500.org> for details).

B3When Jack Dongarra, one of the people who maintains the TOP500 list (an authoritative
source of the world’s 500 most powerful supercomputers), announced that the Earth Simu-
lator was the world’s fastest supercomputer, the New York Times quoted him as saying, “In
some sense we have a Computenik on our hands” (John Markoff, 2002, “Japanese Computer
Is World’s Fastest, as U.S. Falls Back,” The New York Times, April 20, Page A1, C14).

14 Available online at <http:/ /www.hpcc.gov/hecrtf-outreach/bibliography/200302_hec.
pdf>.
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quirements analysis. The report suggests $390 million per year as the
steady-state budget for this program. The program plan consolidates ex-
isting DARPA, DOE/NNSA, and National Security Agency (NSA) R&D
programs and features a joint program office with Director of Defense
Research and Engineering (DDR&E) oversight.

At the request of Congress, DOE commissioned (in addition to this
study) a classified study by the JASONs to identify the distinct require-
ments of the Stockpile Stewardship Program and its relation to the ASC
acquisition strategy. Roy Schwitters, the study leader, said that the report,
released in 2003, concluded that “distinct technical requirements place
valid computing demands on ASC that exceed present and planned com-
puting capacity and capability.”1>

The 2003 Scales report, A Science-Based Case for Large-Scale Simulation,'6
presents a science-based case for balanced investment in numerous ar-
eas—such as algorithms, software, innovative architecture, and people—
to ensure that the United States benefits from advances enabled by com-
putational simulations.

The High-End Computing Revitalization Task Force (HECRTF) of the
National Science Coordination Office for Information Technology Re-
search and Development (NITRD) was chartered under the National Sci-
ence and Technology Council to develop a plan and a 5-year roadmap to
guide federal investments in high-end computing starting with FY 2005.
The report, Federal Plan for High-End Computing,'” released in May 2004,
noted that the 1990s approach of building systems based on commercial
off-the-shelf (COTS) components may not be suitable for many applica-
tions of national importance. It recommends research in alternative tech-
nologies to ensure U.S. leadership in supercomputing. The report also
calls for an interagency collaborative approach.

The Senate Committee on Energy and Natural Resources held a hear-
ing in June 2004 on the High-End Computing Revitalization Act of 2004
(S. 2176).18 This bill calls for the Secretary of Energy to implement a re-
search and development program in supercomputing and establish a
high-end software development center. On July 8, 2004, the House passed
and referred to the Senate Committee on Commerce, Science, and Trans-
portation a similar bill, the Department of Energy High-End Computing

15Presentation to the committee on December 3, 2003.

16DOE, Office of Science. 2003. “A Science-Based Case for Large Scale Simulation.” Scales
Workshop Report, Vol. 1. July. Available online at <http://www.pnl.gov/scales/>.

17 Available online at <http:/ /www . hpcc.gov/pubs/2004_hecrtf/20040702_hecrtf.pdf>.

18See <http://thomas.loc.gov/cgi-bin/query/z?c108:5.2176:>.
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Revitalization Act of 2004 (H.R. 4516), which omits the call for the soft-
ware development center.!® The Senate passed an amended version of
H.R. 4516 on October 11, 2004; the House is expected to consider the legis-
lation in late November 2004.2° The House also passed and sent to the
Senate the High-Performance Computing Revitalization Act of 2004 (H.R.
4218),?! which amends the High-Performance Computing Act of 1991 and
directs the President to establish a program to provide for long-term re-
search on high-performance computing, including the technologies to
advance the capacity and capabilities of high-performance computing. It
also calls for the Director of the Office of Science and Technology Policy to
develop and maintain a roadmap for high-performance computing.

ABOUT THE INTERIM REPORT

An interim report was presented in July 2003, approximately 6 months
after the start of the study.?? The report provides a preliminary outline of
the state of U.S. supercomputing, the needs of the future, and the factors
that will contribute to meeting those needs. The report notes that the
United States had the lead, on the June 2003 TOP500 list, in the use and
manufacture of supercomputers.?> However, to meet the security and
defense needs of our nation and to realize the opportunities to use super-
computing to advance knowledge, progress in supercomputing must con-
tinue. An appropriate balance is needed for investments that evolve cur-
rent supercomputing architectures and software and investments that
exploit alternative approaches that may lead to a paradigm shift. Balance
is also needed between exploiting cost-effective advances in widely used
hardware and software products and developing custom solutions that
meet the most demanding needs. Continuity and stability in the govern-
ment funding of supercomputing appear to be essential to the well-being
of supercomputing in the United States.

ORGANIZATION OF THE REPORT

In this report the committee first examines the requirements of differ-
ent classes of applications and the architecture, software, algorithm, and

19See <http://thomas.loc.gov/cgi-bin/bdquery/z?d108:HR04516:>.

20See <http:/ /thomas.loc.gov/cgi-bin/query/R?r108:FLD001:561181>.

21See <http://thomas.loc.gov/cgi-bin/query/D?c108:3:./temp/~c108qnbgq9::>.

22NRC. 2003. The Future of Supercomputing: An Interim Report. Washington, D.C.: The Na-
tional Academies Press.

23Based on the June 2003 TOP500 list at <http://www.top500.0rg>.
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cost challenges and trade-offs associated with these application classes.
The report addresses not only present-day applications and technology,
but also the context provided by history, by institutions and communi-
ties, and by international involvement in supercomputing. Chapter 2 de-
fines supercomputing. Chapter 3 outlines a brief history of supercom-
puting. Chapter 4 describes many compelling applications that place
extreme computational demands on supercomputing. Chapter 5 discusses
the design of algorithms, computing platforms, and software environ-
ments that govern the performance of supercomputing applications. The
institutions, computing platforms, system software, and the people who
solve supercomputing applications can be thought of collectively as an
ecosystem. Chapter 6 outlines an approach to supercomputing ecosystem
creation and maintenance. Chapter 7 discusses the international dimen-
sion of supercomputing. Chapter 8 offers a framework for policy analysis.
Chapter 9 describes the role of the government in ensuring that super-
computing appropriate to our needs is available both now and in the fu-
ture. Chapter 10 contains the committee’s conclusions and recommenda-
tions for action to advance high-end computing.



Explanation of Supercomputing

systems software, and applications software) that provide close to

the best currently achievable sustained performance on demand-
ing computational problems. The term can refer either to the hardware/
software system or to the hardware alone. Two definitions follow:

I I 1 he term “supercomputer” refers to computing systems (hardware,

e From Landau and Fink!: “The class of fastest and most powerful
computers available.”

* From the Academic Press Dictionary of Science and Technology: “1.
any of a category of extremely powerful, large-capacity mainframe com-
puters that are capable of manipulating massive amounts of data in an
extremely short time. 2. any computer that is one of the largest, fastest,
and most powerful available at a given time.”

“Supercomputing” is used to denote the various activities involved in
the design, manufacturing, or use of supercomputers (e.g., “supercom-
puting industry” or “supercomputing applications”). Similar terms are
“high-performance computing” and “high-end computing.” The latter
terms are used interchangeably in this report to denote the broader range
of activities related to platforms that share the same technology as
supercomputers but may have lower levels of performance.

IRubin H. Landau and Paul J. Fink, Jr. 1993. A Scientist's and Engineer’s Guide to Worksta-
tions and Supercomputers. New York, N.Y.: John Wiley & Sons.
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The meaning of the terms supercomputing or supercomputer is rela-
tive to the overall state of computing at a given time. For example, in 1994,
when describing computers subject to export control, the Department of
Commerce’s Bureau of Export Administration amended its definition of
“supercomputer” to increase the threshold level from a composite theo-
retical performance (CTP) equal to or exceeding 195 million theoretical
operations per second (MTOPS) to a CTP equal to or exceeding 1,500
MTOPS.2 Current examples of supercomputers are contained in the
TOP500 list of the 500 most powerful computer systems as measured by
best performance on the Linpack benchmarks.?

Supercomputers provide significantly greater sustained performance
than is available from the vast majority of installed contemporary main-
stream computer systems. In applications such as the analysis of intelli-
gence data, weather prediction, and climate modeling, supercomputers
enable the generation of information that would not otherwise be avail-
able or that could not be generated in time to be actionable. Supercom-
puting can accelerate scientific research in important areas such as phys-
ics, material sciences, biology, and medicine. Supercomputer simulations
can augment or replace experimentation in cases where experiments are
hazardous, expensive, or even impossible to perform or to instrument.
They can collapse time and enable us to observe the evolution of climate
over centuries or the evolution of galaxies over billions of years; they can
expand space and allow us to observe atomic phenomena or shrink space
and allow us to observe the core of a supernova. They can save lives and
money by producing better predictions on the landfall of a hurricane or
the impact of an earthquake.

In most cases, the problem solved on a supercomputer is derived from
a mathematical model of the physical world. Approximations are made
when the world is represented using continuous models (partial differen-
tial equations) and when these continuous models are discretized. Vali-
dated approximate solutions will provide sufficient information to stimu-
late human scientific imagination or to aid human engineering judgment.
As computational power increases, fewer compromises are made, and
more accurate results can be obtained. Therefore, in many application
domains, there is essentially no limit to the amount of compute power

2Federal Register, February 24, 1994, at <http://www .fas.org/spp/starwars/offdocs/
940224 htm>.

3The TOP500 list is available at <http:/ /www.top500.0rg>. The Linpack benchmark solves
a dense system of linear equations; in the version used for TOP500, one picks a system size
for which the computer exhibits the highest computation rate.
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that can be usefully applied to a problem. As the committee shows in
Chapter 4, many disciplines have a good understanding of how they
would exploit supercomputers that are many orders of magnitude more
powerful than the ones they currently use; they have a good understand-
ing of how science and engineering will benefit from improvements in
supercomputing performance in the years and decades to come.

One of the principal ways to increase the amount of computing
achievable in a given period of time is to use parallelism—doing multiple
coordinated computations at the same time. Some problems, such as
searches for patterns in data, can distribute the computational workload
easily. The problem can be broken down into subproblems that can be
solved independently on a diverse collection of processors that are inter-
mittently available and that are connected by a low-speed network such
as the Internet.* Some problems necessarily distribute the work over a
high-speed computational grid® in order to access unique resources such
as very large data repositories or real-time observational facilities. How-
ever, many important problems, such as the modeling of fluid flows, can-
not be so easily decomposed or widely distributed. While the solution of
such problems can be accelerated through the use of parallelism, depen-
dencies among the parallel subproblems necessitate frequent exchanges
of data and partial results, thus requiring significantly better communica-
tion (both higher bandwidth and lower latency) between processors and
data storage than can be provided by a computational grid. Both compu-
tational grids and supercomputers hosted in one machine room are com-
ponents of a cyberinfrastructure, defined in a recent NSF report as “the
infrastructure based upon distributed computer, information and com-
munication technology.”® This report focuses mostly on systems hosted
in one machine room (such systems often require a large, dedicated room).
To maintain focus, it does not address networking except to note its im-
portance. Also, the report does not address special-purpose hardware ac-
celerators. Special-purpose hardware has always played an important but

4A good example is SETI@home: The Search for Extraterrestrial Intelligence, <http://
setiathome.ssl.berkeley.edu>.

5A computational grid is a hardware and software infrastructure that provides depend-
able, consistent, pervasive, and inexpensive access to high-end computational capabilities (.
Foster and C. Kesselman, 2003, The Grid 2: Blueprint for a New Computing Infrastructure, 2nd
ed., San Francisco, Calif.: Morgan Kaufman).

ONSF. 2003. Revolutionizing Science and Engineering Through Cyberinfrastructure. NSF Blue-
Ribbon Advisory Panel on Cyberinfrastructure.
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limited role in supercomputing.” The committee has no evidence that this
situation is changing. While it expects special-purpose hardware to con-
tinue to play an important role, the existence of such systems does not
affect its discussion of general-purpose supercomputers.

Supercomputers in the past were distinguished by their unique (vec-
tor) architecture and formed a clearly identifiable product category. To-
day, clusters of commodity computers that achieve the highest perfor-
mance levels in scientific computing are not very different from clusters
of similar size that are used in various commercial applications. Thus, the
distinction between supercomputers and mainstream computers has
blurred. Any attempt to draw a clear dividing line between super-
computers and mainstream computers, e.g., by price or level of perfor-
mance, will lead to arbitrary distinctions. Rather than attempting to draw
such distinctions, the discussion will cover the topmost performing sys-
tems but will not exclude other high-performance computing systems that
share to a significant extent common technology with the top-performing
systems.

Virtually all supercomputers are constructed by connecting a number
of compute nodes, each having one or more processors with a common
memory, by a high-speed interconnection network (or switch). Super-
computer architectures differ in the design of their compute nodes, their
switches, and their node-switch interface. The system software used on
most contemporary supercomputers is some variant of UNIX; most com-
monly, programs are written in Fortran, C, and C++, augmented with
language or library extensions for parallelism and application libraries.

Global parallelism is most frequently expressed using the MPI mes-
sage passing library,® while OpenMP’ is often used to express parallelism
within a node. Libraries and languages that support global arrays!® are

"The GRAPE (short for GRAvity PipE) family of special-purpose systems for astrophysics
is one example. See the GRAPE Web site for more information: <http://grape.astron.s.u-
tokyo.ac.jp/grape/>.

8MPIL: A Message-Passing Interface Standard; see <http://www.mpi-forum.org/docs/
mpi-11-html/mpi-report.html>.

9Leonardo Dagum and Ramesh Menon. 1998. “OpenMP: An Industry-Standard API for
Shared-Memory Programming.” IEEE Journal of Computational Science and Engineering (5)1.

10Tarek A. El-Ghazawi, William W. Carlson, and Jesse M. Draper, UPC Language Specifica-
tion (V 1.1.1), <http:/ /www.gwu.edu/~upc/docs/upc_spec_1.1.1.pdf>; Robert W. Numrich
and John Reid, 1998, “Co-array Fortran for Parallel Programming,” SIGPLAN Fortran Forum
17(2), 1-31; J. Nieplocha, R.J. Harrison, and R/J. Littlefield, 1996, “Global Arrays: A Nonuni-
form Memory Access Programming Model for High-Performance Computers,” Journal of
Supercomputing 10, 197-220; Katherine Yelick, Luigi Semenzato, Geoff Pike, Carleton
Miyamoto, Ben Liblit, Arvind Krishnamurthy, Paul Hilfinger, Susan Graham, David Gay,
Philip Colella, and Alexander Aiken, 1998, “Titanium: A High-Performance Java Dialect,”
Concurrency: Practice and Experience 10, 825-836.
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becoming more widely used as hardware support for direct access to re-
mote memory becomes more prevalent.

Most of the traditional algorithm approaches must be modified so
that they scale effectively on platforms with a large number of proces-
sors. Supercomputers are used to handle larger problems or to introduce
more accurate (but more computationally intensive) physical models.
Both may require new algorithms. Some algorithms are very specialized
to a particular application domain, whereas others—for example, mesh
partitioners—are of general use.

Two commonly used measures of the overall productivity of high-
end computing platforms are capacity and capability. The largest super-
computers are used for capability or turnaround computing where the
maximum processing power is applied to a single problem. The goal is to
solve a larger problem, or to solve a single problem in a shorter period of
time. Capability computing enables the solution of problems that cannot
otherwise be solved in a reasonable period of time (for example, by mov-
ing from a two-dimensional to a three-dimensional simulation, using finer
grids, or using more realistic models). Capability computing also enables
the solution of problems with real-time constraints (e.g., intelligence pro-
cessing and analysis). The main figure of merit is time to solution. Smaller
or cheaper systems are used for capacity computing, where smaller prob-
lems are solved. Capacity computing can be used to enable parametric
studies or to explore design alternatives; it is often needed to prepare for
more expensive runs on capability systems. Capacity systems will often
run several jobs simultaneously. The main figure of merit is sustained
performance per unit cost. There is often a trade-off between the two fig-
ures of merit, as further reduction in time to solution is achieved at the
expense of increased cost per solution; different platforms exhibit differ-
ent trade-offs. Capability systems are designed to offer the best possible
capability, even at the expense of increased cost per sustained perfor-
mance, while capacity systems are designed to offer a less aggressive re-
duction in time to solution but at a lower cost per sustained perfor-
mance.!!

A commonly used unit of measure for both capacity systems and ca-
pability systems is peak floating-point operations (additions or multipli-
cations) per second, often measured in teraflops (Tflops), or 10'2 floating-
point operations per second. For example, a 2003 report by the JASONs!2

HNote that the capacity or capability of a system depends on the mix of application codes
it runs. The SETI@home grid system provides more sustained performance for its applica-
tion than is possible on any single supercomputer platform; it would provide very low sus-
tained performance on a weather simulation.

12JASON Program Office. 2003. Requirements for ASCI. July 29.
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estimated that within 10 years a machine of 1,000 Tflops (1 petaflops)
would be needed to execute the most demanding Advanced Simulation
and Computing (ASC) application (compared to the then-existing ASC
platforms of highest capability, the White at Lawrence Livermore National
Laboratory and the Q at Los Alamos National Laboratory, of 12.3 Tflops
and 20 Tflops, respectively). Although peak flops are a contributing factor
to performance, they are only a partial measure of supercomputer pro-
ductivity because performance as delivered to the user depends on much
more than peak floating-point performance (e.g., on local memory band-
width and latency or interconnect bandwidth and latency).

A system designed for high capability can typically be reconfigured
into multiple virtual lower-capacity machines to run multiple less de-
manding jobs in parallel. There is much discussion about the use of cus-
tom processors for capacity computing (see Box 2.1). Commodity clusters
are frequently used for capacity computing because they provide better
cost/performance. However, for many capability applications, custom
processors give faster turnaround—even on applications for which they
are not the most cost-effective capacity machines.

A supercomputer is a scientific instrument that can be used by many
disciplines and is not exclusive to one discipline. It can be contrasted, for
example, with the Hubble Space Telescope, which has immense potential
for enhancing human discovery in astronomy but little potential for de-
signing automobiles. Astronomy also relies heavily on supercomputing
to simulate the life cycle of stars and galaxies, after which results from
simulations are used in concert with Hubble’s snapshots of stars and gal-
axies at various evolutionary stages to form consistent theoretical views
of the cosmos. It can be argued that supercomputing is no less important
than the Hubble Telescope in achieving the goal of understanding the
universe. However, it is likely that astronomers paid much less attention
to ensuring that supercomputing resources would be available than they
paid to carefully justifying the significant cost of the telescope. In as-
tronomy, as in other disciplines, supercomputing is essential to progress
but is not discipline-specific enough to marshal support to ensure that it is
provided. Nevertheless, as the committee heard, the net contributions of
supercomputing, when summed over a multitude of disciplines, are no
less than monumental in their impact on overall human goals. Therefore,
supercomputing in some sense transcends its individual uses and can be
a driver of progress in the 21st century.
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BOX 2.1 Custom Processors and Commodity Processors

Most supercomputers are built from commodity processors that are de-
signed for a broad market and are manufactured in large numbers. A small
number of supercomputers use custom processors that are designed to
achieve high performance in scientific computing and are manufactured in
small numbers. Commodity processors, because they benefit from econo-
mies of scale and sophisticated engineering, provide the shortest time to
solution (capability) and the highest sustained performance per unit cost
(capacity) for a broad range of applications that have significant spatial and
temporal locality and therefore take good advantage of the caches pro-
vided by commodity processors. A small set of important scientific applica-
tions, however, has almost no locality. They achieve shorter time to solu-
tion and better sustained performance per unit cost on a custom processor
that provides higher effective local memory bandwidth on access patterns
having no locality. For a larger set of applications with low locality, custom
processors deliver better time to solution but at a higher cost per unit of
sustained performance.

Commodity processors are often criticized because of their low effi-
ciency (the fraction of peak performance they sustain). However, peak per-
formance, and hence efficiency, is the wrong measure. The system metrics
that matter are sustained performance (on applications of interest), time to
solution, and cost.

The rate at which operands can be transferred to/from the processor is
the primary performance bottleneck for many scientific computing codes.'2
Custom processors differ primarily in the effective memory bandwidth that
they provide on different types of access patterns. Whether a machine has
a vector processor, a scalar processor, or a multithreaded processor is a
secondary issue. The main issue is whether it has efficient support for ir-
regular accesses (gather/scatter), high memory bandwidth, and the ability
to hide memory latency so as to sustain this bandwidth. Vector processors,
for example, typically have a short (if any) cache line and high memory
bandwidth. The vectors themselves provide a latency hiding mechanism.
Such features enable custom processors to more efficiently deliver the raw
memory bandwidth provided by memory chips, which often dominate sys-
tem cost. Hence, these processors can be more cost effective on applica-
tions that are limited by memory bandwidth.

Commodity processors are manufactured in high volume and hence
benefit from economies of scale. The high volume also justifies sophisti-
cated engineering—for example, the clock rate of the latest Intel Xeon pro-
cessor is at least four times faster than the clock rate of the Cray X1. A
commodity processor includes much of its memory system but little of its
memory capacity on the processor chip, and this memory system is adapted
for applications with high spatial and temporal locality. A typical commod-
ity processor chip includes the level 1 and 2 caches on the chip and an
external memory interface. This external interface limits sustained local
memory bandwidth and requires local memory accesses to be performed
in units of cache lines (typically 64 to 128 bytes in length?). Accessing
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memory in units of cache lines wastes a large fraction (as much as 94
percent) of local memory bandwidth when only a single word of the cache
line is needed.

Many scientific applications have sufficient spatial and temporal local-
ity that they provide better performance per unit cost on commodity pro-
cessors than on custom processors. Some scientific applications can be
solved more quickly using custom processors but at a higher cost. Some
users will pay that cost; others will tolerate longer times to solution or
restrict the problems they can solve to save money. A small set of scientific
applications that are bandwidth-intensive can be solved both more quickly
and more cheaply using custom processors. However, because this appli-
cation class is small, the market for custom processors is quite small.*

In summary, commodity processors optimized for commercial applica-
tions meet the needs of most of the scientific computing market. For the
majority of scientific applications that exhibit significant spatial and tem-
poral locality, commodity processors are more cost effective than custom
processors, making them better capability machines. For those bandwidth-
intensive applications that do not cache well, custom processors are more
cost effective and therefore offer better capacity on just those applications.
They also offer better turnaround time for a wider range of applications,
making them attractive capability machines. However, the segment of the
scientific computing market—bandwidth-intensive and capability—that
needs custom processors is too small to support the free market develop-
ment of such processors.

The above discussion is focused on hardware and on the current state of
affairs. As the gap between processor speed and memory speed continues
to increase, custom processors may become competitive for an increasing
range of applications. From the software perspective, systems with fewer,
more powerful processors are easier to program. Increasing the scalability
of software applications and tools to systems with tens of thousands or
hundreds of thousands of processors is a difficult problem, and the charac-
teristics of the problem do not behave in a linear fashion. The cost of using,
developing, and maintaining applications on custom systems can be sub-
stantially less than the comparable cost on commodity systems and may
cancel out the apparent cost advantages of hardware for commodity-based
high-performance systems—for applications that will run only on custom
systems. These issues are discussed in more detail in Chapter 5.

TL. Carrington, A. Snavely, X. Gao, and N. Wolter. 2003. A Performance Prediction Frame-
work for Scientific Applications. ICCS Workshop on Performance Modeling and Analysis
(PMAO03). Melbourne, June.

2S. Goedecker and A. Hoisie. 2001. Performance Optimization of Numerically Intensive
Codes. Philadelphia, Pa.: SIAM Press.

3The IBM Power 4 has a 512-byte level 3 cache line.

“4This categorization of applications is not immutable. Since commodity systems are cheaper
and more broadly available, application programmers have invested significant effort in adapt-
ing applications to these systems. Bandwidth-intensive applications are those that are not easily
adapted to achieve acceptable performance on commodity systems. In many cases the difficulty
seems to be intrinsic to the problem being solved.




Brief History of Supercomputing

his chapter touches on the role, importance, and special needs of

supercomputing.! It outlines the history of supercomputing, the

emergence of supercomputing as a market, the entry of the Japa-
nese supercomputing manufacturers, and the impact of supercomputing
on the broader computer market and on progress in science and engineer-
ing. It focuses on hardware platforms and only touches on other super-
computing technologies, notably algorithms and software. A more de-
tailed discussion of current supercomputing technologies is provided in
Chapter 5.

THE PREHISTORY OF U.S. SUPERCOMPUTING

The development of computer technology in the United States was
inextricably linked to U.S. government funding for research on crypt-
analysis, nuclear weapons, and other defense applications in its first sev-
eral decades.? Arguably, the first working, modern, electronic, digital
computer was the Colossus machine, put into operation at Bletchley Park,

1An expanded version of much of the analysis in this chapter will be found in “An Eco-
nomic History of the Supercomputer Industry,” by Kenneth Flamm, 2004.

2In Chapter 3, “Military Roots,” of Creating the Computer: Government, Industry, and High
Technology (Brookings Institution Press, 1988), Kenneth Flamm lays out the entire panorama
of government-funded projects in the late 1940s and 1950s that essentially created the early
U.S. computer industry. Another good but less comprehensive source ends in the very early
1950s, when high-volume production was 20 machines: N. Metropolis, ]. Howlett, and Gian-
Carlo Rota, A History of Computing in the Twentieth Century (Academic Press, 1980).
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in the United Kingdom, in 1943. Although it was designed and employed
to break a specific German cipher system, this machine was in fact a true
electronic computer and could be used, in principle, on a range of prob-
lems. The existence of this machine was classified until the 1970s.

U.S. personnel working with Bletchley Park during World War 1II
played a major role in creating the early U.S. computer industry in the
decade following the war. In particular, U.S. engineers at the Naval Com-
puting Machinery Laboratory (a National Cash Register plant in Dayton,
Ohio, deputized into the war effort) were building copies or improved
versions of Bletchley Park electronic cryptanalysis machines, as well as
computers of their own design. American engineers involved in this ef-
fort included William Norris and Howard Engstrom—Norris later
founded Engineering Research Associates (ERA), then Control Data;
Engstrom was later deputy director of the National Security Agency
(NSA)—and Ralph Palmer who was principal technical architect of IBM’s
move into electronic computers in the 1950s. Of the 55 people in the found-
ing technical group at ERA, where Seymour Cray had his first design job
in computers, 40 came from Navy communications intelligence in Wash-
ington, 5 from the Navy lab in Dayton, and 3 from the Naval Ordnance
Laboratory.?

The ENIAC, built in 1945 at the University of Pennsylvania and often
credited as the first functioning electronic computer, was a larger, plug-
programmable computer designed to compute artillery ballistics tables.*
Ironically, it came into existence, indirectly, as a result of the code-break-
ing efforts of the U.S. intelligence community. The U.S. Army’s Ballistic
Research Laboratory (BRL) had originally funded a ballistics computer
project at National Cash Register and had turned down a competing pro-
posal from J. Presper Eckert and John Mauchly at the University of Penn-
sylvania. BRL reconsidered this decision after the National Cash Register
Dayton group was drafted into producing cryptanalysis machines for the
Navy and finally decided to fund the ENIAC project.

3See Flamm, 1988, pp. 36-41, 43-45.

4As is the case for many other technologies, there has been a heated debate about who
should be credited as the inventor of the first digital computer. In addition to the Colossus
and the ENIAC, the following are worth mentioning: Konrad Zuse, working in Germany,
built a relay-based automatic digital computer in Germany in 1939-1941. A similar system,
the Automatic Sequence Controlled Calculator (ASCC), also called the Mark I, was con-
ceived by Howard Aiken and designed and built by IBM in 1939-1944. John Vincent
Atanasoff and Clifford Berry started building an electronic digital computer at Iowa State
University in 1937-1942. Although the project was not completed, Atanasoff and Berry won
a patent case against Eckert and Mauchly in 1973, invalidating the patent of the latter on
ENIAC as the first automatic electronic computer.
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Princeton mathematician and War Department consultant John von
Neumann heard about the existence of the ENIAC project at the BRL and
involved himself in the project.>It is reported that some of the early atomic
bomb calculations (in which von Neumann was involved) made use of
the ENIAC even before it was formally delivered to the Army. The link
between both cryptanalytical and nuclear design applications and high-
performance computing goes back to the very first computers.

ENIAC’s designers, Eckert and Mauchly, built the first working stored
program electronic computer in the United States in 1949 (the BINAC)
and delivered it to Northrop Aircraft, a defense contractor. A number of
advanced machines had been built in Britain by that time—Britain was
actually leading in the construction of working electronic computers in
the late 1940s. A massive U.S. government investment in computer tech-
nology in the 1950s was critical to the rapid rise of U.S. companies as the
undisputed leaders in the field.

The second and third computers in the United States were the SEAC
(built for the National Bureau of Standards, now renamed NIST) and the
ERA 1101 (built for predecessors to the National Security Agency). Both
went into operation in 1950, runners-up in the United States to the Eckert-
Mauchly BINAC.

The first Eckert and Mauchly-designed computer targeting a commer-
cial market, the UNIVAC, was delivered to the Census Bureau in 1951.
The experimental MIT Whirlwind computer, built with Navy and later
Air Force funding, also went into operation in 1951.

Von Neumann, who had brought British computing theoretician Alan
Turing to Princeton in the 1930s and was much influenced by this contact,
began work on the conceptual design of a general-purpose scientific com-
puter for use in calculations of military interest in 1946, but a working
machine was not completed until 1951. This machine was intended to be a
tool for scientists and engineers doing numerical calculations of the sort
needed in nuclear weapons design. Versions of the first machine installed
at the Institute of Advanced Studies in Princeton, the IAS machine, were
built and installed at Los Alamos (the MANIAC I) in 1952 and Oak Ridge
(the ORACLE) in 1953; these were the first computers installed at the
nuclear weapons laboratories.® The nuclear weapons labs-sponsored IAS
design was highly influential. But the laboratories were so pressed for
computing resources before these machines were delivered that they did

SNancy Stern. 1981. From ENIAC to UNIVAC: An Appraisal of the Eckert-Mauchly Computers.
Digital Press.

6The Argonne National Laboratory built AVIDAC (Argonne’s Version of the Institute’s
Digital Automatic Computer), which was operational prior to IAS.
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their calculations on the SEAC at the National Bureau of Standards and
ran thermonuclear calculations on the floor of the UNIVAC factory in
Philadelphia.

Volume computer production did not begin until 1953. In that year,
the first ERA 1103 was delivered to the cryptanalysts in the intelligence
community, as was the first IBM 701 Defense Calculator. Twenty ERA
1103s and 19 IBM 701s were built; all were delivered to DoD customers.

NSA was the primary sponsor of high-performance computing
through most of the post-1103 1950s era. It sponsored the Philco 210 and
the Philco 211 and cosponsored the IBM 7030 Stretch as part of its support
for the Harvest system. DoD supported the development of the IBM 7090
for use in a ballistic missile early warning system.

Energy lab-sponsored computers did not play a leading role at the
frontiers of high-performance computing until the late 1950s. The Atomic
Energy Commission (AEC) set up a formal computer research program in
1956 and contracted with IBM for the Stretch system and with Sperry Rand
(which acquired both the Eckert-Mauchly computer group and ERA in
the 1950s) for the Livermore Advanced Research Computer (LARC). The
cosponsorship of the Stretch system by NSA and AEC required IBM to
meet the needs of two different customers (and applications) in one sys-
tem. It was said that balancing those demands was an important factor in
the success of IBM’s system 360.

SUPERCOMPUTERS EMERGE AS A MARKET

With the emergence of specific models of computers built in commer-
cial volumes (in that era, the double digits) in the 1950s, and the dawning
realization that computers were applicable to a potentially huge range of
scientific and business data processing tasks, smaller and cheaper com-
puters began to be produced in significant numbers. In the early 1950s,
machines produced in volume were typically separated by less than an
order of magnitude in speed. By the late 1950s, the fastest, most expensive
computers were three to four orders of magnitude more powerful than
the smallest models sold in large numbers. By the early 1970s, that range
had widened even further, with a spread now exceeding four orders of
magnitude in performance between highest performance machines and
small business or scientific computers selling in volume (see Figure 3.1).

In the late 1950s, the U.S. government, motivated primarily by na-
tional security needs to support intelligence and nuclear weapons appli-
cations, institutionalized its dominant role in funding the development of
cutting-edge high-performance computing technology for these two sets
of military applications. Arguably, the first supercomputers explicitly in-
tended as such, designed to push an order of magnitude beyond the fast-
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FIGURE 3.1 Early computer performance. Included in this figure are the best-
performing machines according to value of installations, number of installations,
and millions of operations per second (MOPS). SOURCE: Kenneth Flamm. 1988.
Creating the Computer: Government, Industry, and High Technology. Washington,
D.C.: Brookings Institution Press.

est available commercial machines, were the IBM 7030 Stretch and Sperry
Rand UNIVAC LARC, delivered in the early 1960s.”

These two machines established a pattern often observed in subse-
quent decades: The government-funded supercomputers were produced
in very limited numbers and delivered primarily to government users.
But the technology pioneered in these systems would find its way into the
industrial mainstream a generation or two later in commercial systems.
For example, one typical evaluation holds that “while the IBM 7030 was
not considered successful, it spawned many technologies incorporated in
future machines that were highly successful. The transistor logic was the
basis for the IBM 7090 line of scientific computers, then the 7040 and 1400
lines. Multiprogramming, memory protection, generalized interrupts, the

"The term “supercomputer” seems to have come into use in the 1960s, when the IBM 7030
Stretch and Control Data 6600 were delivered.
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8-bit byte were all concepts later incorporated in the IBM 360 line of com-
puters as well as almost all third-generation processors and beyond. In-
struction pipelining, prefetch and decoding, and memory interleaving
were used in later supercomputer designs such as the IBM 360 Models 91,
95, and 195, as well as in computers from other manufacturers. These tech-
niques are now used in most advanced microprocessors, such as the Intel
Pentium and the Motorola/IBM PowerPC.”8 Similarly, LARC technolo-
gies were used in Sperry Rand’s UNIVAC III.°

Yet another feature of the supercomputer marketplace also became
established over this period: a high mortality rate for the companies in-
volved. IBM exited the supercomputer market in the mid-1970s. Sperry
Rand exited the supercomputer market a few years after many of its
supercomputer designers left to found the new powerhouse that came to
dominate U.S. supercomputers in the 1960s—the Control Data Corpora-
tion (CDC).

CONTROL DATA AND CRAY

From the mid-1960s to the late 1970s, the global U.S. supercomputer
industry was dominated by two U.S. companies: CDC and its offspring,
Cray Research. Both companies traced their roots back to ERA, which had
been absorbed by Sperry Rand in 1952. A substantial portion of this talent
pool (including Seymour Cray) left to form a new company, CDC, in 1957.
CDC was to become the dominant manufacturer of supercomputers from
the mid-1960s through the mid-1970s. Government users, particularly the
intelligence community, funded development of CDC’s first commercial
offering, the CDC 1604. In 1966 CDC shipped its first full-scale
supercomputer, the CDC 6600, a huge success. In addition to offering an
order of magnitude jump in absolute computational capability (see Fig-
ure 3.1), it did so very cost effectively. As suggested by Figure 3.2, com-
puting power was delivered by the 6600 at a price comparable to or lower
than that of the best cost/performance in mainstream commercial ma-
chines.!®

8Historical information on the IBM 7030 is available online from the Wikipedia at
<http:/ /en.wikipedia.org/wiki/IBM_7030>.

9See <http:/ /en.wikipedia.org/wiki/IBM_7030>; G. Gray, “The UNIVAC III Computer,”
Unisys History Newsletter 2(1) (revised 1999), <http://www.cc.gatech.edu/gvu/people/
randy.carpenter/folklore/v2nl.html>.

10The benchmarks, the performance metrics, and the cost metrics used for that figure are
considerably different from those used today, but the qualitative comparison is generally
accepted.
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FIGURE 3.2 Cost/performance over time. Based on data collected by John
McCallum at <http:/ /www jcmit.com/cpu-performance.htm>. NEC Earth Simu-
lator cost corrected from $350 million to $500 million. Note that “normalized”
MIPS (millions of instructions per second) is constructed by combining a variety
of benchmarks run on these machines over this 50-year period, using scores on
multiple benchmarks run on a single machine to do the normalization.

At this point, there was no such thing as a commodity processor. All
computer processors were custom produced. The high computational per-
formance of the CDC 6600 at a relatively low cost was a testament to the
genius of its design team. Additionally, the software tools that were pro-
vided by CDC made it possible to efficiently deliver this performance to
the end user.

Although the 6600 gave CDC economic success at the time, simply
delivering theoretical computational power at a substantially lower price
per computation was not sufficient for CDC to dominate the market. Then,
as now, the availability of applications software, the availability of spe-
cialized peripherals and storage devices tailored for specific applications,
and the availability of tools to assist in programming new software were
just as important to many customers.

The needs of the government users were different. Because the spe-
cific applications and codes they ran for defense applications were often
secret, frequently were tied to special-purpose custom hardware and pe-
ripherals built in small numbers, and changed quickly over time, the avail-
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ability of low-cost, commercially available peripherals and software were
often unimportant. The defense agencies typically invested in creating the
software and computing infrastructure they needed (for example,
NASTRAN and DYNA2). When some of that software became available
to commercial customers after it had been made available to the first gov-
ernment customers, these supercomputers became much more attractive
to them.

In 1972, computer designer Seymour Cray left CDC and formed a
new company, Cray Research. Although CDC continued to produce high-
performance computers through the remainder of the 1970s (e.g.,
STAR100), Cray quickly became the dominant player in the highest per-
formance U.S. supercomputer arena.'> The Cray-1, first shipped to Los
Alamos National Laboratory in 1976, set the standard for contemporary
supercomputer design. The Cray-1 supported a vector architecture in
which vectors of floating-point numbers could be loaded from memory
into vector registers and processed in the arithmetic unit in a pipelined
manner at much higher speeds than were possible for scalar operands.*
Vector processing became the cornerstone of supercomputing. Like the
CDC 6600, the Cray-1 delivered massive amounts of computing power at
a price competitive with the most economical computing systems of the
day. Figure 3.2 shows that the cost of sustained computing power on the
Cray-1 was roughly comparable to that of the cost/performance cham-
pion of the day, the Apple Il microcomputer.

During this period, IBM retreated from the supercomputer market,
instead focusing on its fast-growing and highly profitable commercial
computer systems businesses. Apart from a number of larger companies
flirting with entry into the supercomputer business by building experi-
mental machines (but never really succeeding) and several smaller com-

HNASTRAN (NASA Structural Analysis) was originally developed at Goddard Space
Flight Center and released in 1971 (see <http://www.sti.nasa.gov/tto/spinoff2002/
goddard.html>). There are now several commercial implementations.

I2DYNA3D was originally developed in the 1970s at the Lawrence Livermore National
Laboratory to simulate underground nuclear tests and determine the vulnerability of under-
ground bunkers to strikes by nuclear missiles. Its successor, LS-DYNA, which simulates
vehicle crashes, is commercially available.

13CDC ultimately exited the supercomputer business in the 1980s, first spinning off its
supercomputer operations in a new subsidiary, ETA, and then shutting down ETA a few
years later, in 1989.

14Vector processing first appeared in the CDC STAR100 and the Texas Instruments ASC,
both announced in 1972. Much of the vector processing technology, including vectorizing
compilers, originated from the Illiac IV project, developed at Illinois.
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panies that successfully pioneered a lower-end, cost-oriented “mini-
supercomputer” market niche, U.S. producers CDC and Cray dominated
the global supercomputer industry in the 1970s and much of the 1980s.

Although it was not widely known or documented at the time, in
addition to using the systems from CDC and Cray, the defense commu-
nity built special-purpose, high-performance computers. Most of these
computers were used for processing radar and acoustic signals and im-
ages. These computers were often “mil-spec’ed” (designed to function in
hostile environments). In general, these systems performed arithmetic
operations on 16- and 32-bit data. Fast Fourier transforms and digital fil-
ters were among the most commonly used algorithms. Many of the com-
mercial array processor companies that emerged in the late 1970s were
spin-offs of these efforts.

The commercial array processors, coupled with minicomputers from
Digital Equipment Corporation and Data General, were often used as
supercomputers. The resulting hybrid system combined a commodity
host with a custom component. Unlike most other supercomputers of the
period, these systems were air-cooled.

The 1970s also witnessed the shipment of the first simple, single-chip
computer processor (or microprocessor) by the Intel Corporation, in No-
vember 1971. By the early 1980s, this technology had matured to the point
where it was possible to build simple (albeit relatively low-performance)
computers capable of “serious” computing tasks. The use of low-cost,
mass-produced, high-volume commodity microprocessors was to trans-
form all segments of the computer industry. The highest performance seg-
ment of the industry, the supercomputer, was the last to be transformed
by this development.

ENTER JAPAN

By the mid-1980s, with assistance from a substantial government-
subsidized R&D program launched in the 1970s and from a history of
trade and industrial policy that effectively excluded foreign competitors
from Japanese markets, Japanese semiconductor producers had pushed
to the technological frontier in semiconductor manufacturing. Histori-
cally, the rationale for Japanese government support in semiconductors
had been to serve as a stepping-stone for creating a globally competitive
computer industry, since the semiconductor divisions of the large Japa-
nese electronics companies had also produced computers sold in a pro-
tected Japanese market. Aided by their new capabilities in semiconduc-
tors and a successful campaign to acquire key bits of IBM’s mainframe
technology, by the mid-1980s Japanese computer companies were ship-
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ping cost-effective commercial computer systems that were competitive
with, and often compatible with, IBM’s mainframes.'5

Thus it was that the United States viewed with some concern Japan'’s
announcement of two government-funded computer R&D programs in
the early 1980s explicitly intended to put Japanese computer producers at
the cutting edge in computer technology. One was the Fifth Generation
Computer System project, which was primarily focused on artificial intel-
ligence and logic programming. The other was the High Speed Comput-
ing System for Scientific and Technological Uses project, also called the
SuperSpeed project, which focused on supercomputing technology.'® At
roughly the same time, the three large Japanese electronics companies
manufacturing mainframe computers began to sell supercomputers at
home and abroad. The Japanese vendors provided good vectorizing com-
pilers with their vector supercomputers. Although the Fifth Generation
project ultimately would pose little threat to U.S. computer companies, it
stimulated a substantial government effort in the United States to acceler-
ate the pace of high-performance computing innovation. In the 1980s this
effort, led by DARPA, funded the large Strategic Computing Initiative
(SCI), which transformed the face of the U.S. supercomputer industry.

The prospect of serious competition from Japanese computer compa-
nies in mainstream markets also led to a series of trade policy responses
by U.S. companies and their supporters in the U.S. government (see the
discussion of trade policies in Chapter 8, Box 8.1). By the 1980s, Fujitsu,
Hitachi, and NEC were all shipping highly capable supercomputers com-
petitive with Cray’s products, dominating the Japanese market and be-
ginning to make inroads into European and American markets. The vast
majority of Japanese supercomputers were sold outside the United States.
There were some minimal sales to the United States in areas such as the
petroleum industry but few sales to U.S. government organizations. Sig-
nificant obstacles faced the sales of U.S.-made supercomputers in Japan as
well. Responding to these market limitations in the 1980s, U.S. trade ne-
gotiators signed agreements with the Japanese government designed to
open up government procurement in Japan to U.S. supercomputer pro-
ducers. (In Japan, as in the United States, the government dominated the
market for supercomputers.) In the mid-1990s, the U.S. government also
supported U.S. supercomputer makers in bringing an antidumping case

15A good reference for the survey of supercomputer development in Japan is Y. Oyanagi,
1999, “Development of Supercomputers in Japan: Hardware and Software,” Parallel Comput-
ing 25:1545-1567.

16D K. Kahaner. 1992. “High Performance Computing in Japan: Supercomputing.” Asian
Technology Information Program. June.
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against Japanese supercomputer makers in the U.S. market. That case ul-
timately forced Japanese companies out of the U.S. market until 2003,
when a suspension agreement was signed.

INNOVATION IN SUPERCOMPUTING

While one part of the U.S. government reacted by building walls
around the U.S. market, DARPA and its Strategic Computing Initiative
(SCI), in concert with other government agencies and programs, took the
opposite tack, attempting to stimulate a burst of innovation that would
qualitatively alter the industry.!”” Computing technology was regarded as
the cornerstone of qualitative superiority for U.S. weapons systems. It was
argued that the United States could not regain a significant qualitative
lead in computing technology merely by introducing faster or cheaper
computer components, since Japanese producers had clearly achieved
technological parity, if not some element of superiority, in manufacturing
them. Furthermore, many technologists believed that continued advances
in computer capability based on merely increasing the clock rates of tradi-
tional computer processor designs were doomed to slow down as inher-
ent physical limits to the size of semiconductor electronic components
were approached. In addition, Amdahl’s law was expected to restrict in-
creases in performance due to an increase in the number of processors
used in parallel.’®

The approach to stimulating innovation was to fund an intense effort
to do what had not previously been done—to create a viable new archi-
tecture for massively parallel computers, some of them built around com-
modity processors, and to demonstrate that important applications could
benefit from massive parallelism. Even if the individual processors were
less efficient in delivering usable computing power, as long as the parallel
architecture was sufficiently scalable, interconnecting a sufficient number

YInvestments in high-performance computing were only one area funded by the SCI,
which funded over $1 billion in R&D from 1983 to 1993. There are no available data that
break out this investment by technology area. Other areas were electronic components, arti-
ficial intelligence and expert systems, and large-scale prototype development of advanced
military systems intended to explore new technology concepts. The committee is not aware
of any objective assessment of the success and utility of the program as a whole. An excellent
history of the program may be found in Alex Roland and Phillip Shiman, 2002, Strategic
Computing: DARPA and the Quest for Machine Intelligence, 1983-1993, Cambridge, Mass.: MIT
Press.

18Amdahl’s law states that if a fraction of 1/s of an execution is sequential, then parallel-
ism can reduce execution time by at most a factor of s. Conventional wisdom in the early
1980s was that for many applications of interest Amdahl’s law will restrict gains in perfor-
mance from parallelism to factors of tens or low hundreds.
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of processors might potentially provide a great deal of computing capa-
bility. Once the hardware architectural details of how to scale up these
systems were determined, very large parallel machines could be put to
work, and supercomputers that were orders of magnitude faster would
give the government agencies charged with national security new quali-
tative technological advantages. It was assumed that appropriate software
technology would follow.

This was the dream that motivated the architects of the U.S.
government’s supercomputer technology investments in the late 1980s.
Dozens of new industrial flowers bloomed in DARPA’s Strategic Com-
puting hothouse from the mid-1980s through the early 1990s. Old players
and new ones received substantial support for experiments with new,
parallel architectures.!

It has become commonplace to point to the high mortality rate among
U.S. supercomputer manufacturers in the 1990s and the large amount of
resources invested by the U.S. government in now defunct massively par-
allel supercomputer makers. Many critics believe that the DARPA pro-
gram was a failure that harmed the market.?’ Most of these start-up com-
panies went bankrupt or were sold.

Over this period, however, some important lessons were learned. One
was the importance of node performance; another was the importance of
high-bandwidth, low-latency, scalable interconnects. The evolution of the
Thinking Machines products from the CM-1 (with bit serial processors
and a relatively low-performing, single-stage bit-serial network) to the
CM-5 (with a powerful SPARC node enhanced with a vector unit and a
powerful, scalable multistage network) is a typical example. Over time,

Gordon Bell’s list of experiments includes ATT/Columbia (Non Von), BBN Labs, Bell
Labs/Columbia (DADO), CMU (Production Systems), CMU Warp (GE and Honeywell),
Encore, ESL, GE (like connection machine), Georgia Tech, Hughes (dataflow), IBM (RP3),
MIT/Harris, MIT/Motorola (Dataflow), MIT Lincoln Labs, Princeton (MMMP),
Schlumberger (FAIM-1), SDC/Burroughs, SRI (Eazyflow), University of Texas, Thinking
Machines (Connection Machine). See Gordon Bell, “PACT 98,” a slide presentation available
at <http:/ /www.research.microsoft.com/barc/gbell/pact.ppt>.

20A list of failed industrial ventures in this area, many inspired by SCI, includes Alliant,
American Supercomputer, Ametek, AMT, Astronautics, BBN Supercomputer, Biin, CDC/
ETA Systems, Chen Systems, Columbia Homogeneous Parallel Processor, Cogent, Cray
Computer, Culler, Cydrome, Denelcor, Elxsi, Encore, E&S Supercomputers, Flexible,
Goodyear, Gould/SEL, Intel Supercomputer Division, IPM, iP-Systems, Kendall Square Re-
search, Key, Multiflow, Myrias, Pixar, Prevec, Prisma, Saxpy, SCS, SDSA, Stardent (Stellar
and Ardent), Supercomputer Systems Inc., Suprenum, Synapse, Thinking Machines, Tril-
ogy, Vltec, Vitesse, Wavetracer (E. Strohmaier, J.J. Dongarra, and H.-W. Meuer, 1999, “Mar-
ketplace of High-Performance Computing,” Parallel Computing 25(13):1517-1544.
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DARPA shifted its emphasis from hardware alone to complementary in-
vestments in software that would make the newly developed parallel
hardware easier to program and use in important applications. These in-
vestments included modest support for the port of industrial codes to the
new scalable architectures.

In the commercial supercomputing arena, there continued to be vec-
tor architectures as well as the increasing presence of scalable systems
based on commodity processors. There were many common attributes
among the supercomputers of this period. Among them were these:

¢ Device technology shifted to complementary metal oxide semicon-
ductor (CMOS), both for commodity-based systems and for custom sys-
tems. As a result, custom systems lost the advantage of faster technology.

® The increase in clock and memory speeds coincided with Moore’s
law.

® The reduction of the size of the processor resulted in small-scale
multiprocessor systems (two to four processors) being used as nodes in
scalable systems; larger shared-memory configurations appeared as high-
end technical servers.

¢ Vendors began supplying vectorizing and (in some cases)
parallelizing compilers, programming tools, and operating systems
(mostly UNIX-based), which made it easier to program.

The common architectural features—vector processing, parallel
shared memory, and, later, message passing—also encouraged third par-
ties to develop software for this class of computers. In particular, stan-
dard numerical libraries such as the BLAS?! evolved to supply common
high-level operations, and important scientific and engineering applica-
tions such as NASTRAN appeared in vectorized and parallelized versions.
The development of this software base benefited all supercomputer manu-
facturers by expanding the total market for machines. Similarly, the avail-
ability of common software and a shared programming model benefited
the entire user community, both government and commercial.

By accident or by design, the course correction effected by SCI had
some important and favorable economic implications for the U.S.
supercomputer industry. Suppose that technology were available to per-

21C.L. Lawson, R.J. Hanson, D.R. Kincaid, and F.T. Krogh, 1979, “Basic Linear Algebra
Subprograms for Fortran Usage,” ACM Transactions on Mathematical Software 5:308-325; J.J.
Dongarra, J. Du Croz, S. Hammarling, and R.J. Hanson, 1988, “An Extended Set of Fortran
Basic Linear Algebra Subprograms,” ACM Transactions on Mathematical Software 14(1):1-17;
J.J. Dongarra, J. Du Croz, S. Hammarling, and L.S. Duff, “A Set of Level 3 Basic Linear Alge-
bra Subprograms,” ACM Transactions on Mathematical Software 16(1):1-17.
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mit large numbers of inexpensive, high-volume commodity microproces-
sors to divide up the work of a given computing task. Then the continuing
steep declines in the cost of commodity processors would eventually make
such a system a more economic solution for supplying computing capa-
bility than a system designed around much smaller numbers of very ex-
pensive custom processors that were falling in cost much less rapidly. If a
richer and more portable software base became available for these sys-
tems, the cost of their adoption would be reduced. If so, the difference in
price trends between custom and commodity processors would eventu-
ally make a parallel supercomputer built using commodity components a
vastly more economically attractive proposition than the traditional ap-
proach using custom processors.

In the late 1980s and early 1990s, DARPA shifted more of its super-
computer investments into systems based on commercially available pro-
cessors, at Thinking Machines (what was to become the CM-5, using
SPARC processors), at Intel (what was to become its Paragon supercom-
puter line, using Intel’s iPSC processor), and at Cray (its T3D system, us-
ing DEC’s Alpha processor).?2 The net impact of this shift benefited the
development and sales of commodity-based systems. This outcome was
particularly important given the increasing and highly competent Japa-
nese competition in the market for traditional vector supercomputers.
Rather than backing an effort to stay ahead of the competition in an estab-
lished market in which competitors had seized the momentum, research-
and experience-rich U.S. companies threw the entire competition onto a
whole new battlefield, where they had a substantial advantage over their
competitors.

Some of these hardware and software characteristics also found their
way into a new generation of supercomputers, called “mini-supercom-
puters” (e.g., Convex, Alliant, Multiflow). Unlike the products from Cray
and CDC, the mini-supercomputers were air-cooled, had virtual memory
operating systems, and sold for under $1 million. The mini-supercom-
puter systems included UNIX operating systems and automatic
vectorizing / parallelizing compilers. This new generation of software sys-
tems was based on prior academic research. With UNIX came a wealth of
development tools and 